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Preface

These are lecture notes for AME 60611 Mathematical Methods I, the first of a pair of courses
on applied mathematics taught in the Department of Aerospace and Mechanical Engineering
of the University of Notre Dame. Most of the students in this course are beginning graduate
students in engineering coming from a variety of backgrounds. The course objective is to
survey topics in applied mathematics, including multidimensional calculus, ordinary differ-
ential equations, perturbation methods, vectors and tensors, linear analysis, linear algebra,
and non-linear dynamic systems. In short, the course fully explores linear systems and con-
siders effects of non-linearity, especially those types that can be treated analytically. The
companion course, AME 60612, covers complex variables, integral transforms, and partial
differential equations.

These notes emphasize method and technique over rigor and completeness; the student
should call on textbooks and other reference materials. It should also be remembered that
practice is essential to learning; the student would do well to apply the techniques presented
by working as many problems as possible. The notes, along with much information on the
course, can be found at http://www.nd.edu/~powers/ame.60611. At this stage, anyone is
free to use the notes under the auspices of the Creative Commons license below.

These notes have appeared in various forms over the past years. An especially general
tightening of notation and language, improvement of figures, and addition of numerous small
topics was implemented in 2011. Fall 2011 students were also especially diligent in identifying
additional areas for improvement. We would be happy to hear further suggestions from you.

Mihir Sen
Mihir.Sen.1@nd.edu
http://www.nd.edu/~msen

Joseph M. Powers
powers@nd. edu
http://www.nd.edu/~powers

Notre Dame, Indiana; USA
() ® & 29 July 2012

The content of this book is licensed under [Creative Commons Attribution-Noncommercial-No Derivative
Works 3.0.
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Chapter 1

Multi-variable calculus

see Kaplan, Chapter 2: 2.1-2.22, Chapter 3: 3.9,

Here we consider many fundamental notions from the calculus of many variables.

1.1 Implicit functions

The implicit function theorem is as follows:

Theorem
For a given f(x,y) with f =0 and 0f/0y # 0 at the point (x,,y,), there corresponds a
unique function y(x) in the neighborhood of (x,, y,).

More generally, we can think of a relation such as

f(l’l,l’g,...,l']v,y) :0, (11)

also written as
flxn,y) =0, n=12,...,N, (1.2)
in some region as an implicit function of y with respect to the other variables. We cannot
have 0f/dy = 0, because then f would not depend on y in this region. In principle, we can
write
y=y(r1,x2,...,2N), or y=y(r,), n=1,... N, (1.3)
it 0f /0y # 0.
The derivative dy/0x,, can be determined from f = 0 without explicitly solving for y.
First, from the definition of the total derivative, we have

of of af af of
df = —d ——d de, + ...+ ——d —dy = 0. 1.4
f . x1+ax2 T + +axnas+ +8a7N xN+ayy (1.4)
Differentiating with respect to x,, while holding all the other x,,, m # n, constant, we get
of of oy
— =0 1.5
0x,, * oy Oz, ’ (1.5)

13



14 CHAPTER 1. MULTI-VARIABLE CALCULUS

so that
dy aaf
ax = - 8_fn Y (]‘6)
n By

which can be found if df/0y # 0. That is to say, y can be considered a function of x,, if
Of /0y # 0.

Let us now consider the equations

flz,y,u,v) = 0, (1.7)
g(x,y,u,v) = 0. (1.8)

Under certain circumstances, we can unravel Eqs. (LTHLE), either algebraically or numeri-
cally, to form v = u(x,y), v = v(z,y). The conditions for the existence of such a functional
dependency can be found by differentiation of the original equations; for example, differen-

tiating Eq. (L) gives

_of of af of .~ _
df = %das + 8_ydy + %du + %dv = 0. (1.9)

Holding y constant and dividing by dx, we get
of [ 0fdu 0Of v

9 Dudn —I—%ax = 0. (1.10)
Operating on Eq. (L8) in the same manner, we get

dg ~ OgOu Ogdv

%—l—%%—k%% = 0. (1.11)
Similarly, holding x constant and dividing by dy, we get

of Jfou Of ov

T e T 1.12

8y+8u8y+808y 0 (1.12)

99  990u  O90v (1.13)

dy %&y %&y

Equations (LIQTIT]) can be solved for du/dz and dv/0x, and Eqs. (LI2ILI3]) can be solved
for Ou/dy and dv/dy by using the well known Cramer’ rule; see Eq. (893). To solve for
Ou/dx and Ov/dz, we first write Eqs. (LIOLII) in matrix form:

of of du _9of
EDH-(D)
ou  Ov ox Ox

Gabriel Cramer, 1704-1752, well-traveled Swiss-born mathematician who did enunciate his well known
rule, but was not the first to do so.
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1.1. IMPLICIT FUNCTIONS 15

Thus, from Cramer’s rule we have

‘ _or of of _of
ox ov ou ox
Jdg  9Jg ‘ 9(f.9) ‘ dg dg ‘ o(f.9)
@ — gr _ _ov |l —  Ow) @ u x| —  Oux) (1 15)
or or ory T a9’ or ar ar| — a(fg) :
% % O(u,v) g_Z % O(u,v)
ou ov ou ov

_of o of  _of
o 0 o 0
P ‘ ag dg ‘ o(f.9) 9 ‘ ag ag ‘ o(f.9)
ou 179y vl _ _ 9w OV _lgu "oyl _ _ 3uy 116
oy~ 12 U] T e gy |2 U] T e (1.16)
' Gu Qv ‘ (u,v) ‘ Qu ‘ B(u,v)
o v v

Here we take the JacobiarE matriz J of the transformation to be defined as

of 9f
J= ( % % ) . (1.17)
ou  Ov
This is distinguished from the Jacobian determinant, J, defined as
afg) | L
=detJ = = Qu Qv | 1.1
J=de O(u,v) % % (1.18)

If J # 0, the derivatives exist, and we indeed can form u(z,y) and v(z,y). This is the
condition for existence of implicit to explicit function conversion.

[
Ezxample 1.1

If
r4+y+ub +utv=0, (1.19)
xy +uv =1, (1.20)
find Ou/0z.

Note that we have four unknowns in two equations. In principle we could solve for u(z,y) and
v(x,y) and then determine all partial derivatives, such as the one desired. In practice this is not always
possible; for example, there is no general solution to sixth order polynomial equations such as we have

here.
Equations (LTAT20) are rewritten as
fl y,u,v) z+y+u+utv=0, (1.21)
g(z,y,u,v) = zy+uw—1=0. (1.22)

ZCarl Gustav Jacob Jacobi, 1804-1851, German/Prussian mathematician who used these quantities,
which were first studied by Cauchy, in his work on partial differential equations.
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16 CHAPTER 1. MULTI-VARIABLE CALCULUS

Using the formula from Eq. (ILI5) to solve for the desired derivative, we get

_of 9of
A
9 _99 99
_u _ Ox Qv (123)
ox Em ED
99 99
ou v
Substituting, we get
-1 1
Ju -y U y—u
— = = : ) 1.24
Ox 6u+1 1 u(6u® +1) — v (124)
v U
Note when
v = 6u’ + u, (1.25)

that the relevant Jacobian determinant is zero; at such points we can determine neither du/dx nor
Ou/dy; thus, for such points we cannot form wu(z,y).

At points where the relevant Jacobian determinant 9(f, g)/9(u,v) # 0 (which includes nearly all of
the (x,y) plane), given a local value of (x,y), we can use algebra to find a corresponding u and v, which
may be multivalued, and use the formula developed to find the local value of the partial derivative.

1.2 Functional dependence

Let u = u(z,y) and v = v(x,y). If we can write u = g(v) or v = h(u), then v and v are said
to be functionally dependent. If functional dependence between u and v exists, then we can
consider f(u,v) = 0. So,

of du Of v
%%—F%% = 0, (1.26)
of ou  df v
dudy oy = " (127)

In matrix form, this is

GHH -

Since the right hand side is zero, and we desire a non-trivial solution, the determinant of the
coefficient matrix must be zero for functional dependency, i.e.

= 0. (1.29)

du
3 &
dy
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Note, since det J = det J7, that this is equivalent to

ou ou
=& & -5 -0
9z Oy oz, y)

That is, the Jacobian determinant J must be zero for functional dependence.

[
Ezample 1.2

Determine if
u = Yy-+z,
v = T+ 222,
w = x—4yz— 2y2,

are functionally dependent.

(1.30)

(1.31)
(1.32)
(1.33)

The determinant of the resulting coeflicient matrix, by extension to three functions of three vari-

ables, is
b x y z T x T
(u,v,w) Qv gv Dy | | gu gy Jw | (1.34)
d(z,y,2) B bw  Ow ou bv o
9r Oy 0z 9z 0z 0z
0 1 1
= 1 0 —Ay+=2) |, (1.35)
1 4z —4y
= (=D(-4y — (=4)(y + 2)) + (1)(42), (1.36)
= 4dy—4dy—4z+4z, (1.37)
0. (1.38)
So, u, v, w are functionally dependent. In fact w = v — 2u?.
|
Ezample 1.3
Let
r+y+z = 0, 1.39)
24y + 224202 = 1. 1.40)
Can x and y be considered as functions of 2?7
If = x(z) and y = y(z), then dz/dz and dy/dz must exist. If we take
f(@,y,2) = z4+y+2=0, (1.41)
gy, 2) = 22 +y*+22+202-1=0, (1.42)
df = 8—fdz + ﬁdm + ﬁdy = 0, (1.43)

0z ox dy
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18 CHAPTER 1. MULTI-VARIABLE CALCULUS
99 99 99
dg=Zdz+ —dx+ —=dy = 0 1.44
g 822+8xx+3yy ’ (1.44)
of Ofdr 0Of dy
L 2= 2T 1.45
0z Oxdz Oydz ’ (1.45)
dg Ogdxr Odgdy
T Tl . A 1.4
0z Oxdz 0Oydz 0 (1.46)
g gy
(& 2)(%) - (B) 141
ox oy dz 0z
then the solution matrix (dx/dz, dy/ dz)T can be obtained by Cramer’s rule:
of of
‘ T 9z By ‘ —1 1
dx —% % —(2z+2z) 2y —2y+ 22+ 2
- 7 dfy — = = —1, (148)
dz ‘% 5 1 1‘ 2y — 2z — 2z
99 9
g9 8_2 2z 42z 2y
L,
d 99 _99 22422 —(22+2 0
& ST = ’ : (22 ?) = . (1.49)
dz 95 oy 1 1 2y — 2z — 2z
99 % 2v+ 2z 2y
Oy

Note here that in the expression for dz/dz that the numerator and denominator cancel; there is no
special condition defined by the Jacobian determinant of the denominator being zero. In the second,
dy/dz =0 if y — x — z # 0, in which case this formula cannot give us the derivative.

Now, in fact, it is easily shown by algebraic manipulations (which for more general functions are
not possible) that

?, (1.50)

8
—~
I\
~—
Il

—z =+
$g. (1.51)

This forms two distinct lines in z, y, z space. Note that on the lines of intersection of the two surfaces
that J =2y — 2x — 2z = $2\/§, which is never indeterminate.

The two original functions and their loci of intersection are plotted in Fig. [Tl It is seen that the
surface represented by the linear function, Eq. (L39)), is a plane, and that represented by the quadratic
function, Eq. ([C4Q), is an open cylindrical tube. Note that planes and cylinders may or may not
intersect. If they intersect, it is most likely that the intersection will be a closed arc. However, when
the plane is aligned with the axis of the cylinder, the intersection will be two non-intersecting lines;
such is the case in this example.

Let us see how slightly altering the equation for the plane removes the degeneracy. Take now

Se+y+z = 0, (1.52)
2?22 422 = 1. (1.53)

Can z and y be considered as functions of z? If x = z(z) and y = y(z), then dz/dz and dy/dz must
exist. If we take

g(@,y,2) = P +y*+22+ 202 -1=0, (1.55)
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1.3. COORDINATE TRANSFORMATIONS 19

Figure 1.1: Surfaces of x +y+ 2z = 0 and 2% +y?+ 22+ 222 = 1, and their loci of intersection.

then the solution matrix (dz/dz,dy/dz)" is found as before:

’ 9 oy -1 1
de  |-%2 2| |-(2+22) 2| —2y+2:42% (1.56)
dz ‘% g—;‘ B 5 1' T 10y — 22— 2z’ '
e e
= 8_73 20+ 2z 2y
af af
A R O
d 29 99 20 +2z —(2z24 22 —8r —8
S ( I B8 (1.57)
dz 95 oy 5 1 10y — 2z — 22
99 9g 2r 4+ 2z 2y
T oy
The two original functions and their loci of intersection are plotted in Fig.
Straightforward algebra in this case shows that an explicit dependency exists:
—62z £ v2y13 — 822
x(z) = - \/;6 - (1.58)
—4z F 5213 — 822
y(z) = 56 . (1.59)

These curves represent the projection of the curve of intersection on the z, z and y, z planes, respectively.
In both cases, the projections are ellipses.

1.3 Coordinate transformations

Many problems are formulated in three-dimensional Cartesian] space. However, many of
these problems, especially those involving curved geometrical bodies, are more efficiently

3René Descartes, 1596-1650, French mathematician and philosopher.
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Figure 1.2: Surfaces of 5z +y+2z = 0 and 22 +y?+ 22+ 222 = 1, and their loci of intersection.

posed in a non-Cartesian, curvilinear coordinate system. To facilitate analysis involving
such geometries, one needs techniques to transform from one coordinate system to another.

For this section, we will utilize an index notation, introduced by Einstein[] We will take
untransformed Cartesian coordinates to be represented by (&1, €2, £3). Here the superscript
is an index and does not represent a power of £&. We will denote this point by &', where
1 = 1,2,3. Because the space is Cartesian, we have the usual Euclideand] distance from
Pythagorasﬁ theorem for a differential arc length ds:

(ds)> = (d€')” + (de?)” + (de®)”, (1.60)
(ds)* = ngidgizdgidgi. (1.61)

Here we have adopted Einstein’s summation convention that when an index appears twice,
a summation from 1 to 3 is understood. Though it makes little difference here, to strictly
adhere to the conventions of the Einstein notation, which require a balance of sub- and
superscripts, we should more formally take

(ds)® = d&’6;,de" = d&;de’, (1.62)

4Albert Einstein, 1879-1955, German/American physicist and mathematician.

SEuclid of Alexandrial, ~ 325 B.C.-~ 265 B.C., Greek geometer.

SPythagoras of Samos, c. 570-c. 490 BC, Ionian Greek mathematician, philosopher, and mystic to whom
this theorem is traditionally credited.
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where 0j; is the Kroneckenf] delta,

ji i 17 i:ja

In matrix form, the Kronecker delta is simply the identity matrix I, e.g.

100
010 |. (1.64)
00 1

Now let us consider a point P whose representation in Cartesian coordinates is (£!, €2, €3)

and map those coordinates so that it is now represented in a more convenient (z!, 2% x?)

space. This mapping is achieved by defining the following functional dependencies:

vt o= (8,86, (1.65)
o = 2(g,8%,8), (1.66)
o = 2,88 (1.67)

We note that in this example we make the common presumption that the entity P is invariant
and that it has different representations in different coordinate systems. Thus, the coordinate
axes change, but the location of P does not. This is known as an alias transformation. This
contrasts another common approach in which a point is represented in an original space,
and after application of a transformation, it is again represented in the original space in an
altered state. This is known as an alibi transformation. The alias approach transforms the
axes; the alibi approach transforms the elements of the space.
Taking derivatives can tell us whether the inverse exists.

o ot ozt or'
1 _ 1 2 3 j 1.
dx %ldg +8§2d§ +8£3d5 76746 (1.68)
01 01 01 012
2 _ 3 _ J
dz agldg + 852d5 + aggdg 76796 (1.69)
or® o1 o1 o1’
3 3 J
dz agldg + 8£2d£ + 8£3d§ 76716 (1.70)
! % %\ ae
da? b o || e |, (1.71)
da’ or? ot ot |\ deB
06T 92 g3
: oxrt .
Aot = Fgde’ (1.72)

In order for the inverse to exist we must have a non-zero Jacobian determinant for the
transformation, i.e.

o(xt, 2%, 23)
a(¢h,€%,8%)

"Leopold Kronecker, 1823-1891, German/Prussian mathematician.

£ 0. (1.73)
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As long as Eq. (L73) is satisfied, the inverse transformation exists:

&= a2 2P, (1.74)
& = (2,27 17, (1.75)
£ = S 2? 2?). (1.76)
Likewise then,
d¢' = gg da? . (1.77)

1.3.1 Jacobian matrices and metric tensors

Defining the Jacobian matrisfl J to be associated with the inverse transformation, Eq. (I.77),

we take ocl agl gg

852 Oxl ox2  dx3
o o oe (1.78)
al»] o Ozt ox2  0x3 : :

Lo S S S
. ozl 9z2  Ox3
We can then rewrite d¢' from Eq. (IL77) in Gibbsfl vector notation as
dg =1J - dx. (1.79)

Now for Euclidean spaces, distance must be independent of coordinate systems, so we

require
(ds)” = dg'de’ = (gi;d ) (gﬁl ) da* gj; giz da'. (1.80)
In Gibbs’ vector notation Eq. (L.80) becomes']
(ds)> = deT - de, (1.81)
= (J-dx)"-(J-dx). (1.82)

8The definition we adopt influences the form of many of our formulse given throughout the remainder of
these notes. There are three obvious alternates: i) An argument can be made that a better definition of
J would be the transpose of our Jacobian matrix: J — J7. This is because when one considers that the
differential operator acts first, the Jacobian matrix is really %gi, and the alternative definition is more
consistent with traditional matrix notation, which would have the first row as (52r¢!, 52:£2, 52:£%), ii)
Many others, e.g. Kay, adopt as J the inverse of our Jacobian matrix: J — J~!. This Jacobian matrix is
thus defined in terms of the forward transformation, dx%/9¢7, or iii) One could adopt J — (JT)fl. As long
as one realizes the implications of the notation, however, the convention adopted ultimately does not matter.

9Josiah Willard Gibbs, 1839-1903, prolific American mechanical engineer and mathematician with a life-
time affiliation with Yale University as well as the recipient of the first American doctorate in engineering.

19Common alternate formulations of vector mechanics of non-Cartesian spaces view the Jacobian as an
intrinsic part of the dot product and would say instead that by definition (ds)? = dx-dx. Such formulations
have no need for the transpose operation, especially since they do not carry forward simply to non-Cartesian
systems. The formulation used here has the advantage of explicitly recognizing the linear algebra operations
necessary to form the scalar ds. These same alternate notations reserve the dot product for that between
a vector and a vector and would hold instead that d§¢ = Jdx. However, this could be confused with raising
the dimension of the quantity of interest; whereas we use the dot to lower the dimension.
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Now, it can be shown that (J - dx)? = dxT - JT (see also Sec. RZ3.H), so

(ds)* = dx'-J7.J-dx. (1.83)
G

If we define the metric tensor, gy or G, as follows:

IM = Zk ol (1.84)
G=J".7J, (1.85)
then we have, equivalently in both Einstein and Gibbs notations,
(ds)® = daFgudat, (1.86)
(ds)> = dx'-G-dx. (1.87)

Note that in Einstein notation, one can loosely imagine super-scripted terms in a denominator
as being sub-scripted terms in a corresponding numerator. Now g,; can be represented as a

matrix. If we define
g = det ki, (188)

it can be shown that the ratio of volumes of differential elements in one space to that of the
other is given by

det de? deP = /g dx' da® da®. (1.89)

Thus, transformations for which g = 1 are volume-preserving. Volume-preserving trans-
formations also have J = detJ = +1. It can also be shown that if J = detJ > 0, the
transformation is locally orientation-preserving. If J = detJ < 0, the transformation is
orientation-reversing, and thus involves a reflection. So, if J = detJ = 1, the transformation
is volume- and orientation-preserving.

We also require dependent variables and all derivatives to take 011 the same values at
corresponding points in each space, e.g. if ¢ (¢ = f(¢',€%,6%) = h(z', 2%, 2%)) is a dependent
Varlable defined at (€1,£2,€3), and (€1, €2, £3) maps into (&1, 22, 23), we require f(£1,£2,£3) =
h(z', 22, 23). The chain rule lets us transform derivatives to other spaces:

gt ot o

Y o 00 os | 0n 95 9%

(mr 7z 35) = (s a@ a8)|5r 52 55 | (1.90)
ot o3 983
Ozl 9z2  9x3 7

J

99  0¢ O¢
= oo (1.91)

Equation (L91]) can also be inverted, given that g # 0, to find (9¢/0¢t, dp/OE?, D /OE3).
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Employing Gibbs notation™ we can write Eq. (CII) as
Vio=Vigp-J. (1.92)

The fact that the gradient operator required the use of row vectors in conjunction with the
Jacobian matrix, while the transformation of distance, earlier in this section, Eq. (.79,
required the use of column vectors is of fundamental importance, and will be soon exam-
ined further in Sec. where we distinguish between what are known as covariant and
contravariant vectors.

Transposing both sides of Eq. (L92)), we could also say

Vi =J" Veo. (1.93)

Inverting, we then have
Ved = (I7)7" Vi, (1.94)

Thus, in general, we could say for the gradient operator
Ve=(J")" Vi (1.95)

Contrasting Eq. (L95) with Eq. (I79), d€ = J - dx, we see the gradient operation transforms
in a fundamentally different way than the differential operation d, unless we restrict attention
to an unusual J, one whose transpose is equal to its inverse. We will sometimes make this
restriction, and sometimes not. When we choose such a special J, there will be many
additional simplifications in the analysis; these are realized because it will be seen for many
such transformations that nearly all of the original Cartesian character will be retained,
albeit in a rotated, but otherwise undeformed, coordinate system. We shall later identify a
matrix whose transpose is equal to its inverse as an orthogonal matrix, Q: Q7 = Q! and
study it in detail in Secs. [6.2.1] 8.6
One can also show the relation between 9¢!/0x? and dx'/9¢7 to be

o AN A
So(@) -

el ogl oel dal 9zl gxl\ —1
Ozl 922 0B o¢t  ogr 063
02 0¢2 082 _ Qa2 Qa2 a2 (1.97)
Ozl 922 0B - ogtag2 og3 ) ’
LIS S5 9z°  9a% 9z’
Ozl 022 O3 ol 0€2 o3
9
D&t
1Tn Cartesian coordinates, we take Ve = 8%2 . This gives rise to the natural, albeit unconventional,
po
¢
notation Vg = (6%1 8%2 8%3 ) This notion does not extend easily to non-Cartesian systems, for which

index notation is preferred. Here, for convenience, we will take V1 = (% % % ), and a similar

column version for V.
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Thus, the Jacobian matrix J of the transformation is simply the inverse of the Jacobian ma-
trix of the inverse transformation. Note that in the very special case for which the transpose
is the inverse, that we can replace the inverse by the transpose. Note that the transpose of
the transpose is the original matrix and determines that 9¢'/0z7 = dx°/0&?. This allows the
1 to remain “upstairs” and the j to remain “downstairs.” Such a transformation will be seen
to be a pure rotation or reflection.

I
Ezxample 1.4

Transform the Cartesian equation
¢ 9¢ _ 1\2 2)2
o€ + ez (5 ) + (5 ) : (1.98)

under the following:

1. Cartesian to linearly homogeneous affine coordinates.

Consider the following linear non-orthogonal transformation:

2 2

S B

vt o= e+ 3e% (1.99)
2 1

2 Sl T2 1.1

x 56 3¢5 (1.100)

= &, (1.101)

This transformation is of the class of affine transformations, which are of the form
ot = AL 4+, (1.102)

where A;- and b’ are constants. Affine transformations for which ¥* = 0 are further distinguished
as linear homogeneous transformations. The transformation of this example is both affine and linear
homogeneous.

Equations (LOMLTOT) form a linear system of three equations in three unknowns; using standard
techniques of linear algebra allows us to solve for &', €2, €3 in terms of 2!, 22, 23; that is, we find the
inverse transformation, which is

e = %:171—:172, (1.103)
&€ = 2l 422 (1.104)
e = 23 (1.105)

2

Lines of constant ! and 2 in the ¢!, €2 plane as well as lines of constant €' and &2 in the 2!, x
plane are plotted in Fig. Also shown is a unit square in the Cartesian &', &2 plane, with vertices
A, B,C, D. The image of this rectangle is plotted as a parallelogram in the z', 22 plane. It is seen the
orientation has been preserved in what amounts to a clockwise rotation accompanied by stretching;
moreover, the area (and thus the volume in three dimensions) has been decreased.

The appropriate Jacobian matrix for the inverse transformation is

ol og ogl

651 Ozl Ox2 Ox3
_ — 0g2 o8 g (1.106)
- OxJ - Ozl Ox2 Ox3 ’ )
oe® og® og®
ozl Ox? Ox3

i =10
J = (1 1 of. (1.107)
0 0 1
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Figure 1.3: Lines of constant z* and 22 in the ¢!, ¢2 plane and lines of constant £ and €2 in
the 2!, 2% plane for the homogeneous affine transformation of example problem.

The Jacobian determinant is
J=detd = (1) ((%) (1) — (=1) (1)) ~ g (1.108)

So a unique transformation, £ = J - x, always exists, since the Jacobian determinant is never zero.
Inversion gives x = J~! - €. Since J > 0, the transformation preserves the orientation of geometric
entities. Since J > 1, a unit volume element in & space is larger than its image in x space.

The metric tensor is

¢t ot ogt ot og? ogr | 9g® og?

9= puF oul ~ 9 0l T 0 Ol T 0¥ Dl (1.109)
For example for £ = 1,1 =1 we get
_ocog _ocog oeoe ogog (1.110)
T 510t T 92l 0t | 02t 0z | Oal Ozl '
1 1 5
= = = 1)(1 =-. 1.111
m = (3)(3)+ 0w+ =3 (1111)
Repeating this operation for all terms of gg;, we find the complete metric tensor is
o
gkl = 3 2 0], (1.112)
0 0 1
5 1 1 9

This is equivalent to the calculation in Gibbs notation:

G = J".J, (1.114)
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3 10 ;3 -10
G = -1 1 0 11 01, (1.115)
0 0 1 0 0 1
K
G = (42 0] (1.116)
0 0 1
Distance in the transformed system is given by
(ds)* = da* gy da', (1.117)
(ds)? = dx'-G-dx, (1.118)
5 Lo dx!
2
(ds)* = (da' da® da®) % 2 0 d:cz , (1.119)
0 0 1 dx
da?
ds)?> = S dpl 4+ L gy Ldel +2 da?)  da? daz? :dxldxl, 1.120
4 2 2
3
=dx;=dz* g R dz ,
=duz!
(ds)? = ° (de*)® +2 (da?)® + (do®)? + da* da?. (1.121)
4

Detailed algebraic manipulation employing the so-called method of quadratic forms, to be discussed in
Sec. BI2] reveals that the previous equation can be rewritten as follows:

(ds)2 = ) (d:z:l + 2d502)2 + ! (—2da¢1 + da:2)2 + (d:cg)2 . (1.122)

20 5

Direct expansion reveals the two forms for (ds)? to be identical. Note:
e The Jacobian matrix J is not symmetric.

o The metric tensor G = J7 - J is symmetric.

e The fact that the metric tensor has non-zero off-diagonal elements is a consequence of the transfor-
mation being non-orthogonal.

e We identify here a new representation of the differential distance vector in the transformed space:
dr; = dsckgkl whose significance will soon be discussed in Sec. [L3.2]

e The distance is guaranteed to be positive. This will be true for all affine transformations in ordinary
three-dimensional Euclidean space. In the generalized space-time continuum suggested by the theory
of relativity, the generalized distance may in fact be negative; this generalized distance ds for an
infinitesimal change in space and time is given by ds? = (d§1)2 + (d§2)2 + (d§3)2 — (d§4)2, where the
first three coordinates are the ordinary Cartesian space coordinates and the fourth is (d§4)2 =(c dt)2,
where c is the speed of light.

Also we have the volume ratio of differential elements as

9
det de? ded = \/; det da? da, (1.123)
3
= 3 dx' da? da®. (1.124)
Now we use Eq. (L94) to find the appropriate derivatives of ¢. We first note that
1 -1 2 2

o (210 38,
@) t=(=1 10 =[2 ¥ o (1.125)

0 0 1 0o 0 1
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So fol) 96 9z 9z>  02° 96
o % -20 DT ocT ol OeT FaT
s =13 3 O)|ax)=|% 5% 5=||0= (1.126)
d¢ 0 0 1 09 9ot 922 a8 ry
9¢7 027 26 955 oFF D27
S ¢ ¢
(@n)-
Thus, by inspection,
0p 20¢ 209
e = 3ou1 30:7 (1.127)
0p 209 109
9 = 30u1 307 (1.128)
So the transformed version of Eq. (L98)) becomes
200 2 0¢ 200 106 1, L\ e
(5@‘5@%(5%%@ = (3w o) Hl ) (1.129)
4 1
- gam = 3 @) e r2() (1.130)
2. Cartesian to cylindrical coordinates.
The transformations are
gho= E(€) + () (1.131)
52
22 = tan! —1), (1.132)
B = &, (1.133)

Here we have taken the unusual step of admitting negative z'. This is admissible mathematically, but
does not make sense according to our geometric intuition as it corresponds to a negative radius. Note
further that this system of equations is non-linear, and that the transformation as defined is non-unique.
For such systems, we cannot always find an explicit algebraic expression for the inverse transformation.
In this case, some straightforward algebraic and trigonometric manipulation reveals that we can find
an explicit representation of the inverse transformation, which is

¢ = z'cosa?, (1.134)
& = zlsina?® (1.135)
e = 3 (1.136)

Lines of constant ! and z? in the &', £? plane and lines of constant ¢! and €2 in the ', 22 plane are
plotted in Fig. [[4l Notice that the lines of constant 2! are orthogonal to lines of constant =2 in the
Cartesian ¢!, €2 plane; the analog holds for the x', 2 plane. For general transformations, this will not
be the case. Also note that a square of area 1/2 x 1/2 is marked in the &', &2 plane. Its image in
the 2!, 22 plane is also indicated. The non-uniqueness of the mapping from one plane to the other is
evident.

The appropriate Jacobian matrix for the inverse transformation is

LIS TS

8§i Ozl o0x2  Ox3
= = o0g2  9g? o¢? (1.137)
Oxd Ozl O0x2 Ox3 ’ )

og  0g’  0¢

ozl ox?2 Ox3
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g? X2
L B e B L R B =" m
i . ] i O e T ]
L x2=x(1/2+2n) xe=n(1/442n) | e £2=1/2 g130 2=1/2 Bl=-2
L J 5 230
2 i y 20 2 a5\ A =12 @5 |
[ x2=7(3/4+2n) 7]
J<0&=0 - ApmDE=0} >0
1=1/2
- : [ 2=  g=12 EA‘ . CE ! g2=2 i
i D C 1 El=2 E2=-1/7 220 £2=1/2 gl=2
L ] A
[l x2=n(1+2n) D x2=2nm| | 0f £2=0 £2=0 R
0 L A B 1 E‘I £2=1/2 A B £2=1/2 X1
r JxI=+1 1 g1=0 ? 130 g2
=x1£ =2 230
[ =x ﬂJ e R £ A pap P20
=x1=#
1 J<0e=0 D—a—w=0}>0
X2=71(5/4+2n) = 7/4+28) J 20 £24 E=1/2 A El=-172 S ]
-2 r ] C E130
L , 1 Els £2=172 g2 OA £2=1/2 gr=-2
x2=m(3/2+2n) n=0+1+2% 1 L ‘ 0. B A gm0 ‘ ]
[ PRI R SR T S U PRI ST N R MR i |
DY 0 5 -2 0 2

Figure 1.4: Lines of constant z' and 2 in the ¢!, &2 plane and lines of constant £ and £2 in
the 2!, 2% plane for cylindrical coordinates transformation of example problem.

cosz? —zlsinz? 0
J = sinz?  zlcosz® 0 |. (1.138)
0 0 1
The Jacobian determinant is
J = a'cos? 2 + 2! sin? 2? = 2. (1.139)

So a unique transformation fails to exist when ! = 0. For z! > 0, the transformation is orientation-
preserving. For z!' = 1, the transformation is volume-preserving. For z! < 0, the transformation is
orientation-reversing. This is a fundamental mathematical reason why we do not consider negative
radius. It fails to preserve the orientation of a mapped element. For z! € (0,1), a unit element in &
space is smaller than a unit element in x space; the converse holds for z! € (1, 00).

The metric tensor is

oLt gt 9Et agt  9er 0g2 | O¢d oE®

= 25 = 55 Fs 5 S TS FS 1.140
Ikl Oxk O0x!  Oxk Ozt Oxk Ox!  Oxk Dl ( )
For example for k = 1,1 =1 we get
o&h oct OEt 9gt o€ 92 a3 ¢
M = T T 5T T Tt 91 (1.141)
ozl Ox Ozt Ox Ozt Ox Ozt Ox
g = cos’x? sin?a? +0=1. (1.142)
Repeating this operation, we find the complete metric tensor is
1 0 ) 0
g = [0 (af)" 0, (1.143)
0 0 1
g = detgy = (xl)Q. (1.144)
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This is equivalent to the calculation in Gibbs notation:

G = J'.J, (1.145)
cos x? sinz? 0 cosx® —zxlsinz? 0
G = —xlsina® alcosa? 0 sinz?  wlcosa® 0 |, (1.146)
0 0 1 0 0 1
1 O2 0
G = [0 (29 0 (1.147)
0 0 1
Distance in the transformed system is given by
(ds)® = da® gy da', (1.148)
(ds)*> = dx'-G.dx, (1.149)
1 02 0 dz!
(ds)*> = (da' da® da3) |0 ()" 0 dz? |, (1.150)
0 0 1 da?
da*
(ds)®> = (da' (2Y)2da?® da®) | da? | = dmyda’, (1.151)
3
dzi=dzP gy, N dx ,
=dz!
(ds)® = (da:l)2+(x1d:c2)2+(da:3)2. (1.152)

Note:
e The fact that the metric tensor is diagonal can be attributed to the transformation being orthogonal.

e Since the product of any matrix with its transpose is guaranteed to yield a symmetric matrix, the
metric tensor is always symmetric.

Also we have the volume ratio of differential elements as

det de? ded = ot dat da? dad. (1.153)
Now we use Eq. (L34) to find the appropriate derivatives of ¢. We first note that
cos x? sinz? 0\ ' cosz? —Sig—f”z 0
It = —a'sina? 2'cosz® 0 = | ginz? (:0;_1;32 0l- (1.154)
0 0 1 0 0 1
So
1 2 3
F) 1 2 3
oo | = (sma? =20 | gn | = |8 5 8 || 4 (1.155)
2 0 o 1)\ st 022 02® | \ 22
€3 ox3 ¢35 93 03 ox3
(3n-t
Thus, by inspection,
0 0 sinz? 9
6—2_211 = COSCCQa—QZI)1 — $6—%7 (1156)
x x x
5} 3} cosz? 0
99 _ gng2 09 | co8T 00 (1.157)
0&2 ozt ! Oz?
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So the transformed version of Eq. (L98)) becomes

0¢  sinz? 0¢ ) 0¢  cosxz? O¢ 2
(COSI’2@ — T@) + (Slnfﬂ2@ + :1;1 @ = (ZCI) s (1158)
0 2 —sin2?\ 0
(cosa 4 sina?) 6 o (EBEZIE) T (012, (1.159)

1.3.2 Covariance and contravariance

Quantities known as contravariant vectors transform locally according to
oz

= —u
oxJ

We note that “local” refers to the fact that the transformation is locally linear. Eq. (ILI60Q) is

not a general recipe for a global transformation rule. Quantities known as covariant vectors
transform locally according to

—1

d, (1.160)

0!
Here we have considered general transformations from one non-Cartesian coordinate system
(x!, 2% 2?) to another (z', 7%, 73). Note that indices associated with contravariant quantities
appear as superscripts, and those associated with covariant quantities appear as subscripts.

In the special case where the barred coordinate system is Cartesian, we take U to denote

the Cartesian vector and say

i; (1.161)

g 0g O

|
Example 1.5

Let’s say (z,y, z) is a normal Cartesian system and define the transformation
T =z, g=\y, zZ =z (1.163)
Now we can assign velocities in both the unbarred and barred systems:

dx dy dz

x = B LR C——
U e U e U o (1.164)
) dz g _ dz
—T — _ 7Y — < u: = —
U e U I U o (1.165)
. 0% dx - Oydy . 0zZdz
z _ Ordr g_ 9ydy z_ 0zaz 1.166
“ Ox dt’ “ Oy dt’ “ Oz dt’ ( )
= ", ¥ = Y, W = \?, (1.167)
@ o= P W s P (1.168)
Ox Y z
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This suggests the velocity vector is contravariant.
Now consider a vector which is the gradient of a function f(x,y,z). For example, let

flx,y,2) =z +y* + 23, (1.169)
of of of
T — [ - A z = o 1.170
“ Ox Yy dy “ 0z ( )
Uy =1, Uy = 2y, u, = 32°. (1.171)
In the new coordinates - L,
Ty Z) Ty z
22 =24 42 1.172
X3 =3t (1.172)
SO L,
_ LAY 3
f(xvyaz)zx_'—p—i_ﬁ' (1.173)
o of of of
Uy = ——, Uy = ==, Uy = ——, 1.174
YT YT ey YT Bz (1.174)
_ 1 ~ 2y 3z
In terms of z,y, z, we have
ﬂ,_l a,—2_y ﬂ,—?)_zz (1.176)
x /\7 y /\ ) z — /\ . .
So it is clear here that, in contrast to the velocity vector,
_ 1 _ 1 _ 1
Uz Xum, Uy = X’U,y, Uz = Xuz. (1177)
More generally, we find for this case that
_ Ox _ y B 0z
Uz = 5= Uz, Uy = a_guyv Uz = 5z U= (1.178)

which suggests the gradient vector is covariant.

Contravariant tensors transform locally according to

. 0z Oxd
0 = M, 1.179
! Dk ol " ( )
Covariant tensors transform locally according to
ozF 0z
T or o M (1.180)
Mixed tensors transform locally according to
- 07" O
gl = 2L OT (1.181)

U
L
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Figure 1.5: Contours for the transformation z' = &' + (£2)?, 22 = &2 + (¢')3 (left) and a
blown-up version (right) including a pair of contravariant basis vectors, which are tangent
to the contours, and covariant basis vectors, which are normal to the contours.

Recall that variance is another term for gradient and that co- denotes with. A vector which
is co-variant is aligned with the variance or the gradient. Recalling next that contra- denotes
against, a vector which is contra-variant is aligned against the variance or the gradient.
This results in a set of contravariant basis vectors being tangent to lines of 2 = C, while
covariant basis vectors are normal to lines of 2 = (. A vector in space has two natural
representations, one on a contravariant basis, and the other on a covariant basis. The
contravariant representation seems more natural because it is similar to the familiar i, j, and
k for Cartesian systems, though both can be used to obtain equivalent results.

For the transformation ! = ¢! + (£2)2, 22 = €2 + (£1)3, Figure gives a plot of a
set of lines of constant x' and z? in the Cartesian ¢!, €2 plane, along with a local set of
contravariant and covariant basis vectors. Note the covariant basis vectors, because they
are directly related to the gradient vector, point in the direction of most rapid change of z*
and 22 and are orthogonal to contours on which ! and 22 are constant. The contravariant
vectors are tangent to the contours. It can be shown that the contravariant vectors are
aligned with the columns of J, and the covariant vectors are aligned with the rows of J~!.
This transformation has some special properties. Near the origin, the higher order terms
become negligible, and the transformation reduces to the identity mapping 2 ~ &1, 22 ~ &2
As such, in the neighborhood of the origin, one has J = I, and there is no change in
area or orientation of an element. Moreover, on each of the coordinate axes x! = ¢! and
x? = €2, additionally, on each of the coordinate axes J = 1, so in those special locations the
transformation is area- and orientation-preserving. This non-linear transformation can be
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shown to be singular where J = 0; this occurs when &% = 1/(6(¢")?). As J — 0, the contours
of &' align more and more with the contours of ¢2, and thus the contravariant basis vectors
come closer to paralleling each other. When J = 0, the two contours of each osculate. At
such points there is only one linearly independent contravariant basis vector, which is not
enough to represent an arbitrary vector in a linear combination. An analog holds for the
covariant basis vectors. In the first and fourth quadrants and some of the second and third,
the transformation is orientation-reversing. The transformation is orientation-preserving in
most of the second and third quadrants.

[
Ezample 1.6

Consider the vector fields defined in Cartesian coordinates by

a) U_<§) b) Ui_<2§2>. (1.182)

P (8)-(1). w159

find the covariant and contravariant representations of both cases of U’ in cylindrical coordinates.

At the point

a) At P in the Cartesian system, we have the contravariant

REG
U' = = . 1.184
(52 §1=1,62=1 1 ( )

For a Cartesian coordinate system, the metric tensor g;; = d;; = gj = d;;. Thus, the covariant
representation in the Cartesian system is

; ; 1 0\/1 1
Uj = g;:U" = 6;,U :(o 1)(1)=<1). (1.185)

1

Now consider cylindrical coordinates: ¢! = z! cos 22, €2 = ! sinx?. For the inverse transformation, let

us insist that J > 0, so 2! = 1/(£1)2 + (£2)2, 22 = tan—'(¢2/¢1). Thus, at P we have a representation
of
1
P: (%) = (@) (1.186)
v 1
For the transformation, we have
cosxz? —xlsina? T 1 0
J= (sin:zc2 x! cosz? ) ’ G=1-J= 0 (4% )" (1.187)
At P, we thus have
¥z 10
_ (3 R
J_<\/T§ 1), G=JT.1J (0 2>. (1.188)
Now, specializing Eq. (IL.I60) by considering the barred coordinate to be Cartesian, we can say
i _ 08
Ut = ol (1.189)
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Locally, we can use the Gibbs notation and say U = J - u, and thus get u = J~! - U, so that the

contravariant representation is
-1
4l 2o 1 L 1 V2
= . = \/7 . =
(u2> <£ 1 1 _1 1 0 ) (1.190)
2 2

In Gibbs notation, one can interpret this as 1i+1j = v/2e,+0ey. Note that this representation is different
than the simple polar coordinates of P given by Eq. (ILI8G). Let us look closer at the cylindrical basis

vectors e, and ey. In cylindrical coordinates, the contravariant representations of the unit basis vectors
must be e, = (1,0)” and ey = (0,1)T. So in Cartesian coordinates those basis vectors are represented

as
1 cosxz? —zlsinaz? 1 cos 22
o = (0) B (sinx zleosz? ) \0) " \sinz? )’ (1.191)
0 cosz? —zlsina? 0 2l gin 22
&% = I (1) o (Sinx leosz?2 ) V1) T\ 2leosz? ) (1.192)
In general a unit vector in the transformed space is not a unit vector in the Cartesian space. Note that

ep is a unit vector in Cartesian space only when 2! = 1; this is also the condition for J = 1. Lastly, we
see the covariant representation is given by u; = u'g;;. Since g;; is symmetric, we can transpose this

to get u; = gy
(Z;>:G(Z;):((1) g)(\{?>:(\{)§) (1.193)

This simple vector field has an identical contravariant and covariant representation. The appropriate
invariant quantities are independent of the representation:

)
)
M|)_.$|)_.
™)

[

V)

uUt = (1 1)(1):2, (1.194)

uiu® = (V2 0)(?):2. (1.195)

Thought tempting, we note that there is no clear way to form the representation z;z’ to demonstrate
any additional invariance.

b) At P in the Cartesian system, we have the contravariant

i (& _ (1
Ui - <2§2> " <2) (1.196)

In the same fashion as demonstrated in part a), we find the contravariant representation of U’ in
cylindrical coordinates at P is

-1
ul 2o 1 1 L 1 3
<u2:£1'2:_1{'2:{' (1.197)
2 2 2 2
In Gibbs notation, we could interpret this as 1i + 2j = (3/v/2)e, + (1/2)eq.
The covariant representation is given once again by u; = gj;u":

()= ()= 2)- () - (%), o
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This less simple vector field has distinct contravariant and covariant representations. However, the
appropriate invariant quantities are independent of the representation:

U Ut (1 2) <;) =5, (1.199)

3
w' = (5 1)<¢f)_5. (1.200)
2

The idea of covariant and contravariant derivatives play an important role in mathemat-
ical physics, namely in that the equations should be formulated such that they are invariant
under coordinate transformations. This is not particularly difficult for Cartesian systems,
but for non-orthogonal systems, one cannot use differentiation in the ordinary sense but
must instead use the notion of covariant and contravariant derivatives, depending on the
problem. The role of these terms was especially important in the development of the theory
of relativity.

Consider a contravariant vector u* defined in z* which has corresponding components U*
in the Cartesian £'. Take w) and W/ to represent the covariant spatial derivative of u’ and
U’, respectively. Let’s use the chain rule and definitions of tensorial quantities to arrive at
a formula for covariant differentiation. From the definition of contravariance, Eq. (LI60),

U= . (1.201)

Take the derivative in Cartesian space and then use the chain rule:

oUt oU oat

1= 96 = ouk 08 (1.202)
a (o€ oxk
= |57 (M ul) 565" (1.203)
—Ui

02¢ o0& oul \ o0zF
- (axkaxz“l o 37) RER (1.204)

d%¢p P oul\ Oxk

P Ly 25 77 )\ 22
Wa (axmxl” 0z axk) gt (1.205)

From the definition of a mixed tensor, Eq. (ILISI),
; oz 9¢1
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%P, 0P oul\ OxF Oxt O¢d
= — | — — 1.2
<0xk8xlu T o 8xk> 9€7 v 09 (1.207)
—wr
_ O 0O Oe | 08 0a” 0n' 087 Ou (1.208)
© Oxkoxt 9ga O¢p O Oxl 91 OEP DI Oxk’ '
%P 9zF ox' ;0" OzF ou
N 0z” or” ou 1.2
D1k 0 91 oer | Ol i Oxk (1.209)
N NSRS
o 5ot
¥, Ox' ;o Oul
= Ozkor 5;?8—51’7”” + 5l5§€W7 (1.210)
0*¢r ozt ;o'
= Joodset T o (1.211)
Here, we have used the identity that
o' ;
o=, (1.212)

where 5;'- is another form of the Kronecker delta. We define the Chm'stoﬁe symbols F;'-l as

follows:

i

0%EP Ot

T 9ridal Ogr’

and use the term A; to represent the covariant derivative. Thus, the covariant derivative of

a contravariant vector u’ is as follows:

T __
Aju =

|
Example 1.7

Find V7 - u in cylindrical coordinates.

xr =
2 =
2 =
The inverse transformation is
51
52
53

) out )
T i 1
w; = — + 1u.

oxd

The transformations are

+1/(€1)% + (€2)?,

12Elwin Bruno Christoffel, 1829-1900, German mathematician.
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This corresponds to finding

Ajut = w! = % + Tul (1.221)
Now for i = j
; 0%¢r ozt
i — S gt 1.222
Zlu 6$16$l agpu’ I’ ( )
B (9251 ot ul (9252 ot ul 8253 ot ul (1 223)
~ Oxioxl 9€t Oxidzt OE2 Oxidxt 9&3 '
=0
Noting that all second partials of &3 are zero,
) 8251 8:171 3252 8:171
il 1 1
b = g oa” t omod oe" (1.224)
Expanding the ¢ summation,
T o
4T 9aloat 9t 0x20z! HET 0230z dE
—~—
=0
8252 ozt . 8252 o2 . (9252 ox3 !
+8x18xl 8—§2u 0x207! 3—§2u 0x30xl €2 b (1.225)
~—
=0
Noting that partials of 23 with respect to &' and &2 are zero,
) 3251 ozt 8251 ox? 8252 oxt 3252 ox?
ut 9100 0e1 " T 9x2or 9t T drlod ae2 " 9294l 9e2 - (1.226)
Expanding the [ summation, we get
B L R o
4T 9xloxt aet 0x1922 dEL Ox1 93 AT
~—
=0
L0 0l 0 0, B 0t
9200t 0et ' T Ba2ox? 9er " T 922045 DL "
=0
N 8252 8_Ilul 8252 8—Ilu2 3252 8_Ilu3
Ox1oxt €2 Ox1dx? &2 Ox1ox3 02
~——
=0
0%¢% 92 0%¢% 92% 0%¢% 0x?
+(9x2(9x1 8—§2u Ox20x? 8—§2u Ox20x3 8—§2u ’ (1.227)
=0
Again removing the 3 variation, we get
O S R o i SO W Rl
T 9rloxt agt 0x1922 dEL 0220zt dEL 022022 dEL
242 1 242 1 242 2 262 2
0°¢* Oz 0°¢&* oz 0°¢* O0z® 0°¢&* Oz (1.228)

+(9x1(9x1 8—§2u
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Substituting for the partial derivatives, we find

—ain 2 i g2
I‘;lul = Ou' —sina? cos z?u? — sin 2 ( snllx ) u! — 2! cos ( 51111:10 ) u?
x x
2 2
+0u' 4 cos 22 sin z%u? + cos (coslac ) u' — 2! sin (coslx ) u?, (1.229)
x x
1
U
= I (1.230)
So, in cylindrical coordinates
out  ou?  owd  ul
T . _ - - -
Viu 5l + 92 + 9 + e (1.231)

Note: In standard cylindrical notation, z' = r, 22 = 6,23 = 2. Considering u to be a velocity vector,

we get
o (dr o (db 0 (dz 1 (dr
T. — I - - - - - — -
Viou or (dt>+89 (dt>+8z(dt>+r(dt>’ (1232)
10 dr 10 do 0 (dz
T. — R - R - - -
Vi r or <Tdt)+r(96‘ <Tdt>+(9z (dt)’ (1.:233)
10 10ug Ou
T . _ 19 1 0ug z
Vi -u 3 (ru,) + =90 % (1.234)

Here we have also used the more traditional uy = r(df/dt) = x'u?, along with u, = u',u, = u®. For

practical purposes, this insures that u,., ug, u, all have the same dimensions.

|
Example 1.8

Calculate the acceleration vector du/dt in cylindrical coordinates.

Start by expanding the total derivative as

du Ou T

— =4 +u -Vu

dt ot
Now, we take u to be a contravariant velocity vector and the gradient operation to be a covariant
derivative. Employ index notation to get

(2_1; - ‘?{; ol A, (1.235)
out (o
- (;; +ud (azj +F;lul) . (1.236)

After an extended calculation similar to the previous example, one finds after expanding all terms that

1 1 1 1 2
" G ul G +u’ Gl + ut Gl —at (u?)
2 2 2 2 1,2
b AR R - AR I (1237
ou® 10u? 20u® | 30u’ 3
Bt u G Ut Fut g 0
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The last term is related to the well known Coriolid™d and centripetal acceleration terms. However, these
are not in the standard form to which most are accustomed. To arrive at that standard form, one must
return to a so-called physical representation. Here again take x! = r, 22 = 0, and 2% = 2. Also take
up = dr/dt = u', ug = r(d0/dt) = 2*u?, u, = dz/dt = u3. Then the r acceleration equation becomes
du ou Ju up Ou ou u’
T e I (1.238)
~

centripetal

Here the final term is the traditional centripetal acceleration. The 6 acceleration is slightly more
complicated. First one writes

d (df d (doN dr o (dO\ do D (dO\ dz D [df drdg
a(a) —a(a)*aa(%)*a%(a%a&(%)*% ' (1.239)
Now, here one is actually interested in dug/dt, so both sides are multiplied by r and then one operates
to get
dug o (do dr 0 [df do o0 [db dz 0 [df dr do
o ( db dr (0 do do 7‘% 0 do dz 0 do dr (r%)
= —(r— — = r—= |- = 2 — | r— —— | r— 2 24t/ (1,241
ot <Tdt> o <8r <Tdt> dt) T <Tdt) i os <Tdt) Mt G
~ Oug OJug  ug Oug Oug W, Ug
= o U Ty e T e Ty (1.242)
~———
Coriolis

The final term here is the Coriolis acceleration. The z acceleration then is easily seen to be

du,  Ou, . ou, . @8% n ou,
a ot o T a0 "oz

(1.243)

We summarize some useful identities, all of which can be proved, as well as some other
common notation, as follows

23S

= —— 1.244

9kl Ok ol ( )
gikgkj = g/ = ggi' =0; = 5;— = 0j = 7, (1.246)
uj = u'gy, (1.247)

u' = guj, (1.248)

u’' v o= upt = dly = uigijvj = uigijvj, (1.249)
uxv = eijkgjmgknumv" = eijkujvk, (1.250)

13Gaspard-Gustave Coriolis, 1792-1843, French mechanician.
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; 0%¢r ort 1 i (09p; | Ogp  Ogj
Bie = dxidrk der 5 <8xk oxi &w)’ (1.251)
Vu = Aju' =4 =5 +Fﬂul, (1.252)
divu=V' - u = Au' = u' = % + ! = %81 (Vg u'), (1.253)
lu=V gk ijk p ijk ou” I 4 1954
culu=Vxu = eup; =gl =gy | 55+ 150 ), (1.254)
du Ju T ou’ o’ o

- = = . = e T 1.2
o 5 T U Vu pm +w o + Du?, (1.255)
grad g =Vop = ¢,; = 8_¢’ (1.256)

ox’
: i 8 ij 99 ik 0P
div grad ¢ = V?¢ = V' .Vo=g"¢; = (gjaxi) + F;k k&ﬁ’ (1.257)
1 0 . 0¢
- =Y ij 2%
35 (Vs W) , (1258
ij aTZ 7 lj Yeallt
VT = T} = ok + 1,177 + 17,17, (1.259)
o
divT=V"-T = 1Y = +I,TY + 1T, (1.260)
’ oxJ
1 0 1 0 - OE

= T9) + 1%, T7% = TH =) .(1.261
f@xﬂ (Vo T7) + T \/_0933 <\/§ 0:)3’“) (1.261)

1.3.3 Orthogonal curvilinear coordinates

In this section we specialize our discussion to widely used orthogonal curvilinear coordinate
transformations. Such transformations admit non-constant diagonal metric tensors. Because
of the diagonal nature of the metric tensor, many simplifications arise. For such systems,
subscripts alone suffice. Here, we simply summarize the results.

For an orthogonal curvilinear coordinate system (qi, ¢2, g3), we have

ds® = (hdq1)® + (hadgs)? + (hsdgs)?, (1.262)
where
8$1 2 8$2 2 8$3 2
;= . 1.2
. \/<8%) +<8Qi) " dq; (1.263)
We can show that
1 96 1 96 1 a¢
do= — e+ —— 1.264
grad 0 = Vo = g e T 5 T I g (1.264)
dvu—v'ou = — (i(uhh>+i(uhh>+i<uhh>) (1.265)
hihohs \Oq " © 2% T Ogy 2 T gg s )0 :
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1 hie; hoey hses,
d 9 d
curlu=Vxu = o B BT e s (1266)
L uihy  ughy  ughs

. 1 0 [ hahz 0¢ 0 ([ hshy 0¢ 0 ([ hihy 0¢
. 2 . v 2 3_ v 3 1_ e s
div grad qb— Ve = hihahs <8q1 ( hy 8q1) * 8q2 ( Do 8q2) * 8C]3 ( hs 8%)).

(1.267)

|
Example 1.9

Find expressions for the gradient, divergence, and curl in cylindrical coordinates (r, 6, z) where
1 = rcosb, (1.268)
re = rsind, (1.269)
x3 = z. (1.270)

The 1,2 and 3 directions are associated with r, 0, and z, respectively. From Eq. (L263]), the scale

factors are
o 8171 2 8:172 2 8:173 2
b = \/< or ) + < o) Y\ ) (1.271)

= cos26 +sin?4, (1.272)
= 1, (1.273)
- 8171 2 8:172 2 8:173 2
ho = \/<W) +<W 20 ) (1.274)
= Vr2sin?0 + r2 cos? 6, (1.275)
= (1.276)
- 8171 2 8:172 2 8:173 2
he = \/<a_> +<W 5 ) (1.277)
= 1, (1.278)
so that
09 10¢ 0¢
grad ¢ = Eer + ;%eg + &ez, (1279)
. 1/ 0 0 0 ~ Oup  up  10up  Ou.
e rep e,
culu = —| F & 5 (1.281)
Up  UGT Uy
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1.4 Maxima and minima

Consider the real function f(x), where z € [a,b]. Extrema are at x = z,,, where f'(x,,) =0,
if 2, € [a,b]. It is a local minimum, a local maximum, or an inflection point according to
whether f”(x,,) is positive, negative or zero, respectively.

Now consider a function of two variables f(z,y), with = € [a,b], y € [¢,d]. A necessary
condition for an extremum is
of

(@m, Ym) = 8—y(xm,ym) =0. (1.282)

of
ox

where z,,, € [a,b], ym € [c,d]. Next, we find the Hessian] matrix:

ory 9%y
H= ( o O ) . (1.283)

dxdy  0y?

We use H and its elements to determine the character of the local extremum:

e fisamaximum if 8 f/92 < 0,9%f/0y? < 0, and 0 f /0xdy < \/(O2f J0x2) (0% f | Oy?),

e fisaminimum if 9?f/0x% > 0, 0*f /9y? > 0, and 0*f /0xdy < /(0% f ]0x2)(D2f | Dy?),
e f is a saddle otherwise, as long as det H # 0, and
e if det H = 0, higher order terms need to be considered.

Note that the first two conditions for maximum and minimum require that terms on the
diagonal of H must dominate those on the off-diagonal with diagonal terms further required
to be of the same sign. For higher dimensional systems, one can show that if all the eigen-
values of H are negative, f is maximized, and if all the eigenvalues of H are positive, f is
minimized.

One can begin to understand this by considering a Taylo series expansion of f(x,y).
Taking x = (z,y)T and dx = (dz, dy)”, multi-variable Taylor series expansion gives

f(x+dx)=f(x)+dx" - Vf +dx" -H-dx+.... (1.284)
g

At an extremum, Vf =0, so
f(x+dx) = f(x)+dx" -H-dx+.... (1.285)

Later (see p. 270 and Sec. B2.3.8]), we shall see that, by virtue of the definition of the term
“positive definite,” if the Hessian H is positive definite, then for all dx, dx’ - H - dx > 0,
which corresponds to a minimum. For negative definite H, we have a maximum.

MTudwig Otto Hesse, 1811-1874, German mathematician, studied under Jacobi.
15Brook Taylor, 1685-1731, English mathematician, musician, and painter.
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[
Ezample 1.10

Consider extrema of

f=a%—y> (1.286)
Equating partial derivatives with respect to = and to y to zero, we get
of
— = 2z=0 1.287
ox * ’ ( )
of
— = —2y=0. 1.288
9y y (1.288)
This gives x = 0,y = 0. For these values we find that
o’r o
22 T
H = < e %_iy ) (1.289)
Ox 0y Oy
2 0
= < 0 9 > . (1.290)

Since det H = —4 # 0, and 9% f /022 and 92 f /9y? have different signs, the equilibrium is a saddle point.

1.4.1 Derivatives of integral expressions

Often functions are expressed in terms of integrals. For example

b(z)
y(x) = /( ) f(z,t) dt. (1.291)

Here ¢ is a dummy variable of integration. Leibniz’{14 rule tells us how to take derivatives
of functions in integral form:

b(x)
y(x) = fla,t) dt, (1.292)
a(x)
dy(x) db(z) da(z) /b(m) Of (x,t)
o = fb@)——= = f@a(z))— =+ " o dt. (1.293)
Inverting this arrangement in a special case, we note if
y(@) = y(z,) + / f(t) dt, (1.294)
zo

then

16Gottfried Wilhelm von Leibniz, 1646-1716, German mathematician and philosopher of great influence;
co-inventor with [Sir Isaac Newtonl, 1643-1727, of the calculus.
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dy(x) dx dx, T Of(t)
M) )5 o) S / 0 (1.295)
dy(z)
P~ f). (1.296)

Note that the integral expression naturally includes the initial condition that when z = x,
y = y(xo). This needs to be expressed separately for the differential version of the equation.

|
Example 1.11
Find dy/dx if

2

y(z) = /m (z + 1)t* dt.

Using Leibniz’s rule we get

2

d xr
) ((:C+1):C4)(2:v)—((x+1)x2)(1)+/ £ dt,
x x
2
AV
= 2:1:6+2175—a:3—:172+<§) ,
6 3
= 9695 B2 Y
T+ 2x T e+ 3 3
6 43
= 7; +2x5—%—x2.

In this case it is possible to integrate explicitly to achieve the same result:

2

y(z) = ($+1)/w t2 dt,

e (5

x

£C7 ZCG 1‘4 3
T
dy(x) _ 720 5 4a° 2
e R

So the two methods give identical results.

(1.297)

(1.298)

(1.299)

(1.300)

(1.301)
(1.302)

(1.303)

(1.304)
(1.305)

(1.306)

(1.307)
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1.4.2 Calculus of variations

The problem is to find the function y(z), with « € [z1, 5], and boundary conditions y(z;) =
y1,y(x2) = ys, such that

= [ o) de (1.308)

is an extremum. Here, we find an operation of mapping a function y(z) into a scalar I,
which can be expressed as I = F(y). The operator F which performs this task is known as
a functional.

If y(x) is the desired solution, let Y (z) = y(z) + eh(x), where h(z1) = h(z2) = 0. Thus,
Y (z) also satisfies the boundary conditions; also Y'(z) = v/(z) + eh/(x). We can write

I(e) = / Y e YY) da. (1.300)

Taking dI /de, utilizing Leibniz’s rule, Eq. (L293)), we get

€ Ja | T N <=
0 h(z) K (x)
Evaluating, we find
I [ (of . Of of
< _/xl (ax0+ayh(x)+ 8Y/h(x)) dz. (1.311)

Since [ is an extremum at € = 0, we have dI /de = 0 for e = 0. This gives

o of
= — : 1.312
0 / (ayh(x) + ay/h(:):)) o (1.312)
Also when € =0, we have Y =4, Y" =/, so
e rof of
= —h —h dx. 1.31
0 / (ay @)+ 5 @)) - (1.313)
Look at the second term in this integral. Since from integration by parts we get
2 0f “2.0f dh 2 0f
— N (z) do = ——dr = — dh 1.314
o OV (#) do b Oyds n Oy (1:314)
_of = 2.d (of
= 8—y’h($) . /gc1 o (&y’) h(z) dz,(1.315)
=0
2d (0f
= — — = : 1.31
/gﬂ1 o (83/) h(z) dx (1.316)
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The first term in Eq. (L315) is zero because of our conditions on h(z;) and h(xs). Thus,
substituting Eq. (IL310) into the original equation, Eq. (L313]), we find

/ (g_i & (%)) (@) do =0. (1:317)

J/

0
The equality holds for all A(z), so that we must have

of d (0f\ _
8_y_%<8—y’)_0 (1.318)

This is called the EuleE-LagmngE equation; sometimes it is simply called Euler’s equation.

While this is, in general, the preferred form of the Euler-Lagrange equation, its explicit
dependency on the two end conditions is better displayed by considering a slightly different
form. By expanding the total derivative term, that is

d (8f Pf dx  O?f dy O2f dy

- —(x,y,y’)) = — + —= - (1.319)
/ / / /! /
dz \ Oy oy’ Ox df oy'dy dx ,  0Oy'dy dx
— Y’ y"
*f *f ,  PPf
1.320
oy'Ox * 8y’8yy * 8y’8y’y ' ( )
the Euler-Lagrange equation, Eq. (L31I8), after slight rearrangement becomes
*f ., *f , Pf  Of
— == 0 1.321
0y’0y’y * 8y’0yy * oy'ox Oy ’ ( )
d*y dy

This is clearly a second order differential equation for f,,, # 0, and in general, non-linear.
If f,., is always non-zero, the problem is said to be regular. If f,,, = 0 at any point, the
equation is no longer second order, and the problem is said to be singular at such points.
Note that satisfaction of two boundary conditions becomes problematic for equations less
than second order.

There are several special cases of the function f.

o f=flz,y):
The Euler-Lagrange equation is
of
— =0 1.323
ay ) ( )

which is easily solved:
flz,y) = Al), (1.324)
which, knowing f, is then solved for y(x).

"Leonhard Euler, 1707-1783, prolific Swiss mathematician, born in Basel, died in St. Petersburg.
18Joseph-Louis Lagrange, 1736-1813, Italian-born French mathematician.
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o f=[f(zYy):
The Euler-Lagrange equation is
d (0f
X (@) _o, (1.325)
which yields
of
—=A 1.32
=4 (1.326)
flz,y) = Ay’ + B(z). (1.327)
Again, knowing f, the equation is solved for y" and then integrated to find y(x).
o f=/fy.y):
The Euler-Lagrange equation is
of d (of
-~ (L = 1.32
o () =0 (1:329)
af Of dy O?f dy
hC A - 7)) = 1.32
dy (83/83/ drz Oy 0y dx 0 (1.329)
2 d 2 d2
of  ofdy of dy (1.330)
dy  Oydy' dx Oy Oy dx?
Multiply by 3’ to get
2 d 2 d2
g (2L S dy O Ay (1.331)
dy  Oyoy' dxz Oy dy dx?
Add and subtract (0f/0y")y” to get
J Oy  Oyoy dx Oy Oy dx? 8y’y 8y’y B '
Regroup to get
of ,, of , S Pf dy  *f dy\ | Of ,
W Ty =l ST) 2y} = 1.
0yy + 0y’y4 <y <0y0y’ dr Oy’ 0y dx? * ay’y 0 (1.333)
—af dz —d/du(y'0f/0y')
Regroup again to get
d Of N
y (f_ya—y’) =0, (1.334)
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which can be integrated. Thus,

Of

flyy) —vz5=K (1.335)
Y

where K is an arbitrary constant. What remains is a first order ordinary differen-
tial equation which can be solved. Another integration constant arises. This second
constant, along with K, are determined by the two end point conditions.

[
Example 1.12

Find the curve of minimum length between the points (x1,y1) and (2, y2).

If y(x) is the curve, then y(z1) = y1 and y(z2) = y2. The length of the curve is
x2
L:/ e (1.336)
z1

So our f reduces to f(y') = \/1+ (y’)2. The Euler-Lagrange equation is

d !
Sy (N —— (1.337)
dz \ \/1+ (y')?
which can be integrated to give
!
C— (1.338)
1+ (y)?
Solving for 3’ we get
K2
"= =A 1.
Y=yt =4 (1339)
from which
y = Ax + B. (1.340)

The constants A and B are obtained from the boundary conditions y(x1) = y; and y(z2) = y2. The
shortest distance between two points is a straight line.

[
Example 1.13

Find the curve through the points (x1,y1) and (22, y2), such that the surface area of the body of
revolution by rotating the curve around the z-axis is a minimum.

We wish to minimize

= / WIT W) dr. (1.341)

1
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Zv )

15 curve with
’ endpoints at
1 (-1, 3.09), (2, 2.26) z
which minimizes
0.5 surface area of body

of revolution
-1 -0.5 0 0.5 1 1.5 2

corresponding
surface of
revolution

Figure 1.6: Body of revolution of minimum surface area for (zy,y;) = (—1,3.08616) and
(22, y2) = (2, 2.25525).

Here f reduces to f(y,y’) = y+/1+ (y¥')?. So the Euler-Lagrange equation reduces to

0

f(y,y’)—y’a—j = A (1.342)
y 1+y’2—y’y7L/ = A (1.343)

1+y/2 !
y(1+y?) —yy? = AV1+y2, (1.344)
y = AV1+y?2, (1.345)

y 2
y = <Z) _1, (1.346)
r— B

y(x) = Acosh T (1.347)

This is a catenary. The constants A and B are determined from the boundary conditions y(z1) = 1
and y(z2) = y2. In general this requires a trial and error solution of simultaneous algebraic equations.
If (x1,91) = (—1,3.08616) and (x2,y2) = (2,2.25525), one finds solution of the resulting algebraic
equations gives A =2, B = 1.

For these conditions, the curve y(z) along with the resulting body of revolution of minimum surface
area are plotted in Fig.

1.5 Lagrange multipliers

Suppose we have to determine the extremum of f(z1,xs, ..., x)) subject to the n constraints

gn(x1, 20, ... xpy) =0, n=12,...,N. (1.348)
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Define
fP=TF—=Mg—Xag2 — ... — Angn, (1.349)
where the A\, (n =1,2,---,N) are unknown constants called Lagrange multipliers. To get
the extremum of f*, we equate to zero its derivative with respect to xy, s, ..., zy. Thus,
we have
8 *
O o =1 M (1.350)
0T,
g = 0, n=1,...,N. (1.351)

which are (M + N) equations that can be solved for z,, (m = 1,2,...,M) and A\, (n =
1,2,...,N).

I
Example 1.1/
Extremize f = 22 4+ y? subject to the constraint ¢ = 522 — 6zy + 5y> — 8 = 0.

Let
[ =a% 4+ 9% — \(52? — 6zy + 5y* — 8), (1.352)
from which
a *
8f = 2z —10Az +6Ay =0, (1.353)
x
af*
3 = 2y+6Ar—10\y =0, (1.354)
Y
g = ba?—6xy+5y> —8=0. (1.355)
From Eq. (L353),
2x
_ 1.
A 07 — 65’ (1.356)

which, when substituted into Eq. (L354), gives
x = ty. (1.357)

Equation (L357), when solved in conjunction with Eq. (I353]), gives the extrema to be at (x,y) =
(V2,v2), (—v2,—v2), (1/v/2,-1/3/2), (=1//2,1/+/2). The first two sets give f = 4 (maximum) and
the last two f = 1 (minimum). The function to be maximized along with the constraint function and
its image are plotted in Fig. [T

A similar technique can be used for the extremization of a functional with constraint.
We wish to find the function y(z), with « € [z1, 23], and y(z1) = y1, y(z2) = yo, such that
the integral

= [ ) de (1.358)
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IO
A
unconstrained ll constraint
function function

Figure 1.7: Unconstrained function f(z,y) along with constrained function and constraint
function (image of constrained function.)

is an extremum, and satisfies the constraint

g=0. (1.359)
Define
I"=1-M\g, (1.360)
and continue as before.
[
Example 1.15
Extremize I, where
I :/ yV/1+ ()2 da, (1.361)
0
with y(0) = y(a) = 0, and subject to the constraint
/ VIT R de = (1.362)
0

That is, find the maximum surface area of a body of revolution which has a constant length.

Let

g:/ VIt ()2 de—€=0. (1.363)
0
Then let
I :I—)\g:/ yv 1+ (y)? d:c—/\/ V14 (y)? dx + M, (1.364)
0 0
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Figure 1.8: Curve of length ¢ = 5/4 with y(0) = y(1) = 0 whose surface area of corresponding
body of revolution (also shown) is maximum.

= / (y = V1+ ()% doe+ M, (1.365)
0
¢ A
= / ((y - V1I+()? + E) da. (1.366)
0
With f* = (y — A\)v/1+ (v')? + M/a, we have the Euler-Lagrange equation
af* d (Of\

Integrating from an earlier developed relationship, Eq. (L333]), when f = f(y,y’), and absorbing A\/a
into a constant A, we have

(y=MV1+ @) -y (y - A)T@’)Q = A, (1.368)
from which
-0+ - W)l y-N = AV1+(y)?, (1.369)
-1+ -01)?) = AVI+({)% (1.370)
y—X = AV1+ )2, (1.371)
y = (%)2 ~1, (1.372)
y = A+Acosh$j43. (1.373)

Here A, B, \ have to be numerically determined from the three conditions y(0) = y(a) = 0, g = 0. If
we take the case where a = 1,¢ = 5/4, we find that A = 0.422752, B = 1/2, A = —0.754549. For these
values, the curve of interest, along with the surface of revolution, is plotted in Fig.
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Problems

1.

If
22+ zx 4+ zly = 23,

(a) find a general expression for
0z| 0z
ox| ~ Oyl ’

(b) evaluate
0:| 02
ox| oyl ’

Yy x

at (z,y) = (1,2), considering only real values of x,y, 2, i.e. ,y,z € R%.

(¢) Give a computer generated plot of the surface z(z,y) for z € [-2,2], y € [-2,2], z € [-2,2].

. Determine the general curve y(x), with « € [z1,x2], of total length L with endpoints y(z1) = w1

and y(x2) = yso fixed, for which the area under the curve, f;f y dz, is a maximum. Show that if
(x1,y1) = (0,0); (22,y2) = (1,1); L = 3/2, that the curve which maximizes the area and satisfies all
constraints is the circle, (y + 0.254272)% + (x — 1.2453)? = (1.26920)2. Plot this curve. What is the
area? Verify that each constraint is satisfied. What function y(z) minimizes the area and satisfies all
constraints? Plot this curve. What is the area? Verify that each constraint is satisfied.

. Show that if a ray of light is reflected from a mirror, the shortest distance of travel is when the angle

of incidence on the mirror is equal to the angle of reflection.

. The speed of light in different media separated by a planar interface is ¢; and co. Show that if the

time taken for light to go from a fixed point in one medium to another in the second is a minimum,
the angle of incidence, «;, and the angle of refraction, «,., are related by

sin o c1

sin oy co’

F is a quadrilateral with perimeter P. Find the form of F such that its area is a maximum. What is
this area?

A body slides due to gravity from point A to point B along the curve y = f(z). There is no friction
and the initial velocity is zero. If points A and B are fixed, find f(z) for which the time taken will
be the least. What is this time? If A : (z,y) = (1,2),B : (x,y) = (0,0), where distances are in
meters, plot the minimum time curve, and find the minimum time if the gravitational acceleration is
g = —9.81 m/s?j.

Consider the integral I = fol (v — y + e%)? dz. What kind of extremum does this integral have
(maximum or minimum)? What should y(x) be for this extremum? What does the solution of
the Euler-Lagrange equation give, if y(0) = 0 and y(1) = —e? Find the value of the extremum.
Plot y(z) for the extremum. If yo(z) is the solution of the Euler-Lagrange equation, compute I for
y1(x) = yo(x) + h(z), where you can take any h(x) you like, but with h(0) = h(1) = 0.

Find the length of the shortest curve between two points with cylindrical coordinates (r, 6, z) = (a,0,0)
and (r,6,2) = (a,©, Z) along the surface of the cylinder r = a.

Determine the shape of a parallelogram with a given area which has the least perimeter.
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10. Find the extremum of the functional
1
/ (z%y"? 4 4021y) dx,
0
with y(0) =0 and y(1) = 1. Plot y(«) which renders the integral at an extreme point.
11. Find the point on the plane ax + by + cz = d which is nearest to the origin.
12. Extremize the integral
1
/ y/2 dw,
0
subject to the end conditions y(0) = 0, y(1) = 0, and also the constraint
1
/ ydr =1.
0
Plot the function y(x) which extremizes the integral and satisfies all constraints.
13. Show that the functions
T4y
u = ,
r—=y
Ty
vo= —,
(z—y)?
are functionally dependent.
14. Find the point on the curve of intersection of z — xy = 10 and = + y + z = 1, that is closest to the
origin.
15. Find a function y(x) with y(0) =1, y(1) = 0 that extremizes the integral
2
14/1+ (3—‘;’)
- [
0 Y
Plot y(x) for this function.
16. For elliptic cylindrical coordinates
&' = cosha!cosz?,
€ = sinha'sina?,
53 — $3.
Find the Jacobian matrix J and the metric tensor G. Find the transformation 2* = z°(¢7). Plot lines
of constant 2! and 22 in the ¢! and &2 plane.
17. For the elliptic coordinate system of the previous problem, find V7 -u where u is an arbitrary vector.
18. For parabolic coordinates

& = zlz?cosa®,
& = zla?sina’,

53 _ % (($2)2 _ (x1)2) .

Find the Jacobian matrix J and the metric tensor G. Find the transformation z* = 2°(¢7). Plot lines
of constant z* and z? in the ¢ and &2 plane.
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19. For the parabolic coordinate system of the previous problem, find V7 - u where u is an arbitrary
vector.

20. Find the covariant derivative of the contravariant velocity vector in cylindrical coordinates.

21. Prove Eq. (I2293) using the chain rule.
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Chapter 2

First-order ordinary differential
equations

see Kaplan, 9.1-9.3,

see Lopez, Chapters 1-3,

see Riley, Hobson, and Bence, Chapter 12,
see Bender and Orszag, 1.6.

We consider here the solution of so-called first-order ordinary differential equations. Such
equations are of the form

F(z,y,y") =0, (2.1)

where y' = dy/dx. Note this is fully non-linear. A first order equation typically requires the
solution to be specified at one point, though for non-linear equations, this does not guarantee
uniqueness. An example, which we will not try to solve analytically, is

dy

(xgﬁ (d?) + 2% +1In (smxy)> —-1=0, y1)=1. (2.2)

Fortunately, many first order equations, even non-linear ones, can be solved by techniques
presented in this chapter.

2.1 Separation of variables
Equation (1)) is separable if it can be written in the form

P(x)dr = Q(y)dy, (2.3)
which can then be integrated.
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10+t

-10 -5 5 10

Figure 2.1: y(x) which solves yy' = (8x + 1)/y with y(1) = —5.

Ezxample 2.1
Solve
1
yy' = So + , with y(1) = —5. (2.4)
Separating variables
y2dy = 8zdx + d. (2.5)
Integrating, we have
Y3
3 =42 + 2+ C. (2.6)

The initial condition gives C' = —140/3, so that the solution is
y® = 1222 + 3z — 140. (2.7)

The solution is plotted in Fig. 211

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

2.2. HOMOGENEOUS EQUATIONS

99

2.2 Homogeneous equations

A first order differential equation is defined by man as homogeneous if it can be written in

the form y
y=f (—) :
T
Defining
Yy
U= —,
€T
we get
Yy =uzx,
from which

y/ =1U —i—xu/.

Substituting in Eq. (Z8) and separating variables, we have

u—i—xj—z = f(u),
= -
du _dx

flu)y—u — z’

which can be integrated.
Equations of the form

, a1T + agy + as
a T + asy + ag

can be similarly integrated.

[
Example 2.2

Solve
2

xy' =3y + %, with y(1) = 4.

This can be written as

Let w = y/x. Then
fu) = 3u +u?.

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)
(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

I'The word “homogeneous” has two distinct interpretations in differential equations. In the present section,
the word actually refers to the function f, which is better considered as a so-called homogeneous function
of degree zero, which implies f(tz,ty) = f(x,y). Obviously f(y/x) satisfies this criteria. A more common

interpretation is that an equation of the form L(y) = f is homogeneous iff f = 0.
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20

15

10

[&;]

-15

N
IN
o

-20

Figure 2.2: y(x) which solves zy’ = 3y + y?/z with y(1) = 4.

Using our developed formula, Eq. (213]), we get

du dz
— = —. 2.20
2u + u? x (2:20)
Since by partial fraction expansion we have
1 1 1
—_— = - 2.21
2u+u?  2u 4+ 2u’ (221)
Eq. (220) can be rewritten as
du du, dz
— — = —. 2.22
2u 44 2u T ( )
Both sides can be integrated to give
1
5(1n|u| —Inj2+u|) =ln|z|+ C. (2.23)
The initial condition gives C' = (1/2)1n(2/3), so that the solution can be reduced to
Y _ 2172'
2z 4y 3
This can be solved explicitly for y(x) for each case of the absolute value. The first case
4.3
ST
y(@) = = el (2.24)

is seen to satisfy the condition at = 1. The second case is discarded as it does not satisfy the condition
at = 1. The solution is plotted in Fig.
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2.3 Exact equations
A differential equation is exact if it can be written in the form

dF(z,y) =0, (2.25)
where F'(z,y) = 0 is a solution to the differential equation. The chain rule is used to expand

the derivative of F(z,y) as
OF OF

dF = —d —dy = 0. 2.2
e T+ 3y y=20 (2.26)
So, for an equation of the form
P(x,y)dzr + Q(x,y)dy = 0, (2.27)
we have an exact differential if
oF oF
— =P — = 2.28
e (z,y), 9 (z,y), (2.28)

OPF opP OFPF 0Q
Oxdy oy’ Oyoxr Oz’

(2.29)

As long as F'(x,y) is continuous and differentiable, the mixed second partials are equal, thus,

oP  0Q

TR (2.30)

must hold if F'(z,y) is to exist and render the original differential equation to be exact.

[
Example 2.3

Solve
dy e’ Y
= = - 2.31
dx er—y —1’ (2:31)
(e ¥)do+ (1—€e"Y)dy = 0, (2.32)
~—— —_————
=p =Q
oP
= _e* 2.33
L e, (2.33)
Q o
oy = €. (2.34)
Since OP/dy = 0Q)/dx, the equation is exact. Thus,
OF
OF
T Ty
o em Y, (2.36)
Fz,y) = 77+ Aly), (2.37)
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6
C=5
4 C=4
=3
=2
2
y
C=1
0 c=0
C=-1
_2 [ L L L |
4 2 0 2 4

X
Figure 2.3: y(x) which solves ' = exp(z — y)/(exp(x — y) — 1).

oF dA

YU ey B2 — ] _ Ty
a9 eV + i Q(z,y) 1—e*7Y, (2.38)
dA
-~ - 1 2.
2 (2.30)
Aly) = y-C, (2.40)
Flz,y)=e""Y+y—-C = 0, (2.41)
Vy = C (2.42)

The solution for various values of C' is plotted in Fig.

2.4 Integrating factors

Sometimes, an equation of the form of Eq. (227) is not exact, but can be made so by
multiplication by a function u(z,y), where u is called the integrating factor. It is not always
obvious that integrating factors exist; sometimes they do not. When one exists, it may not
be unique.

|
Example 2.

Solve p )
Y Ty
= = . 2.43
dr 12 —y? (2.43)
Separating variables, we get
(2% — %) dy = 2zy da. (2.44)
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-3

Figure 2.4: y(x) which solves y/(z) = 2xy/(2* — y?).

This is not exact according to criterion ([Z30). It turns out that the integrating factor is y =2, so that
on multiplication, we get

2 2
= dw — (:0_2 - 1) dy = 0. (2.45)
) Y
This can be written as 5
d (I— + y) —0, (2.46)
Y
which gives
2
iy = ¢ (2.47)
Y
2+ = Cy. (2.48)

The solution for various values of C' is plotted in Fig. 241

The general first-order linear equation

dy(x)
dx

+ P(z) y(z) = Q(z), (2.49)

with
Y(0) = Yo, (2.50)

can be solved using the integrating factor

ol Ps)ds _ (F(x)=F(a)) (2.51)
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We choose a such that
F(a) =0. (2.52)

Multiply by the integrating factor and proceed:

[ P(s)ds) Y I P(s)ds — (el Pl)ds
(c ) (e ) P) y(@) = (e ) Q). (2.53)
product rule: di (eff P(S)dsy(:c)> = (eff P(s)ds> Q(x), (2.54)
T
replace x by t: % (ef; P@dsy 1)) = (eff: Pds) (1), (2.55)

€T d ¢ x
integrate:/ pr (efa P(s)dsy(t)> dt = /

(efi P<s>d8) Qt)dt,  (2.56)
eI POy ) — el POy () = [ (SPOR) Q) ar, (257)

which yields

y(l’) — e [ P(s)ds <6f:O P(s)dsyo +/ (ef(f P(S)d8> Q(t)dt) ) (258)
I
Example 2.5
Solve
y—y=e" y0) =y (2.59)
Here
Py =1, (2.60)
or
P(s) = -1, (2.61)
/x P(s)ds = /x(—l)ds, (2.62)
= s, (2.63)
= a—ux. (2.64)
So
F(r) = - (2.65)

For F(a) =0, take a = 0. So the integrating factor is
ela Pl)ds — ga—z _ 0—a _ o=z (2.66)

Multiplying and rearranging, we get
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yo:2
Yo=0
Yo= -2

1 / 2 3

-3

Figure 2.5: y(x) which solves y' — y = ** with y(0) = v,.

et—r e y(z) = €, (2.67)
% (e y(x) = e, (2.68)

%(e y(t)) = ¢, (2.69)
AO—OE (e 'y(t)) dt = /%_Oe dt, (2.70)
e Ty(x) —e Oy(0) = e —¢, (2.71)
e y(z) —yo = e"—1, (2.72)

y@) = " (Yyot+e" —1), (2.73)

y(z) = "4 (yo—1)€". (2.74)

The solution for various values of 3, is plotted in Fig.

2.5 Bernoulli equation

Some first-order non-linear equations also have analytical solutions. An example is the
Bernoull} equation

y' + P(z)y = Q(z)y". (2.75)

2Jacob Bernoulli, 1654-1705, Swiss-born member of a prolific mathematical family.
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where n # 1. Let
so that

The derivative is

Substituting in Eq. (2.75),

This can be written as

which is a first-order linear

2.6 Riccati equation

A Riccatf equation is of the form

u=y", (2.76)
y =utn (2.77)
/ 1 n /
y—l_n<u )u (2.78)
we get
1 n 1 n
(uﬁ> ' + P(x)u™ = Q(z)utr. (2.79)
1—n
v+ (1—n)P(z)u=(1—-n)Q(z), (2.80)
equation of the form of Eq. (2.49) and can be solved.
dy 2
i P(x)y” + Q(z)y + R(z). (2.81)

Studied by several Bernoullis and two Riccatis, it was solved by Euler. If we know a specific
solution y = S(x) of this equation, the general solution can then be found. Let

y = S(x) e (2.82)
thus dy dS 1d
y_a» 1oz
dr dr 22dx (2.83)
Substituting into Eq. (281]), we get
2
s _Lld= _ p S+1 +Q S+1 + R, (2.84)
dr  z%2dx z z
s 1d- , 25 1 1
T A = P(S —1—7—0—; —I—Q(S‘F;) + R, (285)
ds ) 1dz (285 1 1
=0
dz
-0 = P(2Sz+1)+Qz, (2.87)
x
d
=+ (2P@)S(2) + Q2)) 2 = —P(a). (2:88)

3Jacopo Riccati, 1676-1754, Venetian mathematician.
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Again this is a first order linear equation in z and z of the form of Eq. (249) and can be
solved.

[
Example 2.6

Solve
/ 6_3I 2 3
y = Yo — —y+ 3e’”. (2.89)
One solution is
y=S(z) = e, (2.90)
Verify:
—3x
L e (2.91)
x x
3x 3x
3¢ = S 3% (2.92)
x x
33" = 3¢5, (2.93)
so let .
y=e3 4 - (2.94)
z
Also we have
6—31
P = 2.95
(@) = <, (295)
1
Q) = . (296)
R(z) = 3% (2.97)
Substituting into Eq. (Z88), we get
dz e 3" 1 e 3"
— (2 R = - 2.98
dx + ( x ¢ x) N x ( )
dz =z e 3"
—+—=- 2.99
dx * T T ( )
The integrating factor here is
e/ T =T =g (2.100)
Multiplying by the integrating factor x
d
xé tz = —eSo, (2.101)
d(x2) _3
= —e 7 2.102
o e (2.102)
which can be integrated as
et O e+ 30
= _————, 2.103
- 3x x 3x ( )
Since y = S(z) + 1/z, the solution is thus
3x
3x
= -y 2.104
y=¢"t+ =550 ( )

The solution for various values of C' is plotted in Fig.
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N O
— — Il
C=-2C=-1 3y O Udl)

0.2 0.4

C=-2 C=-1

Figure 2.6: y(x) which solves ¢y = exp(—3x)/z — y/x + 3exp(3x).

2.7 Reduction of order

There are higher order equations that can be reduced to first-order equations and then solved.

2.7.1 y absent

If
[,y y") =0, (2.105)
then let u(x) = ¢'. Thus, v/(x) = y”, and the equation reduces to
du
— | =0 2.106
(o) =0 (2.106)
which is an equation of first order.
|
Example 2.7
Solve
xy” 4 2y = 4a3. (2.107)
Let u = 3, so that
du 3
T + 2u = 4z°. (2.108)
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Multiplying by x

xQZ—z +2zu = 4a?, (2.109)
%(zQU) = 4™, (2.110)
This can be integrated to give
U= gﬁ + % (2.111)
from which . o
y=zat - — 40, (2.112)
for x # 0.
2.7.2 1z absent
If
fy, 9y, y") =0, (2.113)
let u(x) =y, so that
dy'  dy'dy  du
O e e A 2.114
dr  dyde  dy (2.114)
Equation (2.113) becomes
du
f <y,u,u—) =0, (2.115)
dy

which is also an equation of first order. Note however that the independent variable is now
y while the dependent variable is .

[
Example 2.8

Solve
y' =29y =0;  y(0)=w,, ¥'(0) =y, (2.116)

Let uw =19/, so that v’ = du/dx = (dy/dx)(du/dy) = u(du/dy). The equation becomes

d
ud—Z — 2yu = 0. (2.117)
Now
u=0, (2.118)
satisfies Eq. (ZI11). Thus,
dy
— =0 2.119
dx ’ ( )
y = C, (2.120)
applying one initial condition: Y o= Yo (2.121)
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-1.5 -1 -0.5 0.5 1 1.5

-3

Figure 2.7: y(x) which solves 3" — 2yy’ = 0 with y(0) = 0,¢/(0) = 1.

This satisfies the initial conditions only under special circumstances, i.e. y, = 0. For u # 0,

d
d—“ = 9y, (2.122)
Y
u = y*+0Cy, (2.123)
apply 1.C.’s: Yy, = y2+0C, (2.124)
Ci = Yoy (2.125)
dy
o = VY- (2.126)
dy
from which for y/, —y2 >0
1 -1 Y
ﬁ tan \/ﬁ =x+ 027 (2128)
1 —1 Yo _
\/ﬁtan (ﬁ) = CQ, (2129)
- Yo
y(r) = \/y,, — y2 tan <9c\/yg —y2 +tan <\/ﬁ>> . (2.130)
The solution for y, = 0,y, = 1 is plotted in Fig. 217
For y;, —y5 = 0,
dy
i Y2, (2.131)
d
y—g = dz, (2.132)

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

2.8. UNIQUENESS AND SINGULAR SOLUTIONS 71

—= = x4+ (05, (2.133)
Yy
1
—— = (y, (2.134)
Yo
1 1
- = x— — (2.135)
Yy Yo
1
y = . (2.136)
- —x

For !, — 2 < 0, one would obtain solutions in terms of hyperbolic trigonometric functions; see Sec. [[0.3]

2.8 Uniqueness and singular solutions

Not all differential equations have solutions, as can be seen by considering

/

y = %lny, y(0) = 2. (2.137)

The general solution of the differential equation is y = e“*, but no finite value of C' allows
the initial condition to be satisfied. Let’s check this by direct substitution:

y = e“°, (2.138)

y = Ce, (2.139)
Cx

ylny = In e, (2.140)
T T
eC’:c

= Cz, (2.141)
T

Ce’", (2.142)

Y. (2.143)

So the differential equation is satisfied for all values of C'. Now to satisfy the initial condition,
we must have

2 =00, (2.144)
2 =17 (2.145)

There is no finite value of C' that allows satisfaction of the initial condition. The original
differential equation can be written as xy’ = yIny. The point x = 0 is singular since at that
point, the highest derivative is multiplied by 0 leaving only 0 = ylny at x = 0. For the very
special initial condition y(0) = 1, the solution y = e“* is valid for all values of C'. Thus, for
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this singular equation, for most initial conditions, no solution exists. For one special initial
condition, a solution exists, but it is not unique.

Theorem

Let f(x,y) be continuous and satisfy | f(z,y)| < m and the Lipschitdl condition |f(z,y)—
f(z,y0)] < k|ly — yo| in a bounded region R. Then the equation ' = f(z,y) has one and
only one solution containing the point (g, yo).

A stronger condition is that if f(x,y) and df/Jy are finite and continuous at (xo, yo),
then a solution of ¥/ = f(z,y) exists and is unique in the neighborhood of this point.

[
Ezxample 2.9

Analyze the uniqueness of the solution of
dy
== —-K\/y, y(T) = 0. (2.146)

Here, t is the independent variable instead of x. Taking,

we have o7 %

which is not finite at y = 0. So the solution cannot be guaranteed to be unique. In fact, one solution is
y(t) = il@(f —T)%. (2.149)

Another solution which satisfies the initial condition and differential equation is
y(t) =0. (2.150)

Obviously the solution is not unique.

[
Ezxample 2.10

Consider the differential equation and initial condition

dy 2
=L = 3y%/3 2) = 0. 2.151
o =3 () ( )

On separating variables and integrating, we get

3y*/3 = 32 4 3C, (2.152)

4Rudolf Otto Sigismund Lipschitz, 1832-1903, German mathematician.
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-0.25
-0.5
-0.75
-1

Figure 2.8: Two solutions y(x) which satisfy y’ = 33?3 with y(2) = 0.

so that the general solution is

y = (x+C)> (2.153)
Applying the initial condition, we find
y = (z —2)>. (2.154)
However,
y=0, (2.155)
and (z—2)3 ifz>2
v= { 0 ifx <2, (2.156)

are also solutions. These singular solutions cannot be obtained from the general solution. However,
values of 3y’ and y are the same at intersections. Both satisfy the differential equation. The two solutions
are plotted in Fig.

2.9 Clairaut equation

The solution of a Clairautf] equation

y =y + f(y), (2.157)

YAlexis Claude Clairaut, 1713-1765, Parisian/French mathematician.
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can be obtained by letting ' = u(z), so that
y=au+ f(u). (2.158)

Differentiating with respect to x, we get

d
vy = au +u+ d—fu', (2.159)
u
d
u = zu +u+ d—fu', (2.160)
u
d
(:c + d—f) u = 0. (2.161)
u

There are two possible solutions to this, «' = 0 or z + df /du = 0. If we consider the first
and take

du
(S —] 2.162
we can integrate to get
u=C, (2.163)

where C'is a constant. Then, from Eq. (2.I58)), we get the general solution
y=Cx+ f(C). (2.164)

Applying an initial condition y(z,) = y, gives what we will call the regular solution.
But if we take the second if

ol =0, (2.165)
and rearrange to get
oI (2.166)
du’ '
then Eq. (2.166]) along with the rearranged Eq. (2158
y = —u% + f(u), (2.167)

form a set of parametric equations for what we call the singular solution. It is singular
because the coefficient on the highest derivative in Eq. (2I61)) is itself 0.

[
Ezxample 2.11

Solve
y=2y'+ ), y(0)=yo (2.168)

Take
u=1y. (2.169)
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6 Yo=3
Yo=
yo=0 4/
(singular) / Yo=1
Y > 5 % Yo=0

Yo=0 \ — .
(singular) 4\ Yo=-1
Yo~ -2

-6 Yo=-3

Figure 2.9: Two solutions y(x) which satisfy y = 2y’ + (/)% with y(0) = y,.

Then
flu) = u?, (2.170)
d
d—i = 3u? (2.171)
so specializing Eq. (ZI64) gives
y=Cx+C3

as the general solution. Use the initial condition to evaluate C' and get the regular solution:

Yo = C(0)+C3, (2.172)
C = yif3, (2.173)
y = y3z+y,. (2.174)

Note if y, € R!, there are actually three roots for C: C = yfl)/3, (—-1/2+ i\/§/2)yé/3. So the solution

is non-unique. However, if we confine our attention to real valued solutions, there is a unique real
. . 1/3
solution, with C' = yo/ .

The parametric form of the singular solution is

y = —2u? (2.175)
r = —3u’ (2.176)
Eliminating the parameter u, we obtain
3/2
y = +2 (‘%) , (2.177)

as the explicit form of the singular solution.
The regular solutions and singular solution are plotted in Fig. Note

e In contrast to solutions for equations linear in ', the trajectories y(x;y,) cross at numerous locations
in the « — y plane. This is a consequence of the differential equation’s non-linearity
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e While the singular solution satisfies the differential equation, it satisfies this initial condition only
when y, =0

e For real valued x and y, the singular solution is only valid for z < 0.

e Because of non-linearity, addition of the regular and singular solutions does not yield a solution to
the differential equation.

Problems

1. Find the general solution of the differential equation
Yy +2%y(1+y) =1+23(1+2).

Plot solutions for y(0) = —2,0, 2.

2. Solve ,
i = 2z + te Va2

Plot a solution for x(0) = 1.

3. Solve
32%y? dx + 223y dy = 0.
4. Solve
dy _x—y
dr  z+y

5. Solve the non-linear equation (y' — x)y” + 2y’ = 2z.
6. Solve zy” + 2y’ = x. Plot a solution for y(1) = 1,3/(1) = 1.
7. Solve y” — 2yy’ = 0. Plot a solution for y(0) = 0,y’(0) = 3.
8. Given that y; = 2~ is one solution of y" + (3/z)y’ + (1/2%)y = 0, find the other solution.
9. Solve

(a) y'tany + 2sinzsin(f +x) +Inz =0

(b) zy’ —2y—at—y*=0

(¢) y' cosycosz +sinysine =0

(d) ¥ +ycotz =e"

(e) 2%y +y+e” (a8 — 1)y3 =0, with y(1) = e~ /2

() v +y?—ay—1=0

(@) ¥(@+y*)—y=0

_ zH2y—>5
(h) v =527
(i) v +zy=y

Plot solutions, when possible, for y(0) = —1,0, 1.
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10. Find all solutions of
@+ 1)) +@—y)y —y=0
11. Find an a for which a unique real solution of
(y)* +8(y')% + (3a + 16)(y')? + 12ay’ + 2a® = 0, with y(1) = —2
exists. Find the solution.

12. Solve

/ 1 2 1

x x

13. Find the most general solution to

-1 +1)=0
14. Solve

D-1)(D-2)y=x

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

78 CHAPTER 2. FIRST-ORDER ORDINARY DIFFERENTIAL EQUATIONS

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

Chapter 3

Linear ordinary differential equations

see Kaplan, 9.1-9.4,

see Lopez, Chapter 5,

see Bender and Orszag, 1.1-1.5,

see Riley, Hobson, and Bence, Chapter 13, Chapter 15.6,
see Friedman, Chapter 3.

We consider in this chapter linear ordinary differential equations. We will mainly be con-
cerned with equations which are of second order or higher in a single dependent variable.

3.1 Linearity and linear independence

An ordinary differential equation can be written in the form

L(y) = f(2), (3.1)

where y(x) is an unknown function. The equation is said to be homogeneous if f(x) = 0,
giving then
L(y) = 0. (3.2)

This is the most common usage for the term “homogeneous.” The operator L is composed
of a combination of derivatives d/dx, d?/dz?, etc. The operator L is linear if

L(y1 +y2) = L(y1) + L(y2), (3.3)

and
L(ay) = aL(y), (3.4)

where « is a scalar. We can contrast this definition of linearity with the definition of more
general term “affine” given by Eq. (LI02)), which, while similar, admits a constant inhomo-
geneity.

79
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For the remainder of this chapter, we will take L to be a linear differential operator. The
general form of L is

N dN—l

d
L= PN(SL’)— +PN_1

d
TN ()75 + -+ Pi(a) o= + Rola). (3.5)

dx

The ordinary differential equation, Eq. (81]), is then linear when L has the form of Eq. (B.3]).

Definition: The functions y;(z), y2(x), ..., yn(x) are said to be linearly independent when
Ciyr () + Coya(z) + ... + Cyyn(x) = 0 is true only when Cy = Cy = ... =Cy =0.

A homogeneous equation of order N can be shown to have NV linearly independent solu-
tions. These are called complementary functions. If y,, (n = 1,..., N) are the complementary
functions of Eq. (82), then

y(@) = 3 Cogala), (3.6)

is the general solution of the homogeneous Eq. ([B:2]). In language to be defined in a future
chapter, Sec. [[.3], we can say the complementary functions are linearly independent and span
the space of solutions of the homogeneous equation; they are the bases of the null space of the
differential operator L. If y,(z) is any particular solution of Eq. (8.1]), the general solution

to Eq. (B2]) is then

y(@) = yp(2) + Y Cuya(2). (3.7)

Now we would like to show that any solution ¢(x) to the homogeneous equation L(y) = 0
can be written as a linear combination of the N complementary functions v, (x):

Ciy(z) + Coya(z) + ...+ Cyyn(z) = o(). (3.8)

We can form additional equations by taking a series of derivatives up to N — 1:

Ciyi(z) + Coys(z) + ...+ Onyy(z) = ¢'(2), (3.9)

Cry™ V(@) + CoyN V@) + .+ Oy (@) = oY (). (3.10)

This is a linear system of algebraic equations:

U1 Y2 ... YN o) o(x)
" Yoo oo Uy C | | () (3.11)
y§N_1) y;N—l) N y](vN—l) Cx V-V ()
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We could solve Eq. (BI1]) by Cramer’s rule, which requires the use of determinants. For a
unique solution, we need the determinant of the coefficient matrix of Eq. (B.I1]) to be non-
zero. This particular determinant is known as the Wronskiarl] W of y1(x), y2(), ..., yn(2)
and is defined as

Y1 Y2 <o YN
y/ y/ . y/
w=| ") y " (3.12)
gD Ny y](VN—l)
The condition W # 0 indicates linear independence of the functions v, (x), y2(z), ..., yn(x),
since if ¢(x) = 0, the only solution is C;, = 0,n = 1,..., N. Unfortunately, the converse is

not always true; that is, if W = 0, the complementary functions may or may not be linearly
dependent, though in most cases W = 0 indeed implies linear dependence.

I
Ezxample 5.1
Determine the linear independence of (a) y; = z and y2 = 2z, (b) y1 = x and y2 = 22, and (c)
y1 = 2% and yp = z|z| for x € (—1,1).

(a) W = :f 2; = 0, linearly dependent.
2
(b) W = :f ;r ’ = 22 # 0, linearly independent, except at z = 0.

(c) We can restate ys as

yo(z) = —a? x € (—1,0], (3.13)
ya(z) = 22 x€(0,1), (3.14)
so that
z? —a? 3 3
W = ‘ 9y —97 | = —22° 4+ 227 =0, x € (-1,0], (3.15)
22 2 3 3
w = ‘ 9 9 = 2zx° — 2z2° = 0, xz € (0,1). (3.16)

Thus, W =0 for € (—1,1), which suggests the functions may be linearly dependent. However, when
we seek C7 and Cy such that Cyy; + Cays = 0, we find the only solution is C7 = 0, Cs = 0; therefore,
the functions are in fact linearly independent, despite the fact that W = 0! Let’s check this. For

z € (-1,0],
Cy2% + Co(—2?) = 0, (3.17)
so we will need Cy = C5 at a minimum. For z € (0, 1),
Cy2% + Coa? =0, (3.18)
which gives the requirement that C; = —Cs. Substituting the first condition into the second gives

Cy = —(C, which is only satisfied if Cy = 0, thus requiring that C; = 0; hence, the functions are indeed
linearly independent.

1J6zef Maria Hoene-Wronski, 1778-1853, Polish-born French mathematician.
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[
Ezxample 3.2

Determine the linear independence of the set of polynomials,
. N1
nr)=<1,z,—, —, ..., . 3.19
i) = {10 5 o | (3.19)
The Wronskian is
1 =z %CCQ %xz . @xzfl
00 1 =z e
W = 1 N-4 | =1 3.20
0 0 O 0o ... 1

The determinant is unity, VN. As such, the polynomials are linearly independent.

3.2 Complementary functions

This section will consider solutions to the homogeneous part of the differential equation.

3.2.1 Equations with constant coefficients

First consider equations with constant coefficients.

3.2.1.1 Arbitrary order
Consider the homogeneous equation with constant coefficients
ANy(N) + AN_ly(N_l) + ...+ Aly, + Aoy = 0, (321)

where A, (n =0,...,N) are constants. To find the solution of Eq. (B21]), we let y = €.
Substituting we get

AnrVe™ + Ay rN Ve 1 4 Aprte™ + Age’™ = 0. (3.22)

Eliminating the non-zero common factor e’*, we get

ANTN + AN_l’/’(N_l) + ...+ Al’f’l + A()TO == 0, (323)
N

> Agm = 0. (3.24)
n=0
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This is called the characteristic equation. It is an n'” order polynomial which has N roots
(some of which could be repeated, some of which could be complex), r, (n =1,..., N) from
which N linearly independent complementary functions y,(z) (n = 1,..., N) have to be
obtained. The general solution is then given by Eq. (3.6).

If all roots are real and distinct, then the complementary functions are simply e"™*,
(n =1,...,N). If, however, k of these roots are repeated, i.e. 1 =1y = ... =1 =7,
then the linearly independent complementary functions are obtained by multiplying e™ by
1,z,22%,..., 2" For a pair of complex conjugate roots p + ¢i, one can use de Moivre’s
formula (see Appendix, Eq. (I0.91])) to show that the complementary functions are eP* cos gz
and el sin gx.

[
Ezxample 3.3
Solve i g 2 p
Yy Yy Yy Y
— —2— 4+ — +2= -2y =0. 2
dx? dx? + dx? + dx y=0 (3.25)

Substituting y = €"*, we get a characteristic equation

=23 1?1 2r —2 =0, (3.26)
which can be factored as
(r+1)(r—1)(r*=2r+2)=0, (3.27)
from which
r.=—1, rog =1 rg =141 rg =1—1. (328)
The general solution is
y(x) = Cre ™+ Coe® + ChettIT 4 ¢let=02, (3.29)
= Cre " + Coe” + Che™e™ + Cle"e ™™, (3.30)
= (Cie "+ Che® +¢” (C’ée” + C’fle*”) , (3.31)
= Cre " 4 C2e” + €* (Cf (cosz + isinx) + Cj (cos(—z) + isin(—x))), (3.32)
= Cie "4 Cee” + " ((C + C)) cosx +i(Cy — Cy) sinz) (3.33)
ylx) = Cre® 4+ Ce” + " (Cscosx + Cysinx), (3.34)
where C5 = C} 4+ C and Cy = i(Ch — C}).
3.2.1.2 First order
The characteristic polynomial of the first order equation
ay +by =0, (3.35)
is
ar+b=0. (3.36)
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So

r=—

b
-, (3.37)
a
thus, the complementary function for Eq. (835]) is simply
y = Ce a". (3.38)

3.2.1.3 Second order

The characteristic polynomial of the second order equation

d’y . dy
is
ar® +br +c = 0. (3.40)

Depending on the coefficients of this quadratic equation, there are three cases to be consid-
ered.

e b® — 4ac > 0: two distinct real roots r; and 7. The complementary functions are
Yy = e and yp = €"*,

e b2 — 4ac = 0: one real root. The complementary functions are y; = ¢® and 1y, = xe'?,
or

e b2 —4dac < 0: two complex conjugate roots p & ¢i. The complementary functions are
y1 = eP¥ cos qx and yo = eP¥sin qux.

I
Example 3.4

Solve )
oy, dy
— —3—=+2y=0. 3.41
dx? dx Ty ( )
The characteristic equation is
r? —3r+2=0, (3.42)
with solutions
T = 1, T9 = 2. (343)
The general solution is then
y = Cre® + Coe™. (3.44)
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[
Example 3.5

Solve 2 p
Y Y
— —2— =0. 3.45
dx? dx ty (345)
The characteristic equation is
r?—2r+1=0, (3.46)
with repeated roots
r =1, ro = 1. (3.47)
The general solution is then
y = Chre” 4+ Coze”. (3.48)
I
Example 3.6
Solve 2 p
Y Y
— —2—=+4+10y =0. 3.49
dx? dx + 10y (349)
The characteristic equation is
r? —2r +10 =0, (3.50)
with solutions
T = 1 + 32, To = 1-— 3. (351)
The general solution is then
y = e®(C cos 3z + Cy sin 3x). (3.52)

3.2.2 Equations with variable coefficients
3.2.2.1 One solution to find another
If y1(x) is a known solution of
y"+ Pa)y +Qz)y =0, (3.53)

let the other solution be ys(x) = u(z)y;(z). We then form derivatives of 3, and substitute
into the original differential equation. First compute the derivatives:

Yo = uyy + Uy, (3.54)
yy = uyl +u'y) +u'y; +uy, (3.55)
vy = uyj +2u'y; +u"y;. (3.56)
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Substituting into Eq. (353), we get

(uyy

(.

/

uyr + 4 (25 + Pla)y) +u (yi + Pla)y) + Q(x)y)

cancel coefficient on wu:

+ 2u'y;

5

+u"yr) +P () (wyy + u'yr) +Q(x) uys
—_—— ~—

Y2

This can be written as a first-order equation in v, where v = u’:

which is solved for v(x) using known methods for first order equations.

3.2.2.2 Euler equation

An equation of the type

vy +v(2y; + P(x)y) = 0,

d?y

— —l—Ax@ + By =0,

dx? dx

u"yy + ' (2 + P(x)yr)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

where A and B are constants, can be solved by a change of independent variables. Let

so that

Then

z=lInx,

SIE S
&
S
o
Nu

Substituting into Eq. ([B.61]), we get

d*y

dz2 dz

which is an equation with constant coefficients.
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In what amounts to the same approach, one can alternatively assume a solution of the
form y = Cz". This leads to a characteristic polynomial for r of

r(r—1)4+ Ar+ B =0. (3.70)

The two roots for r induce two linearly independent complementary functions.

[
Example 3.7
Solve
22y — 2xy' 4+ 2y =0, for x > 0. (3.71)

Here A = —2 and B = 2 in Eq. (861)). Using this, along with = = ¢*, we get Eq. (3.69) to reduce

to )
dy . dy
—= — 3= +2y =0. 3.72
dz? dz +2y ( )
The solution is
y = Cre” + Cre?* = Oz + Cha®. (3.73)

Note that this equation can also be solved by letting y = C'z”. Substituting into the equation, we get
r2 —3r+2=0, so that r; = 1 and r5 = 2. The solution is then obtained as a linear combination of
2™ and x"2.

[
Example 3.8

Solve )
d7y dy
2_ 2 4 32— + 15y = 0. .74
s 3xw oy =20 (3.74)

Let us assume here that y = Cz". Substituting this assumption into Eq. (374 yields
22Cr(r —1)2" 2 + 3zCra" ' + 15Cz" = 0. (3.75)

For x # 0, C # 0, we divide by Cz" to get

r(r—1)+3r+15 = 0, (3.76)
rP4+2r+15 = 0. (3.77)

Solving gives
r=—1+iV14. (3.78)

Thus, we see there are two linearly independent complementary functions:

y(x) = Cra= VI 4y~ 12V (3.79)
Factoring gives
1 . .
y(a) =~ (clawﬁ + czaflm) . (3.80)
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Expanding in terms of exponentials and logarithms gives

y(z) = é (Cl (exp(lnac))i‘/H + Cg(exp(lnx))_i‘/ﬁ) , (3.81)
= é (Cl exp(iv141Inz) + Cyexp(iv141n x)) ) (3.82)
= é (C’l cos(v14In z) + Co sin(v/141n x)) . (3.83)

3.3 Particular solutions

We will now consider particular solutions of the inhomogeneous Eq. (B.1).

3.3.1 Method of undetermined coefficients

Guess a solution with unknown coefficients, and then substitute in the equation to determine
these coefficients. The number of undetermined coefficients has no relation to the order of
the differential equation.

[
Ezxample 3.9

Consider
y" + 4y’ + 4y = 169 sin 3. (3.84)
Thus
r24+4r+4 = 0, (3.85)
(r+2)(r+2) = 0, (3.86)
T = —2, T2 = —2 (387)

Since the roots are repeated, the complementary functions are
Y =e 27, Yo = xe 2", (3.88)

For the particular function, guess

yp = asin3z + bcos 3z, (3.89)

S0
y, = 3acos3z — 3bsin3uz, (3.90)
y, = —9asin3z — 9bcos3u. (3.91)
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Substituting into Eq. (384), we get

(—9asin 3z — 9bcos3z) +4 (3acos 3z — 3bsin3z) +4 (asin3z + beos3z) = 169sin3x, (3.92)

Yy Yy Yp
(—5a — 12b) sin 3z + (12a — 5b) cos 3z

(—ba — 12b — 169) sin 32 + (12a — 5b) cos 3z
0 0

169sin3z,  (3.93)
0. (3.94)

Now sine and cosine can be shown to be linearly independent. Because of this, since the right hand
side of Eq. (394)) is zero, the constants on the sine and cosine functions must also be zero. This yields
the simple system of linear algebraic equations

-5 —12 a 169
(2 5)6)-(7) @99
we find that a = —5 and b = —12. The solution is then

y(x) = (C1 + Coz)e™** — 5sin3z — 12 cos 3. (3.96)

|
Example 3.10

Solve
y//// _ 2y/// + y// + 2y/ —2y = 72 +x+1. (3.97)

Let the particular integral be of the form y, = az?® + bz + c. Substituting and reducing, we get

—(2a+1)2* + (4a —2b— 1) + (2a +2b — 2c — 1) = 0. (3.98)
N—_———
=0 =0 =0

Since x2, z! and 20 are linearly independent, their coefficients in Eq. (398) must be zero, from which

a=—-1/2,b=-3/2, and ¢ = —5/2. Thus,
L
Yp = —5(:17 + 3z +5). (3.99)

The solution of the homogeneous equation was found in a previous example, see Eq. (8:34), so that the
general solution is

1
y=Cre ™ 4+ Ce” + e*(C3cosx + Cysinx) — 5(1'2 + 3z +5). (3.100)
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A variant must be attempted if any term of f(z) is a complementary function.

I
Ezxample 5.11
Solve
y" + 4y = 6sin 2. (3.101)

Since sin 2z is a complementary function, we will try

yp = z(asin 2z + bcos 2x), (3.102)

from which
y, = 2x(acos2x—bsin2z)+ (asin2z + bcos2z), (3.103)
y, = —4x(asin2z+bcos2x) + 4(acos2z — bsin2z). (3.104)

Substituting into Eq. BI0I]), we compare coefficients and get a = 0, b = —3/2. The general
solution is then

3
y = Cysin2x 4+ Cy cos 2z — 5@ cos 2. (3.105)

[
Ezxample 3.12

Solve
y' 2y +y=ze " (3.106)

The complementary functions are e and xe™*. To get the particular solution we have to choose
a function of the kind y, = az3e~*. On substitution we find that a = 1/6. Thus, the general solution
is

1
y=Cre " 4 Come™ + 6x3e_w. (3.107)

3.3.2 Variation of parameters

For an equation of the class

Py (2)y™ + Py (2)y™ =Y 4 ...+ Py(2)y + Po(x)y = f(x), (3.108)
we propose
N
Yo =D Un(2)yn(x), (3.109)
n=1
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where y,(x), (n =1,..., N) are complementary functions of the equation, and w,(z), (n =
1,...,N) are N unknown functions. Differentiating Eq. (8.109), we find

N N
S ulyn + >ty (3.110)
n=1 n=1

choose to be 0

We set S/ y, to zero as a first condition. Differentiating the rest of Eq. (BII0), we

obtain
N
Zunyn +> ). (3.111)
n=1

choose to be 0

Again we set the first term on the right side of Eq. (3111]) to zero as a second condition.
Following this procedure repeatedly we arrive at

N
Z w2 >y N, (3.112)
n=1

choose to be 0

The vanishing of the first term on the right gives us the (N — 1)’th condition. Substituting
these into Eq. (3108, the last condition

N

n=1 ~

=0

is obtained. Since each of the functions y, is a complementary function, the term within
brackets is zero.

To summarize, we have the following N equations in the N unknowns u,, (n =1,..., N)
that we have obtained:

N
Zu/nyn = 0>
Zunyn = 0,

(3.114)

Zunyn = 0,
Zunyn = f(2).
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These can be solved for u, and then integrated to give the u,’s.

[
Ezxample 53.13

Solve
y" +y =tanx. (3.115)
The complementary functions are
Y1 = COS T, Y2 = sinz. (3.116)
The equations for uy(z) and us(z) are
uiyr +ubys = 0, (3.117)
uiyy +uhyy, = tanz. (3.118)

Solving this system, which is linear in «} and u}, we get

u} = —sinztanz, (3.119)
uy = coswtanz. (3.120)
Integrating, we get

up = /—sinxtan:z: dx =sinx — In|secz + tan z|, (3.121)
Uy = /cos:vtanx dr = —coszx. (3.122)

The particular solution is
Yp = UYL+ U2Y2, (3.123)
= (sinz —In|secx + tanz|) cosz — coswsinx, (3.124)
= —cosxln|secx + tanx|. (3.125)

The complete solution, obtained by adding the complementary and particular, is

y = Cicosx + Cysinx — coszIn |secx + tan x|. (3.126)

3.3.3 Green’s functions

A similar goal can be achieved for boundary value problems involving a more general linear
operator L, where L is given by Eq. ([B.3]). If on the closed interval a < z < b we have a two
point boundary problem for a general linear differential equation of the form:

Ly = f(z), (3.127)
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where the highest derivative in L is order N and with general homogeneous boundary con-
ditions at x = a and x = b on linear combinations of y and N — 1 of its derivatives:

A (y(a),y(a),... ,y(N_l)(a))T + B (y(b),y'(b), ... ,y(N_l)(b))T =0, (3.128)

where A and B are N x N constant coefficient matrices. Then, knowing L, A and B, we
can form a solution of the form:

b
= / f(s)g(x,s)ds. (3.129)

This is desirable as
e once ¢(z,s) is known, the solution is defined for all f including

— forms of f for which no simple explicit integrals can be written, and

— piecewise continuous forms of f,

e numerical solution of the quadrature problem is more robust than direct numerical
solution of the original differential equation,

e the solution will automatically satisfy all boundary conditions, and

e the solution is useful in experiments in which the system dynamics are well charac-
terized (e.g. mass-spring-damper) but the forcing may be erratic (perhaps digitally
specified).

If the boundary conditions are inhomogeneous, a simple transformation of the dependent
variables can be effected to render the boundary conditions to be homogeneous.

We now define the Green'dl function: g(x, s) and proceed to show that with this definition,
we are guaranteed to achieve the solution to the differential equation in the desired form as
shown at the beginning of the section. We take g(z,s) to be the Green’s function for the
linear differential operator L, as defined by Eq. (B.3), if it satisfies the following conditions:

e Lg(x,s) =d(x —s),

g(z, s) satisfies all boundary conditions given on z,
e g(z,s)is asolution of Lg=0ona <z <sandons<z<b,
e g(x,5),9'(x,5),...,9"N " (z,s) are continuous for x € [a, b),

o gN=U(x, s) is continuous for [a, b] except at = s where it has a jump of 1/Py(s); the
jump is defined from left to right.

2George Green, 1793-1841, English corn-miller and mathematician of humble origin and uncertain edu-
cation, though he generated modern mathematics of the first rank.
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Also for purposes of these conditions, s is thought of as a constant parameter. In the actual
Green’s function representation of the solution, s is a dummy variable. The Dirac delta
function §(z — s) is discussed in the Appendix, Sec. [[0.7.10, and in Sec. 7.20 in Kaplan.

These conditions are not all independent; nor is the dependence obvious. Consider for
example,

d? d
L= Pg(x)w + Pl(:)s)% + P,(z). (3.130)
Then we have
P()@+P()@+P() = §(x —s) (3.131)
2Idx2 lxd,j(: o\r)g = T S), .
d’g  Pi(x)dg  Po(x) oz —s)
2 "B R’ T B (3:132)

Now integrate both sides with respect to z in a small neighborhood enveloping x = s:

St d?q T Pi(x) dg ste Py(x) teo(z — s)
/S T2 dm+/$ Pg(x)% dx —i—/s P2(x)g dr = /8 o) dz. (3.133)

—€ —€ —€ —€

Since P’s are continuous, as we let € — 0 we get

s+e€ d2 P (S) s+e€ d P (8) s+e€ 1 s+e€
g 1 g o
/s da? “P2<s>/s_ dz “P2<s>/s g P2<s>/s_e (v =2) do

—€ € —€

(3.134)
Integrating, we find
dg| _dg| | P(s) Py(s) /Sﬁ 1 .
dz C dx B + dr = H(x—s .
vl " wl T Re WG e By 2@~ 9l
—0 T _)Vl
(3.135)
Since ¢ is continuous, this reduces to
dg dg 1
dr dr - : 1
deri . dz|,_, Ps(s) (3.136)

This is consistent with the final point, that the second highest derivative of g suffers a jump
at r = s.

Next, we show that applying this definition of g(z, s) to our desired result lets us recover
the original differential equation, rendering g(z, s) to be appropriately defined. This can be
easily shown by direct substitution:

y(x) = /f(s)g(x,s)ds, (3.137)
Ly = L/ f(s)g(x,s)ds. (3.138)
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Now L behaves as 9V /0x™ | via Leibniz’s rule, Eq. (L293))

Ly = /f(s)Lg(x,s)ds, (3.139)
o(x—s)
b
= /f(s)é(x—s)ds, (3.140)
— fla). (3.141)

[
Ezrample 5.1}

Find the Green’s function and the corresponding solution integral of the differential equation

d?y

dw2 f(z), (3.142)
subject to boundary conditions

y(0) =0, y(1) =0. (3.143)

Verify the solution integral if f(z) = 6z.

Here
i 44
L=—. 3.1

de ( )

Now 1) break the problem up into two domains: a) x < s, b) > s, 2) Solve Lg = 0 in both domains;
four constants arise, 3) Use boundary conditions for two constants, 4) use conditions at = s: continuity
of g and a jump of dg/dx, for the other two constants.

a)r <s
d*g
= =0 (3.145)
dg
== o (3.146)
g = Ciz+ 0y, (3.147)
9(0) = 0=0C1(0) + Co, (3.148)
Cy = 0, (3.149)
g(z,s) = Chz, x < s. (3.150)
b)x >s
d*g
2 = 0, (3.151)
dg
5 = Cs, (3.152)
g = Ciz+Cy, (3.153)
g(1) = 0=0C5(1)+ Cy, (3.154)
Cy = —C, (3.155)
g(z,s) = Cs(x—1), x>s (3.156)

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

96 CHAPTER 3. LINEAR ORDINARY DIFFERENTIAL EQUATIONS

Continuity of g(x, s) when x = s:

Cis = Cy(s—1), (3.157)
= 035;1, (3.158)
o) = G la a<s, (3.159)
g(z,s) = Cs(z—1), a>s. (3.160)

Jump in dg/dx at x = s (note Py(z) = 1):

dg dg

el it = R 1, (3.161)
Oy — O3 — - L (3.162)
Cy = s, (3.163)

g(z,s) = z(s—1), x < s, (3.164)

g(z,s) = s(z—-1), x> s. (3.165)

Note some properties of g(x, s) which are common in such problems:
e it is broken into two domains,

e it is continuous in and through both domains,

e its N — 1 (here N = 2, so first) derivative is discontinuous at x = s,
e it is symmetric in s and = across the two domains, and

e it is seen by inspection to satisfy both boundary conditions.

The general solution in integral form can be written by breaking the integral into two pieces as

ylx) = /0 f(s) s(x—1) ds +/z f(s) (s —1) ds, (3.166)

= (x— 1)/0 f(s) s ds —i—x/m f(s) (s—1) ds. (3.167)
Now evaluate the integral if f(x) = 62 (thus f(s) = 6s).

T 1

yl) = (x— 1)/0 (6s) s ds —l—x/w (6s) (s —1) ds, (3.168)
T 1

= (z-— 1)/0 6s” ds + x/w (6s* — 6s) ds, (3.169)

= (z—1) (280 + (25° — 38|, (3.170)

= (z—1)(22° —0)+2((2 - 3) — (22° — 32%)), (3.171)

= 2% — 223 —x — 22" + 323, (3.172)

ylz) = 2% —u. (3.173)

Note the original differential equation and both boundary conditions are automatically satisfied by the
solution. The solution is plotted in Fig. Bl
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y y'=6x, y(0)=0, y(1) =0 y
X 1.5
0.2 0.4 0.6 0.8 1
1
-0.1
/N
-0.2 -2 -1 1 2 X
-0.3
-1
3 -1.5
¥09 =5 x vo0 = - x
in domain of interest 0 <x <1 in expanded domain, -2 <x <2
Figure 3.1: Sketch of problem solution, y” = 6z, y(0) = y(1) = 0.
3.3.4 Operator D
The linear operator D is defined by
dy
D(y) = —= 3.174
=22, (3.174)
or, in terms of the operator alone,
d
D=—. 1
. (3.175)
The operator can be repeatedly applied, so that
d™y
D"(y) = —. 3.176
() = 52 (3.176)
Another example of its use is
(D —a)D-b)f(x) = (D—a)(D-0b)f(z)), (3.177)
df
= (D- — —b 1
D~ a) (5L -0r). (3,179
d*f daf
= — — b)— + abf. 3.179
L (a+t) L +aby (3.179)
Negative powers of D are related to integrals. This comes from
d
N @) v = (3.150)
) =u+ [ 5s) ds (3.181)
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then
substituting: D(y(z) f(x), (3.182)
apply inverse: D '(D(y(z)) = D '(f(x)), (3.183)
y(x) = D(f(2)), (3.184)
- / £(s) ds, (3.185)
so D' o= gy, + /x(. .. ds. (3.186)
We can evaluate h(x) where
h(r) = 57— f(2), (3.187)
in the following way
(D —a)h(z) = (D—a) (D L af(x)) | (3.188)
(D—a)h(z) = f(x), (3.189)
df;f) —ah(z) = f(z), (3.190)
o d};gf) —ae"h(z) = flz)e™, (3.191)
% (e™*h(z)) = flz)e ™, (3.192)
% (e™Nh(s)) = f(s)e ™, (3.193)
/x j% (ch(s)) ds = / F(s)e™ ds, (3.104)
e “h(x) —e *h(z,) = /x f(s)e ™ ds, (3.195)
h(z) = e’ %)p(z,) 4 ™ /x f(s)e ™ ds, (3.196)
1 a(z—z0 ax ‘ —as
. af(a:) = @ TIp(z) +e /xo f(s)e™* ds. (3.197)

This gives us h(x) explicitly in terms of the known function f such that h satisfies D(h)—ah =
f.

We can find the solution to higher order equations such as
(D - a)(D - b)y(l’) = f(l’), y(xo) = Yo, y/(l’o) - yé> (3198)
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D-byl) = ——f(x) (3.199)
y X - D —a T 9 .
(D =b)y(z) = hlz), (3.200)
y(r) =y, 4 et / h(s)e " ds. (3.201)
Note that
Z_z = b’ 4 h(x) + beb / h(s)e " ds, (3.202)
d , ’
%(Io) = Yo = Yob + h(z,), (3.203)
which can be rewritten as
(D = b)(y(z,)) = h(z,), (3.204)

which is what one would expect.

Returning to the problem at hand, we take our expression for h(x), evaluate it at x = s

and substitute into the expression for y(z) to get

y(x) = yetlr=e) +ebx/ (h(mo)e“(‘g_z") +eas/ f(t)e ™ dt) e ds, (3.205)

s / ((yf,—yob) elsTo) 4 gas / f(t)e_“tdt) e "ds,

_ yoeb(x—xo) +eb:c/ ((y(/) _yob) 6(a—b)s—a:co —|—€(a_b)8/ f(t)e_“tdt) dS,

(3.206)

(3.207)

_ yoeb(x—xo) +eb:c (y(/) —yob)/ 6(a—b)s—axod$+ebx/ e(a—b)s (/ f(t)e—atdt) ds,

(3.208)

a(r—zo)—2b __ —bxo x s
— g ()~ b) - +ebx/ o (/ f (t)e_atdt) ds,

a—>b

a(z—z0) _ Sb(x—x0) T s
= e =) e e [T ([ e as

a—>b

6a(w—mo) _ eb(w—mo)

a—>b

_ yoeb(m—xo) + (y(/) _ yob)

Changing the order of integration and integrating on s, we get

ea(m—xo) _ eb(w—mo)

y(z) = 4" £ (y — yob)

(3.209)

(3.210)

b / / @5 (e tdt ds.  (3.211)

p— +eb” /x o /t el @V f(t)e~ds dt,
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(3.212)
ea(x—xo) o b(x Zo) z
= o€ 4 (y), = yob) b e / f)e™ (/ e(a_b)sds) dt,
- t
(3.213)
B ea(x—xo) _ b(x Zo) f B

_ yoeb(x To) + (y;_yob) — / a(x t) b(x t)) dt.

(3.214)

Thus, we have a solution to the second order linear differential equation with constant
coefficients and arbitrary forcing expressed in integral form. A similar alternate expression
can be developed when a = b.

Problems

1. Find the general solution of the differential equation
y' +ay(l+y) =1+2°(1 + ).
2. Show that the functions y; = sinx, y» = x cosx, and y3 = = are linearly independent. Find the lowest

order differential equation of which they are the complementary functions.

3. Solve the following initial value problem for (a) C' =6, (b) C =4, and (c) C' = 3 with y(0) = 1 and

y'(0) = =3.
d?y

dt2+c +4y—0

Plot your results.
4. Solve
(a) £ —3%y yay—o,
(b) Ly 5Ly 4118y _7dy — 9
(c) y"+ 2y = 6e” + cos 2z,
(d) 2%y" — 3xy’ — 5y = 2% logx,
(e) % +y=2e"cosz + (¥ —2)sinzx.

5. Find a particular solution to the following ODE using (a) variation of parameters and (b) undetermined

coefficients. 2
dac:g 4y = cosh 2.
6. Solve the boundary value problem
¢y dy
=0
da? ty Yix ’
with boundary conditions y(0) = 0 and y(w/2) = —1 Plot your result.
7. Solve Ly 2 p
925 Y 40,2 Y g

dz3 dz? dr L
with y(1) =4, y/(1) = 8, y(2) = 11. Plot your result.
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8. Solve
22y + zy’ — 4y = 6.
9. Find the general solution of
y' + 2y +y=mxe "
10. Find the Green’s function solution of
y'+y =2y = f(a),
with y(0) =0, y/(1) = 0. Determine y(x) if f(z) = 3sinz. Plot your result.
11. Find the Green’s function solution of
Y’ +4y = f(z),
with y(0) = y(1), ¥'(0) = 0. Verify this is the correct solution when f(z) = 2. Plot your result.
12. Solve y"" — 2y" — 3y + 2y = sin® .
13. Solve y"" + 6y + 12y’ + 8y = e — 3sinz — 8e~2*.
14. Solve y"" + Tx3y" + 8x2y" = 4x~3.
15. Show that z—! and x® are solutions of the equation
22y — 3zy’ — 5y = 0.
Thus, find the general solution of
2. 1 / .2
Yy’ — 3y — by =2x”.
16. Solve the equation

61

20" — 4y +2y = —,
X

where x > 0.
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Chapter 4

Series solution methods

see Kaplan, Chapter 6,

see Hinch, Chapters 1, 2, 5, 6, 7,

see Bender and Orszag,

see Kervorkian and Cole,

see Van Dyke,

see Murdock,

see Holmes,

see Lopez, Chapters 7-11, 14,

see Riley, Hobson, and Bence, Chapter 1j.

This chapter will deal with series solution methods. Such methods are useful in solving both
algebraic and differential equations. The first method is formally exact in that an infinite
number of terms can often be shown to have absolute and uniform convergence properties.
The second method, asymptotic series solutions, is less rigorous in that convergence is not
always guaranteed; in fact convergence is rarely examined because the problems tend to
be intractable. Still asymptotic methods will be seen to be quite useful in interpreting the
results of highly non-linear equations in local domains.

4.1 Power series

Solutions to many differential equations cannot be found in a closed form solution expressed
for instance in terms of polynomials and transcendental functions such as sin and cos. Often,
instead, the solutions can be expressed as an infinite series of polynomials. It is desirable
to get a complete expression for the n'* term of the series so that one can make statements
regarding absolute and uniform convergence of the series. Such solutions are approximate
in that if one uses a finite number of terms to represent the solution, there is a truncation
error. Formally though, for series which converge, an infinite number of terms gives a true
representation of the actual solution, and hence the method is exact.

A function f(z) is said to be analytic if it is an infinitely differentiable function such that

103


http://en.wikipedia.org/wiki/Julian_Cole

104 CHAPTER 4. SERIES SOLUTION METHODS

the Taylor series, Y o0 o f")(x,)(z — z,)"/nl, at any point = z, in its domain converges to
f(x) in a neighborhood of = = z,.

4.1.1 First-order equation

An equation of the form

Yt Py = Q). (1)

where P(x) and Q(z) are analytic at x = a, has a power series solution

y(@) =3 an(e —a)", (4.2)

around this point.

I
Example 4.1

Find the power series solution of
dy
- = 0) = yo, 4.3
=Y v =y (4.3)
around x = 0.
Let
_ 2 3
y=ag+ a1z + asx” + azx”® + -, (4.4)
so that J
d_y = aq + 2asx + 3asx® + daga> + - -. (4.5)
x
Substituting into Eq. (@3], we have
ay + 2a0x + 3azz® + dagad + - = ag+ a1z + asz® + azad + - -, (4.6)
dy/dx Y
(a1 —ap) + (2a2 — a1) = + (3a3 — az) ¥* + (dag —az)x®> +--- = 0 (4.7
—_————
=0 =0 =0 =0
Because the polynomials z¥, !, 22, ... are linearly independent, the coefficients must be all zero. Thus,
ay = aop, (48)
1 1
as = 5&1 = an, (49)
1 1
az = §a2 == iao, (410)
1 1
as = a3 = ao, (4.11)
so that ) X .
x x x
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y=y y = exp( x)

LYy =14x+x22

_- y:l+x

-15.-71  -0.5 05 1 15

-

Figure 4.1: Comparison of truncated series and exact solutions.
Applying the initial condition at x = 0 gives ag = y, so

2 3 4
y(z) = (1+x+w—+%+x—+ ) (4.13)

Of course this power series is the Taylor series expansion, see Sec. [0l of the closed form solution
y = yo.e® about x = 0. The power series solution about a different point will give a different solution.

For y, = 1 the exact solution and three approximations to the exact solution are shown in Figure[dl
Alternatively, one can use a compact summation notation. Thus,

y = Z anz", (4.14)
n=0
dy = i napz™ ! (4.15)
dx o ’
= Z nar" ", (4.16)
n=1
m=n—1 = Z (m+ Dapi12™, (4.17)
m=0
= Z(n + Dantra™. (4.18)
n=0
Thus, the differential equation becomes
Z(n + Dap+1z"™ = Z anz", (4.19)
n=0 n=0
———
dy/dx Y
> (4 1Danis —an)a™ = 0, (4.20)
n=0 -0
(n+Dapy1 = an, (4.21)
1
I - 4.22
Gn+1 n+ 1¢ ( )
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The ratio test tells us that

so the series converges absolutely.

an

X, (4.23)
n.
o0 I‘n
ap y - (4.24)
n=0
o0 xn
Yo ) — (4.25)
n=0
-0, (4.26)

If a series is uniformly convergent in a domain, it converges at the same rate for all = in that
domain. We can use the Weierstrasd] M-test for uniform convergence. That is for a series

Z Up (),
n=0

(4.27)

to be convergent, we need a convergent series of constants M, to exist

such that

i Mn?
n=0

[t (z)] < My,

(4.28)

(4.29)

for all 2 in the domain. For our problem, we take x € [— A, A], where A > 0.
So for uniform convergence we must have

So take

(Note M, is thus strictly positive). So

By the ratio test, this is convergent if

—| < M,.

n

Mn:A—
n!

IN

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

This holds for all A, so for z € (—o0, 00) the series converges absolutely and uniformly.

! Karl Theodor Wilhelm Weierstrass, 1815-1897, Westphalia-born German mathematician.
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4.1.2 Second-order equation
We consider series solutions of

d? d
P) "2 + Q@)L + R(z)y =0, (4.35)
dz? dx
around z = a. There are three different cases, depending of the behavior of P(a), Q(a)
and R(a), in which x = a is classified as an ordinary point, a regular singular point, or an
irregular singular point. These are described next.

4.1.2.1 Ordinary point

If P(a) # 0 and /P, R/P are analytic at © = a, this point is called an ordinary point. The
general solution is y = Cyy;(z) + Coya(x) where y; and ys are of the form Y 7 ja,(x —a)™.
The radius of convergence of the series is the distance to the nearest complex singularity,
i.e. the distance between x = a and the closest point on the complex plane at which /P
or R/P is not analytic.

[
Ezample 4.2

Find the series solution of
'ty +y=0,  y(0) =y, ' (0)=uy, (4.36)

around z = 0.

The point x = 0 is an ordinary point, so that we have

o0

y = Z anpz", (4.37)
y o= > nama"t (4.38)
zy = Z na,x", (4.39)
vy = Z na,x", (4.40)
y' = Z n(n —1ap,z™ 2, (4.41)

m=mn — 2, y// = Z (m + 1)(m + 2)am+2xm, (442)
m=0

= Y (n+D(n+2an2a" (4.43)

n=0
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Substituting into Eq. [@38), we get
o0

> (n+1)(n+2)anis + na, + ay) 2™ =0. (4.44)

n=0

=0

Equating the coefficients to zero, we get

Gnsa = —— i San: (4.45)
so that
y = a0<1_%2+:v_42_626.2+ -~)+a1<x—%3+5xf53—%7.3+--->, (4.46)
y = yo(l—x—;—l—%—(ﬂiﬁ.z—%---)+y;<x—%3+%—%+---), (4.47)
y = yog(;’}n)j x2”+yg§%x2nl, (4.48)
y = %2%(%)71—%72(%!(—2#)". (4.49)

The series converges for all x. For y, = 1,y, = 0 the exact solution, which can be shown to be

y = exp (—%2) : (4.50)

and two approximations to the exact solution are shown in Fig. For arbitrary y, and y/, the
solution can be shown to be

Y = exp (-?) (yo + \/gyf,erﬁ (%)) . (4.51)

Here “erfi” is the so-called imaginary error function; see Sec. [I0.7.4 of the Appendix.

4.1.2.2 Regular singular point

If P(a) =0, then = a is a singular point. Furthermore, if (z — a)Q/P and (z — a)*R/P
are both analytic at © = a, this point is called a regular singular point. Then there exists at
least one solution of the form

y(x) = (r —a)" Z an(r —a)" = Z an(x —a)™". (4.52)

This is known as the Frobeniufl method. The radius of convergence of the series is again
the distance to the nearest complex singularity.

An equation for r is called the indicial equation. The following are the different kinds of
solutions of the indicial equation possible:

ZFerdinand Georg Frobenius|, 1849-1917, Prussian/German mathematician.
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y'+xy +y=0,y(0)=1 y (0)=0
y
_ 2 4
\\ Iy—l-x/2+x/8
/
\\ 210 /
\ /
\ /
\ /
\ /
\ /
~= \\ \’/ 2
y y=exp (- X /2) (exact)
: /
-4 -2 // \ 2 4
/ \
/ \\
/ -1 \
/ \
! ' y=1- X212
Figure 4.2: Comparison of truncated series and exact solutions.
e 71 # 1o, and 1, — ro not an integer. Then
Yy = ) Z an(z —a)" Z an(x —a)"™m, (4.53)
n=0
vy = (v—a ”Zb r—a)" Zan a)*tr. (4.54)
e 1y =71y =7r. Then
Yy = x—aTZanx—a Zanx—a”” (4.55)
n=0
yo = yilnx+ (x—a) Z bo(z —a)" =y Inx + Z bo(z —a)"™.  (4.56)
n=0 n=0
e 171 # 1o, and 1, — 1o is a positive integer.
y1 = (x—a) ”Zan (x —a)” Zan a)™tm, (4.57)
yo = kyylnz+ (x ”Zb T —a) —l{:yllnx+2b a)"*". (4.58)

The constants a, and k are determined by the differential equation. The general solution is

y(z) = Ciyi(x) + Coya().

(4.59)
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[
Ezample 4.3

Find the series solution of

around z = 0.

day” +2y" +y =0,

The point x = 0 is a regular singular point. So we have a = 0 and take

o0 oo o0
4 Z an(n+7)(n+r—1z" 142 Z an(n 4+ r)z" 4 Z apx™ "

o0
" Z anx",
n=0

00
Z ananrr7
n=0

00
> an(n + e,
n=0

Z an(n+r)(n+r—1)z" 2

n=0

n=0 n=0 n=0
=dzy’’ =2y’ =y
2 Z an(n+7)2n +2r — 1)z 4 Z apx™ "
n=0 n=0
m=n—1 22am+1(m+1+r)(2(m+1)+2r—1

m=—1

2 Z ant1n+1+7r)2Mn+1)+2r—1

n=-—1

2a07(2r — 1)o7 42 Z ant1(n+1+7m)(2n+1)+2r —

n=0
The first term (n = —1) gives the indicial equation:
r(2r—1) =0,
from which r» = 0,1/2. We then have
2 Z ans1(n+r+1)(2n+2r + 2™ + Z apx™™" = 0,
n=0 n=0
Z anii(n+r+1)2n+2r+1)+a,) 2™ = 0.
n=0
=0
Forr =0
1
Qp O oo
i (2n+2)2n+1)

1 x I2 I3
olTatm e )
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o
)Im-i-r + Z anxn-i—r
n=0
o
)InJrr + Z ananrr
n=0

o]
1)$n+r + E ananrr
n=0

(4.60)

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

(4.74)


http://creativecommons.org/licenses/by-nc-nd/3.0/

4.1. POWER SERIES

111

y y = COS (xllz) (exact)
1
\/6 40 60 80 100
\

_1.\\
\\

-2\ 4xy"+2y +y=0
\

-3\ y(0)=1
\‘yzl-x/2

-4p y' (0)< o

Figure 4.3: Comparison of truncated series and exact solutions.
For r=1/2

1
ne—————————, 4.75
@+ 3)(n+1) (475)
R
The series converges for all x to y; = cos/x and ys = siny/z. The general solution is
y = Ciyr + Cayo, (4.77)
or
y(z) = C1 cos Vx + Cysin /. (4.78)
Note that y(z) is real and non-singular for z € [0, 00). However, the first derivative
sin \/x
y'(x) =-C Ve

cos /T
+ Co Ve
2\/x 2/,
x = 0, which gives

(4.79)

is singular at = 0. The nature of the singularity is seen from a Taylor series expansion of y/(z) about
1 T

i~

1 NZS
—— 4+ — 4 ... Co|l=——=—"—+...]. 4.80
TRTI >+2<2\/E e > (4.80)
So there is a weak 1/4/z singularity in y'(z) at z = 0.

For y(0) =1, ¢/(0) < oo, the exact solution and the linear approximation to the exact solution are

shown in Fig. For this case, one has C7 = 1 to satisfy the condition on y(0), and one must have
Cy = 0 to satisfy the non-singular condition on y'(0).
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[
Ezample 4.4
Find the series solution of
xy’ —y =0, (4.81)

around z = 0.

Let y = > .° yanz™*". Then, from Eq. ([Z])
r(r— 1agz"™ Z n+r)n+r—1Da, —an_1) " =0. (4.82)

The indicial equation is r(r — 1) = 0, from which r =0, 1.
Consider the larger of the two, i.e. 7 = 1. For this we get

1
n - n—1, 4.83
“ n(n + l)a ! (4.83)

1
= — ap. 4.84
n!(n + 1)!a0 (484)

Thus,
1 1 1

yi(z) =z 4+ z2® + =a® + —at + ... (4.85)

2 12 144
From Eq. (£5S), the second solution is

ya(x) = ky1(z) Inax + Z bpz™. (4.86)
It has derivatives
/ Y1 (I) / = n—1
_ ] b, 4.87
(@) 2 @)+ Y b (1.87)
yy () = —kyl( ?) + Zkyl( ?) + kyl (z) Inz + Z n(n — 1)b,a" 2. (4.88)

To take advantage of Eq. (£81]), let us multiply the second derivative by x.

xyy(x) = —k:M + 2ky; (z) + kxyl xz)Inz + Z n—1)b (4.89)
x
—yl( )
Now since y; is a solution of Eq. (&1]), we have zy} = y;; thus,
" o n (CL‘) ’ = n—1
xyy (x) = _kT + 2ky) (x) + kyi () Inz + Z n(n — 1)byz™ . (4.90)
n=0
Now subtract Eq. (Z80) from both sides and then enforce Eq. (£X1]) to get
y1(x)

T

(@) + kyp(z) Inx + Z n(n — 1)bya™ !
n=0

(k:yl )Inz + Z bpa” ) . (4.91)

0=ayy(a) —yola) = —k
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Simplifying and rearranging, we get

_ kyi(x) =
2ky, g -1 - g bz = 0. 4.92
. + + n Z x ( )

Substituting the solution y; () already obtained, we get

11 1,
0 = —k(l—i—zx—i—ﬁx +. >+2k(1+x+§x —l—)
+ (2box 4 6b3z® +...) — (bo + b1z + baz® +...). (4.93)

Collecting terms, we have

ko= b, (4.94)
1 E(2n+1)
by = ——— (b =T =12, 4.95
i n(n+1) ( n!(n+1)!> orn (4.95)
Thus,
B 30 T 4 35 4
ya(x) = boyrlnx + by (1 22 36 172896 .. )

1 1 1 o~

=Y1

Since the last part of the series, shown in an under-braced term, is actually y; (), and we already have
C1y1 as part of the solution, we choose b; = 0. Because we also allow for a C5, we can then set by = 1.
Thus, we take

3 7 35
. 1-22- Ly 20 4 ) 497
v(z) v ”‘L( 1Y 736" T 1ms” (4.97)

The general solution, y = Ciy; + Caya, is

1 1 L
ylx) = Cy <x+2x +EI +m —|—)

Y1

1 1 1 3 7 35
= — 1 1 Zg2 - - ) ) L4
+Cs <<x—|—2x + 1217 +14417 +. > n:c+< 1% T 36% T Trog® (4.98)

Y2

It can also be shown that the solution can be represented compactly as

y(z) = Vo (Cr11(2Vx) + Co K1 (2V/x)) (4.99)

where I; and K7 are what is known as modified Bessel functions of the first and second kinds, respec-
tively, both of order 1. The function I1(s) is non-singular, while K (s) is singular at s = 0.
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4.1.2.3 Irregular singular point

If P(a) = 0 and in addition either (z —a)@Q/P or (x —a)?R/P is not analytic at x = a, this
point is an urregular singular point. In this case a series solution cannot be guaranteed.

4.1.3 Higher order equations

Similar techniques can sometimes be used for equations of higher order.

[
Ezample 4.5

Solve
y" —zy =0, (4.100)
around x = 0.
Let -
y= Z anT"”, (4.101)
n=0
from which
xy = Z ap—12", (4.102)
n=1
" _ - n
y" = 6az+ Z(n + 1)(n+2)(n+ 3)anysx™. (4.103)
n=1
Substituting into Eq. (4100), we find that
as = 0, (4.104)
1
n n—1, 4.105
fins n+DHn+2)n+3) ! (4.105)
which gives the general solution
() = 1+ i — 2% 4.
= 21" 8064
tar (14 =t + a® +.
' 60" 30240
- Lf ot o5y (4.106)
apr? — — I .
2 120" " 86400

For y(0) = 1,5/(0) = 0,5"(0)

0, we get ap = 1, a1 = 0, and as = 0. The exact solution and the

linear approximation to the exact solution, y ~ 1 + x%/24, are shown in Fig. E4l The exact solution is
expressed in terms of one of the hypergeometric functions, see Sec. [[0.7.8 of the Appendix, and is

)
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Figure 4.4: Comparison of truncated series and exact solutions.

4.2 Perturbation methods

Perturbation methods, also known as linearization or asymptotic techniques, are not as
rigorous as infinite series methods in that usually it is impossible to make a statement
regarding convergence. Nevertheless, the methods have proven to be powerful in many
regimes of applied mathematics, science, and engineering.

The method hinges on the identification of a small parameter ¢, 0 < ¢ < 1. Typically
there is an easily obtained solution when ¢ = 0. One then uses this solution as a seed to
construct a linear theory about it. The resulting set of linear equations are then solved
giving a solution which is valid in a regime near € = 0.

4.2.1 Algebraic and transcendental equations

To illustrate the method of solution, we begin with quadratic algebraic equations for which
exact solutions are available. We can then easily see the advantages and limitations of the
method.

|
Example 4.6

For 0 < e < 1 solve
2? +er—1=0. (4.108)
Let
T =10+ exy + ey F -, (4.109)
Substituting into Eq. (4108,
(20 + ex1 + €wa + - -)° +e (w0 + e + Exg +---) =1 =0, (4.110)
=z2 =x
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x2+sx-1:0

~ = linear
exact

Figure 4.5: Comparison of asymptotic and exact solutions.

expanding the square by polynomial multiplication,
(:c% + 2x120€ + (:c% + 2x2:c0) e+ .. ) + (xoe +xie? 4 .. ) —1=0. (4.111)

Regrouping, we get

(x5 — 1) € + (22120 + m0) €' + (27 + 22022 + 71) € + ... = 0. (4.112)
=0 =0 )
Because €’ ¢l €2, ..., are linearly independent, the coefficients in Eq. (@IIZ) must each equal zero.
Thus, we get
O(eY) : -1 = 0= xz9=1, -1,
O(el) : 2001 + 29 = 0= x1 = —%, —%,
O(?): zi+2wpza+a1 = 0= xp=13, —4, (4.113)

The solutions are
2

€ €
— - — 4. 4.114
z stg T (4.114)

and

€ 62

- 1 4. 4.115
T 2 8+ ( )

The exact solutions can also be expanded

1

x = 5(—ei e2+4), (4.116)
2

= +1-S+S 4 (4.117)

2 8

to give the same results. The exact solution and the linear approximation are shown in Fig.
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|
Exzample 4.7
For 0 < e < 1 solve
ex? +2—1=0. (4.118)
Note as € — 0, the equation becomes singular. Let
T =g+ exy + ag 4. (4.119)
Substituting into Eq. [{I18), we get
€ (Io + ex1 + €2x2 + - ')2 + (Io + exr1 + €2$2 + - ) = 0. (4120)
2 T
Expanding the quadratic term gives
€ (xg + 2exory + - - ) + (:CO +exy + €2xg + - ) -1 = 0, (4.121)
(o — 1) ® + (23 +21) €' + (2uozy + 22) 2 +--- = 0. (4.122)
—— ———— —_————
—0 =0 =0

Because of linear independence of €, €', €2

powers of €, we get

O(€%) : x—1 = 0= zp=1,
0(61) : x%—l—xl = 0= l'l:—l,
0(62) D 2x0x1+22 = 0= 29 =2,

This gives one solution
r=1—€e+2+---.

To get the other solution, let
X=—.

EOl

Equation ([LII8) becomes
tIX? L eX —1=0.

The first two terms are of the same order if 2« + 1 = . This demands o« = —1. With this,

X = xe, Xy elx—1=0.

This gives
X2+ X —e=0.
We expand
X=Xo+eX1+Xo+--,
SO

(X0+eX1+52X2+---)2+(X0+eX1+52X2+---) —€
X2 X
(X3 +2eX0 X1 + (X7 +2X0X2) + ) + (Xo+eX1 +Xa 4 +-) —¢

, ..., their coefficients must be zero. Thus, collecting different

(4.123)

(4.124)

(4.125)

(4.126)

(4.127)

(4.128)

(4.129)

(4.130)

(4.131)
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X
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Figure 4.6: Comparison of asymptotic and exact solutions.

Collecting terms of the same order

O(EO): Xg-l—Xo = 0= Xyo=-1, 0,
O(El) : 2Xo X1+ X7 = 1= Xi=-1, 1,
O(): X242XoXo+Xs = 0= Xp=1, —I, (4.132)
gives the two solutions
X = —l—e+e4--, (4.133)
X = e—24---, (4.134)
or, with X = ze,
1
- Z(-1- 24 ... 4.135
x —(-l—et et o), (4.135)
r = l—e+---. (4.136)
Expansion of the exact solutions
1
o= 5 (-1+£V1+4e), (4.137)
€
1
= 2—(—11(1+2e—262+4e4+---)), (4.138)
€

gives the same results. The exact solution and the linear approximation are shown in Fig.

I
Example 4.8
Solve
cosx = esin(z + €), (4.139)
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for x near m/2.

Fig. AT shows a plot of cosz and esin(z + €) for e = 0.1. It is seen that there are multiple

intersections near r = (n+ %w), where n = 0,+1,4+2,.... We seek only one of these. When we
f(x)
E= 0.1 1 cos (X)
esin(x + €)
X
10
Figure 4.7: Location of roots.
substitute
T =20+ exy + g+, (4.140)
into Eq. (A139), we find
cos(zo + exy + €xy + - --) = esin(zg + exy + €Ty + - - - Fe€). (4.141)

x x

Now we expand both the left and right hand sides in a Taylor series in € about € = 0. We note that
a general function f(e) has such a Taylor series of f(e) ~ f(0) + ef'(0) + (¢2/2)f”(0) + ... Expanding
the left hand side, we get

cos(xo+exy+...) = cos(zo+exy+...)|._,

=cos T =cosz|__,

=d/de(cosx)| _,

+e(—sin(zg + ex1 +...)) (1 + 2ex2 +...) +..., (4.142)
=d/dx(cosx)| _, =dx/de|__, =0
cos(xg+ery+...) = cosxg—erysinzg+.... (4.143)

The right hand side is similar. We then arrive at Eq. (£I39) being expressed as

cosxg — exysinzg + ... = e(sinzg +...). (4.144)
Collecting terms
O(e%) : coszg = 0= xo=73,
O(e'): —zysinzg —sinzg = 0= z;=—1, (4.145)
The solution is -
x:i—e—i—un (4.146)
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4.2.2 Regular perturbations

Differential equations can also be solved using perturbation techniques.

[
Ezample 4.9

For 0 < e <« 1 solve
y" + ey =0, (4.147)
y(0)=1, ¢ (0)=0. (4.148)

Let
y(@) = wo(x) + ey () + Eyala) + -, (4.149)
y'(x) = yolo) + ey () + Syh(a) + -, (4.150)
y'(2) = yil(e) + ey (z) + Sy () + - (4.151)
Substituting into Eq. (£147),
(vl () + eyl () + 20l () + ) +€ (yo(@) + epn (@) + Eya(@) +---)° = 0, (4.152)
y// y2

(o (2) + eyl (z) + €y () + ) + € (y5(x) + 2ep1(@)yo(2) +---) = 0. (4.153)

Substituting into the boundary conditions, Eq. (£I48):

40(0) + 41 (0) + €42(0) +--- =1, (4.154)
Y5 (0) + ey (0) + €2y5(0) +--- = 0. (4.155)
Collecting terms
O): wf = 0. wO) =1, y0)=0= p=1,
O€): vl = =y n0)=0, y1(0)=0= 4 =-%, s
O): of = —2yop1, 12(0)=0, h(0)=0= yo=1, (4.156)
The solution is
T el 4157
—1—e— o4 _
Y € 5 +e€ 2 + ( )
For validity of the asymptotic solution, we must have
2
1>e—. (4.158)

2
This solution becomes invalid when the first term is as large or larger than the second:

2

1< e“%, (4.159)

|x| > \/g (4.160)
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Using the techniques of the previous chapter it is seen that Eqs. (£I47 MI48) possess an exact
solution. With

dy d’y  dy' dy  du
=2 LA A — 4.161
YT dz?  dy dx dyu’ ( )
Eq. ({I41) becomes
d
ud—Z te? = 0, (4.162)
udu = —ey’dy, (4.163)
2
% - —§y3+01, (4.164)
u=20 when y = 1 SO C= %, (4.165)
2e
u = =+ g(l—y?’), (4.166)
dy 2¢
= = /=1 —-y 4.167
Iy 3 1=, (4.167)
d
dr = + LA (4.168)
5=y
Y d
r = i/ S R— (4.169)
CE- )

It can be shown that this integral can be represented in terms of a) the Gamma function, T, (see
Sec. [[0.7.1] of the Appendix), and b) Gauss'd hypergeometric function, o F(a,b, ¢, z), (see Sec. [0.TH
of the Appendix), as follows:

7T (3) 3 114 4

It is likely difficult to invert either Eq. (II69) or (@ITU) to get y(x) explicitly. For small €, the
essence of the solution is better conveyed by the asymptotic solution. A portion of the asymptotic and

exact solutions for € = 0.1 are shown in Fig. For this value, the asymptotic solution is expected to
be invalid for |z| > \/2/e = 4.47.

[
Example 4.10

Solve
y' '+ =0,  y(0)=1, y(0)=e (4.171)

Let
y(x) = yo(x) + eyr (x) + Sya(x) + - (4.172)

3Johann Carl Friedrich Gauss, 1777-1855, Brunswick-born German mathematician of tremendous influ-
ence.
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Figure 4.8: Comparison of asymptotic and exact solutions.

Substituting into Eq. (@ITIl) and collecting terms

O(): yg = 0, (0 =1, %0)=0= yw=1,
O): o =~ w0 =0, YO =1= n=-F+a s
O€): vy = —2yoy1, 3200)=0, (0)=0= =% %, (4.173)
The solution is
x? 2t 28

\
asymptotic
Figure 4.9: Comparison of asymptotic and exact solutions.

previous example, there is a slight offset from the y axis.
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4.2.3 Strained coordinates

The regular perturbation expansion may not be valid over the complete domain of interest.
The method of strained coordinates, also known as the Poincar —Lindstedtﬁ method, is
designed to address this. In a slightly different context this method is known as Lighthill’sﬁ
method.

I
Example 4.11

Find an approximate solution of the Duffing equation:
F+axter® =0, z(0) =1, #(0) = 0. (4.175)

First let’s give some physical motivation, as also outlined in Section 10.2 of Kaplan. One problem in
which Duffing’s equation arises is the undamped motion of a mass subject to a non-linear spring force.
Consider a body of mass m moving in the horizontal x plane. Initially the body is given a small positive
displacement x(0) = x,. The body has zero initial velocity dz/dt(0) = 0. The body is subjected to a
non-linear spring force F oriented such that it will pull the body towards z = 0:

Fy = (ko + k12%)x. (4.176)

Here ko and k; are dimensional constants with SI units N/m and N/m? respectively. Newton’s second
law gives us

d2f17 2
Moy = —(ko + k127)x, (4.177)
d*z 9 dx
mﬁ + (kO + ki ),T =0, .CL'(O) = Lo, E(O) =0. (4'178)

Choose an as yet arbitrary length scale L and an as yet arbitrary time scale T" with which to scale the
problem and take:

x -t
T=— t=—. 4.179
z=7, T (4.179)
Substitute I i I ds
m T - 3.3 Sy T
Fﬁ + koLZ + k1 L°2° =0, L.’L‘(O) = Ty, TE(O) =0. (4.180)
Rearrange to make all terms dimensionless:
d257 k0T2 k1L2T2 3 Lo dz
= T 0 = T _ = — U. 41 1
e + - T+ —Z 0, z(0) 7 dt(O) 0 (4.181)

Now we want to examine the effect of small non-linearities. Choose the length and time scales such
that the leading order motion has an amplitude which is O(1) and a frequency which is O(1). So take

T=,/— L =ux,. (4.182)

So b2
A’z B dz
Cr i R0, g0)=1, =
di2 dt

(0) = 0. (4.183)

4Henri Poincaré, 1854-1912, French polymath.
%Anders Lindstedt], 1854-1939, Swedish mathematician, astronomer, and actuarial scientist.
6Sir Michael James Lighthill, 1924-1998, British applied mathematician and noted open-water swimmer.
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Choosing
k 2
e = Ao (4.184)
ko
we get
d*z - dz
) +z+ex’ =0, z(0) =1, E(O) =0. (4.185)
So our asymptotic theory will be valid for
e<l, ka2 <k (4.186)

Now, let’s drop the superscripts and focus on the mathematics. An accurate numerical approxima-
tion to the exact solution x(t) for e = 0.2 and the so-called phase plane for this solution, giving dx/dt
versus x are shown in Fig. [L.10

X
6 " 3

X"+X+ex =0
4 x(0) =1, x'(0)=0
2

X
— t
0 6 0 00

-2
-4

e=0.2
-6

Figure 4.10: Numerical solution z(¢) and phase plane trajectory, dz/dt versus = for Duffing’s
equation, € = 0.2.

Note if € = 0, the solution is z(t) = cost, and thus dz/dt = —sint. Thus, for € = 0, 22+ (dz/dt)? =
cos?t 4+ sin®t = 1. Thus, the ¢ = 0 phase plane solution is a unit circle. The phase plane portrait of
Fig. displays a small deviation from a circle. This deviation would be more pronounced for larger
€.

Let’s use an asymptotic method to try to capture this solution. Using the expansion

z(t) = 2o(t) + exy(t) + Eaa(t) + - - -, (4.187)
and collecting terms, we find
O(): dg+xo = 0, 20(0) =1, #0(0)=0= z0 = cost,
O(el) DXt = —,Tg, ,Tl(O) =0, 1'1(0) =0= z= %(— cost + cos 3t — 12tsint), (4188)
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Figure 4.11: Error plots for various approximations from the method of strained coordinates
to Duffing’s equation with € = 0.2. Difference between high accuracy numerical solution and:
a) leading order asymptotic solution, b) uncorrected O(e) asymptotic solution, c) corrected

O(e) asymptotic solution.

The difference between the exact solution and the leading order solution, Zegzqct(t) — 2o(t) is plotted
in Fig. E1Th. The error is the same order of magnitude as the solution itself for moderate values of t.
This is undesirable.

To O(e) the solution is

€
xr=-cost+ — | —cost+ cos3t — 12tsint 4.189
+ 3 + + ( )
secular term
This series has a so-called “secular term,” —E%tsin t, that grows without bound. Thus, our solution is

only valid for t < e L.

Now nature may or may not admit unbounded growth depending on the problem. Let us return to
the original Eq. (II7H) to consider whether or not unbounded growth is admissible. Eq. (ZIT0) can
be integrated once via the following steps

i(i+a+e®) = 0, (4.190)
©i + dx 4 etz = 0, (4.191)
d (1., 1, €,
— (= - - =0 4.192
dt (296 Tor T ’ (4.192)
1,2 1 2 € 4 1 .2 1 2 € 4
z - St = = - - 4.193
54" T3+ 2 <2x e+ L ( )
1 1 1
Si? 4 2ot 4+ ot = (246, (4.194)

2 2 4 4

indicating that the solution is bounded. The difference between the exact solution and the leading
order solution, Zezact(t) — (xo(t) + €x1(t)) is plotted in Fig. ITb. There is some improvement for early
time, but the solution is actually worse for later time. This is because of the secularity.

To have a solution valid for all time, we strain the time coordinate

t=(1+cre+cae® +--9)7, (4.195)
where 7 is the new time variable. The ¢;’s should be chosen to avoid secular terms.
Differentiating
dedr do (dt\""
o 4.1
dr dt dr <d7‘) ’ (4.196)
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dx 2 ~1
= d—(1+016+026 +-)7, (4.197)
-
d2
i o= d—;§(1+cle+c2€2+---)—2, (4.198)
d*x 2
= -3 (1—cre+ (i —co)e +--4)7, (4.199)
d*x 9 9
= F(l —2c1e+ (3¢ — 2¢9)e’ + - - -). (4.200)
Furthermore, we write
T =1x0+exr) +xo + ... (4.201)
Substituting into Eq. ({175, we get
d?xg >z o dPae 2 2
(d7'2 +ed72 7 +> (1 —2c1e+4 (3¢ — 2¢2)e” 4+ -+ +)
+ (xo + exy + Exy + -+ ) e (xo +exy + Exo + )3 = 0. (4.202)
x 23
Collecting terms, we get
O(): L2 yay = o, 20(0) =1, 92m(0) =0,
xo(T) = cosT,
O(eh) (gf; +r1 = 201 (szz" -z, 21(0) =0, 41(0) =0,
= —2¢;coST — COS> T,
= —(2c1+ 3)cosT — % cos3r,
21(7) = 35(—cosT + cos3T), if we choose ¢; = —3.
(4.203)
Thus,
1
xz(r) = cos7'+eﬁ(— COST + COS3T) + - - -. (4.204)
Since
3
. (1 —d g ) . (4.205)
3
;o (1 Feot ) ‘) (4.206)
we get the corrected solution approximation to be
3
x(t) = cos 1+€§—|—--- t
—_——
Frequency Modulation (FM)
1 3 3
+e3—2 — Cos 1+e§+--- t) +cos (3 1+e§+--- t) ]+ (4.207)

The difference between the exact solution and the leading order solution, @ezact(t) — (zo(t) + €x1(t))
for the corrected solution to O(e) is plotted in Fig. EITk. The error is much smaller relative to the
previous cases; there does appear to be a slight growth in the amplitude of the error with time. This
might not be expected, but in fact is a characteristic behavior of the truncation error of the numerical
method used to generate the exact solution.
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[
Ezample 4.12

Find the amplitude of the limit cycle oscillations of the van der Pold equation
i—e(l—a®i+z=0  z(0)=A4, #(0)=0, O0<e< 1. (4.208)

Here A is the amplitude and is considered to be an adjustable parameter in this problem. If a limit cycle
exists, it will be valid as t — oo. Note this could be thought of as a model for a mass-spring-damper
system with a non-linear damping coefficient of —e(1 — 22?). For small |z|, the damping coefficient
is negative. From our intuition from linear mass-spring-damper systems, we recognize that this will
lead to amplitude growth, at least for sufficiently small |z|. However, when the amplitude grows to
|z| > 1/4/€, the damping coefficient again becomes positive, thus decaying the amplitude. We might
expect a limit cycle amplitude where there exists a balance between the tendency for amplitude to grow

or decay.
Let
t=(1+cre+cae® + )7, (4.209)
so that Eq. (A208)) becomes
d? d
d—ja —cre+..) —e(l - x2)£ (1—cre+..)+z=0. (4.210)
We also use
r=x0+ery + Ty ..., (4.211)
Thus, we get
xg = AcosT, (4.212)
to O(e”). To O(e), the equation is
d*z; A%\ A3
72 + 1z =—2c1AcosT — A (1 - I) sinT + e sin 37. (4.213)
Choosing ¢; = 0 and A = 2 in order to suppress secular terms, we get
21 = SsinT — Lsin3 (4.214)
1=y sinT — - sindr. .
The amplitude, to lowest order, is
A=2, (4.215)
so to O(e) the solution is
3 1
z(t) =2cos (t+ O(?)) + ¢ (Z sin (t + O(e?)) — 1 sin (3 (t + 0(62)))) + O(€). (4.216)

The exact solution, Zezact, Texact, calculated by high precision numerics in the , & phase plane, z(t),
and the difference between the exact solution and the asymptotic leading order solution, eyqet(t) —
xo(t), and the difference between the exact solution and the asymptotic solution corrected to O(e):
Tezact(t) — (xo(t) + €x1(t)) is plotted in Fig. Because of the special choice of initial conditions, the
solution trajectory lies for all time on the limit cycle of the phase plane. Note that the leading order
solution is only marginally better than the corrected solution at this value of €. For smaller values of
€, the relative errors between the two approximations would widen; that is, the asymptotic correction
would become relatively speaking, more accurate.

"Balthasar van der Pol, 1889-1959, Dutch physicist.
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dx/dt

Figure 4.12: Results for van der Pol equation, d*z/dt* — (1 — 2?)dz/dt + z = 0, z(0) =
2,2(0) = 0,e = 0.3: a) high precision numerical phase plane, b) high precision numeri-
cal calculation of z(t), c) difference between exact and asymptotic leading order solution
(blue), and difference between exact and corrected asymptotic solution to O(e) (red) from
the method of strained coordinates.

4.2.4 Multiple scales

The method of multiple scales is a strategy for isolating features of a solution which may
evolve on widely disparate scales.

[
Ezample 4.13

Solve

2 d d
Wf—e(l—ﬁ)d—f—kxzo, 2(0)=0, 0)=1, O<e<l. (4.217)

Let © = x(7,T), where the fast time scale is

7= (1+aie+age® +--)t, (4.218)
and the slow time scale is
T = et. (4.219)
Since
x = z(r,7), (4.220)
dx Oxdr Oxdr
T - ot + ErTE (4.221)
The first derivative is p 5 5
T T T
=271 24... - 4.222
@~ L Taetae £+ oo (4222)
% d o 9
p— 2 ) —— J—
p (1+ are+ aze” + )(97 + €57 (4.223)
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Applying this operator to dz/dt, we get
d*z 9 , 0%z 9 0%x 9
i (1+aie+age” +---) 2 +2(1+ are + age +---)eaﬂ% + (4.224)
Introduce
T =10+ exy + ey + -, (4.225)
So to O(e), Eq. (2T becomes
0? (zo +exy + ) O (o +--+)
(14 2a1e+--+) 52 + 2¢ 5157 + e
_6(1_55%_...)6(1.087—’—'“)4_...4_(@-0+6x1+...):0' (4'226)
T N——— —
(1—22)i *
Collecting terms of O(€%), we have
a2$0 . 810
W +x9=0 with :co(O, O) = 0, W(O’ O) = 1. (4227)
The solution is
xg = A(T) cosT + B(7)sinT with A(0) =0, B(0) = 1. (4.228)
The terms of O(e!) give
(921'1 82:50 621'0 2 (91:0
—-— = 20— —2———=+ (1 —25)— 4.229
gz 0 R A R = (4.229)
= <2alB +2A"— A+ %(A2 + Bz)> sin T
/ B 2 2
+ <2a1A— 2B"+ B — Z(A +B )) COST
Ao 2y o B 42 2
+Z(A — 3B%)sin 37 — Z(?)A — B?)cos3r. (4.230)
with
x1(0,0) = 0, (4.231)
8171 8:170 8$0
—(0,0) = —a;—(0,0) — —==(0,0 4.232
(97'(7) alaT(v) 8%(7)7 ( )
8170
= —a; — —(0,0). 4.233
aj 872 ( ) ) ( )
Since et is already represented in 7, choose a; = 0. Then
/ A 2 2
2A _A+Z(A +B%) = 0, (4.234)
2B — B + %fﬁ +B% = 0. (4.235)
Since A(0) =0, try A(7) = 0. Then
B3
2B’ — B+ T 0. (4.236)
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Multiplying by B, we get

B4
2BB’ — B* + - = 0 (4.237)
B4
(B*) — B* + - = O (4.238)
Taking F = B?, we get
F2
F' —F+ - =0 (4.239)

This is a first order ODE in F', which can be easily solved. Separating variables, integrating, and
transforming from F' back to B, we get

B2 .
= =C¢” (4.240)
1
Since B(0) =1, we get C'=4/3. From this
B2 (4.241)
T Vitser '
so that
2(rF) = 2 sinr+0(c) (4.242)
T,T) = ~ T €), .
V143e T
2
a(t) = —_— sin ((1+ O(e%))t) + O(e). 4.243
0 — ((1+0()1) + 00 (4243

—_————
Amplitude Modulation (AM)

The high precision numerical approximation for the solution trajectory in the (x, %) phase plane,
the high precision numerical solution Zc,qc(t), and the difference between the exact solution and the
asymptotic leading order solution, Zeyqct(t) — xo(t), and the difference between the exact solution and
the asymptotic solution corrected to O(€): Zepact(t) — (zo(t) + €x1(t)) are plotted in Fig. Note
that the amplitude, which is initially 1, grows to a value of 2, the same value which was obtained
in the previous example. This is evident in the phase plane, where the initial condition does not lie
on the long time limit cycle. Here, we have additionally obtained the time scale for the growth of
the amplitude change. Note also that the leading order approximation is poor for t > 1/, while the
corrected approximation is relatively good. Also note that for e = 0.3, the segregation in time scales
is not dramatic. The “fast” time scale is that of the oscillation and is O(1). The slow time scale is
O(1/€), which here is around 3. For smaller ¢, the effect would be more dramatic.

4.2.5 Boundary layers

The method of boundary layers, also known as matched asymptotic expansion, can be used
in some cases. It is most appropriate for cases in which a small parameter multiplies the
highest order derivative. In such cases a regular perturbation scheme will fail since we lose
a boundary condition at leading order.
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dx/dt

8
—

Figure 4.13: Results for van der Pol equation, d*z/dt* — €(1 — x?)dz/dt + x = 0, z(0) =
0,2(0) = 1,e = 0.3: a) high precision numerical phase plane, b) high precision numeri-
cal calculation of x(t), along with the envelope 2/v/1 + 3e~<, ¢) difference between exact
and asymptotic leading order solution (blue), and difference between exact and corrected
asymptotic solution to O(e) (red) from the method of multiple scales.

[
Ezxample 4.1}
Solve
e’ +y' +y=0 y(0)=0, y(1)=1 (4.244)

(4.245)

We could in principle simply expand this in a Taylor series in e. However, for more difficult problems,
exact solutions are not available. So here we will just use the exact solution to verify the validity of the
method.

We begin with a regular perturbation expansion

y(@) = yo + eyr(x) + Fya (@) +---. (4.246)
Substituting and collecting terms, we get
O() iy +y0=0,  4(0)=0,  y(1)=1, (4.247)

the solution to which is
yo = ae”". (4.248)

It is not possible for the solution to satisfy the two boundary conditions simultaneously since we only
have one free variable, a. So, we divide the region of interest x € [0,1] into two parts, a thin inner
region or boundary layer around x = 0, and an outer region elsewhere.
Equation ([£.248)) gives the solution in the outer region. To satisfy the boundary condition yo(1) = 1,
we find that a = e, so that
y=e "4 ... (4.249)
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In the inner region, we choose a new independent variable X defined as X = z/¢, so that the equation

becomes P2 g
Y Y
— 4+ —= =0. 4.250
ax: Tax T (4.250)
Using a perturbation expansion, the lowest order equation is
Pyo | dyo
— =0 4.251
dX? dX ’ ( )
with a solution
yo = A+ Be ¥, (4.252)
Applying the boundary condition yo(0) = 0, we get
Yo = A1 —e ). (4.253)

Matching of the inner and outer solutions is achieved by (Prandtl’sﬁ method)
Yinner (X - OO) = Youter (.I - 0)7 (4254)

which gives A = e. The solution is

y(x) = e(l—e /)4 ... in the inner region, (4.255)
limy = e (4.256)
and
y(r) = 7" +---, in the outer region, (4.257)
1ir%y = e (4.258)

A composite solution can also be written by adding the two solutions. However, one must realize that
this induces a double counting in the region where the inner layer solution matches onto the outer layer
solution. Thus, we need to subtract one term to account for this overlap. This is known as the common
part. Thus, the correct composite solution is the summation of the inner and outer parts, with the
common part subtracted:

ylz) = (6(1 _ 6—1/5) 4. ) 4 (el—fﬂ 4. ) - L (4.259)

common part

. outer
inner

y = e(e®—e )4, (4.260)

The exact solution, the inner layer solution, the outer layer solution, and the composite solution are
plotted in Fig. E14l

[
Example 4.15

Obtain the solution of the previous problem

' +y+y=0,  y0)=0, y(1)=1, (4.261)

8Ludwig Prandtl, 1875-1953, German engineer based in Gottingen.
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Outer Layer

y Solution
\/ T TR eEYy'+y +y=0
2.5 % / \
\/ Inner Layer y(@©0)=0
// \\ Exact Solution
2

X / Solution y(@)=1
S\ £=0.1

Composite
Solution

Prandtl’'s
Boundary Layer Method

X

0.2 0.4 0.6 0.8 1

Figure 4.14: Exact, inner layer solution, outer layer solution, and composite solution for
boundary layer problem.

to the next order.

Keeping terms of the next order in €, we have
y=e""4e((1—a)e )+ ..., (4.262)
for the outer solution, and

y=Al—-e*)+e(B-AX - (B+AX)e ) +..., (4.263)

for the inner solution.

Higher order matching (Van Dyke’sﬁ method) is obtained by expanding the outer solution in terms
of the inner variable, the inner solution in terms of the outer variable, and comparing. Thus, the outer
solution is, as € — 0

y = "N re(l-eX)e ™) +..., (4.264)
= e(l—eX)+ee(l —eX)™ (4.265)

Ignoring terms which are > O(e?), we get
y = e(l—eX)+ee, (4.266)
= e+ee(l —X), (4.267)
= etee (1 - %) , (4.268)
= e+ee—e. (4.269)

Similarly, the inner solution as € — 0 is

y = A(l—e ) e (B - A% - (B + A%) e_””/e) o (4.270)
= A+ Be— Ax. (4.271)

9Milton Denman Van Dyke, 1922-2010, American engineer and applied mathematician.

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://en.wikipedia.org/wiki/Milton_Van_Dyke
http://creativecommons.org/licenses/by-nc-nd/3.0/

134 CHAPTER 4. SERIES SOLUTION METHODS

Error Exact - [O(1) + O(e)] £y’ +y +y=0
0.1

y(0)=0

0.08}
y@) =1

0. 06}
€ =01

0.04}

Exact - [O(1) + O(g) + O(£9)] Prandtl’s
0. 02} Boundary Layer Method
X
0.2 0.4 0.6 0.8 1

Figure 4.15: Difference between exact and asymptotic solutions for two different orders of
approximation for a boundary layer problem.
Comparing, we get A = B = ¢, so that
yx)=e(l—e ") +e (6 —xz—(e+ x)e_m/e) + -+ in the inner region, (4.272)

and
y(r) = e + (1 —z)e' " in the outer region, (4.273)

The composite solution, inner plus outer minus common part, reduces to
y=e"" —(1+z)e "% +e ((1 —x)e! " — el_m/e) +oeee (4.274)

The difference between the exact solution and the approximation from the previous example, and the
difference between the exact solution and approximation from this example are plotted in Fig. [L.15]

|
Example 4.16

In the same problem, investigate the possibility of having the boundary layer at « = 1. The outer
solution now satisfies the condition y(0) = 0, giving y = 0. Let

-1
x=2"" (4.275)
€
The lowest order inner solution satisfying y(X = 0) =1 is
y=A+(1-Ae~. (4.276)

However, as X — —oo, this becomes unbounded and cannot be matched with the outer solution. Thus,
a boundary layer at = 1 is not possible.
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y Error
1 £y’ -y +y=0 0.1
0.8 y(0)=0y1)=1 0.08
0.6 €=0.1 0. 06
0.4 0.04
0.2 0.02
0 0.2 0 0.2 0.4 0.6 0.8 1 X

Approximate

Figure 4.16: Exact, approximate, and difference in predictions for a boundary layer problem.

[
Ezample 4.17

Solve
ey’ —y +y =0, with y(0) = 0,y(1) = 1. (4.277)

The boundary layer is at « = 1. The outer solution is y = 0. Taking

x—1

X = (4.278)
€
the inner solution is
y=A+(1—-Ae* 4 ... (4.279)
Matching, we get
A=0, (4.280)
so that we have a composite solution
y(a) =@Vl (4.281)

The exact solution, the approximate solution to O(e), and the difference between the exact solution
and the approximation, are plotted in Fig. [4. 10l

4.2.6 WKBJ method

Any equation of the form

d*v dv
— 4+ P(x)— = 4.282
o+ Pla) 5+ Q) =0, (1.252)
can be written as
d?y B
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where
o(z) = y(z)exp (—% /0 xP(s)ds), (4.284)
R(r) = Q) — 3o — 1 (P)). (4.285)

So it is sufficient to study equations of the form of Eq. (£283). The WentzelE Kramers
Brillouin J effreys (WKBJ) method is used for equations of the kind

e—= = f(2)y, (4.286)

where € is a small parameter. This also includes an equation of the type

Y (p(a) + gy, (1.257)

where \ is a large parameter. Alternatively, by taking x = et, Eq. ([£286]) becomes

dy
We can also write Eq. ([E288) as
d2
5 = g(@)y, (4.289)

where g(x) is slowly varying in the sense that ¢'/g%? ~ O(e).
We seek solutions to Eq. ([@.286]) of the form

y() = exp (% / :(So(s) 4+ eSi(s) + ESa(s) + - -)ds) | (4.290)
The derivatives are
%« _ %(SO(:E)+651(:E)+6252(at)+---) y(@), (4.291)
% = 5 (So(0) + €51(x) + ESa(a) + ) 9(w),

1 /dSy dS;  ,dSs
<d:)§ +€d:): +€ I +> y(x). (4.292)

€

10Gregor Wentzel, 1898-1978, German physicist.
WHendrik Anthony Kramers, 1894-1952, Dutch physicist.
12T,é0n Brillouin, 1889-1969, French physicist.

13Harold Jeffreys, 1891-1989, English mathematician.
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Substituting into Eq. (A28, we get
2 ds
(15u(a))* + 2eu(a)Sa) +-+2) o) e (G0 ) o) = Slayte). (2299
) :ezd;;/dx2 .
Collecting terms, at O(e”) we have
Sg(x) = f(x), (4.294)
from which
So(x) = £/ f(x) (4.295)
To O(e') we have "
250(2) 5, (z) + d—; =0, (4.296)
from which
dSy
Sila) = -, (4.297)
250(217)
1 df
2/ () 9
S A R (4.298)
2 (i\/ f(x))
daf
_ _ _dz
- o (4.299)
Thus, we get the general solution
y(r) = Ciexp (% /I(So(s) +eSi(s) + - -)ds)
+C5 exp (% /E(So(s) +eSi(s) + -+ ~)d8) : (4.300)
x a
Ja) = Crexp (1 | VI e+ ->ds)
x a
+C5exp (%/ (= f(s) — 64;58) + - -)ds) , (4.301)
f(=@) df 1 [
y(r) = Ciexp (— /f(mo) E) exp (E /ZO( f(s)+-- .)ds)
1@ g 1o
+Ch exp <— /f N E) exp <—Z / 0( f(s)+---)ds), (4.302)
c I Cy 1
r) = ————exp| - s)ds ————exp | —— s)d
o) = e (¢ [ Vi)« e (< [ Vi) +
(4.303)
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This solution is not valid near x = a for which f(a) = 0. These are called turning points.
At such points the solution changes from an oscillatory to an exponential character.

I
Example 4.18
Find an approximate solution of the Air equation

2y +xy =0, for z > 0. (4.304)

In this case

f(z) = —x. (4.305)
Thus, = = 0 is a turning point. We find that
So(z) = +iv/z, (4.306)
and ¢ )
__~0 _ _ -
Sl (l‘) = 250 4:17' (4307)
The solutions are of the form
' d
y = exp<if/\/zdx—/—$)+---, (4.308)
€ 4x
1 2x3/%4
The general approximate solution is
Cl . 21’3/2 02 2;53/2
y—xl/4s1n( e —|—x1/4cos 3 + e (4.310)
The exact solution can be shown to be
y = CyA (—6*2/3:1:) + CuBi (—6*2/%) . (4.311)

Here Ai and Bi are Airy functions of the first and second kind, respectively. See Sec. [[0.7.9 in the
Appendix.

[
Ezample 4.19
3,1

Find a solution of z°y"” = y, for small, positive z.
Let €2X =z, so that X is of O(1) when z is small. Then the equation becomes

d?y .
62dX2 = X3y (4.312)

MGeorge Biddell Airy, 1801-1892, English applied mathematician, First Wrangler at Cambridge, holder of
the Lucasian Chair (that held by Newton) at Cambridge, Astronomer Royal who had some role in delaying
the identification of Neptune as predicted by [John Couch Adams’ perturbation theory in 1845.

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://en.wikipedia.org/wiki/George_Biddell_Airy
http://en.wikipedia.org/wiki/John_Couch_Adams
http://creativecommons.org/licenses/by-nc-nd/3.0/

4.2. PERTURBATION METHODS 139

The WKBJ method is applicable. We have f = X 3. The general solution is

2 2
y=C1 X% exp (— X>+C§X3/4exp< X)-i—---. (4.313)
€ €
In terms of the original variables
2 2
y = Cra®/* exp (_ﬁ> + Coz®/* exp <ﬁ) +oee (4.314)

The exact solution can be shown to be

y=vz (0111 (%) + Oy K, (%)) : (4.315)

Here I is a modified Bessel function of the first kind of order one, and K is a modified Bessel function
of the second kind of order one.

4.2.7 Solutions of the type eS(@)

[
Example 4.20

Solve
3y =y, (4.316)

for small, positive x.
Let y = e5(®) so that i = S’e”, y” = (5")%e® + §”e3, from which
S 4+ (8 = a5 (4.317)

Assume that S” < (5")? (to be checked later). Thus, S’ = +273/2 and S = +22~/2. Checking we
get S”/(8')? = z'/?2 — 0 as & — 0, confirming the assumption. Now we add a correction term so that
S(z) = 22~'/? 4 C(x), where we have taken the positive sign. Assume that C' < 2z~'/2. Substituting
in the equation, we have

gaﬁ'ﬁ/? +C" —22732C" + (€)% = 0. (4.318)
Since C' < 22712, we have ¢’ < 73/2 and C" < (3/2)x~%/2. Thus
3
51:—5/2 — 227320 =0, (4.319)

from which ¢’ = (3/4)2~! and C = (3/4)Inz. We can now check the assumption on C.
We have S(x) = 227'/2 4 (3/4) Inz, so that

2
y = 2%/ * exp <_ﬁ) +oeee (4.320)
Another solution is obtained by taking S(z) = —2z~'/2 + C(z). This procedure is similar to that of the
WKBJ method, and the solution is identical. The exact solution is of course the same as the previous
example.
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First
Y Approximation, y = 1 - exp(-X)

1
0.8
0.6 y' = exp (-xy)
/
0.41 / Numerical yE) =1
0.2t/
Tl Repeated Substitution Method
2 4 6 8 10 *
-0.2
-0.4

Figure 4.17: Numerical and first approximate solution for repeated substitution problem.

4.2.8 Repeated substitution

This technique sometimes works if the range of the independent variable is such that some
term is small.

[
Ezxample 4.21

Solve
Yy =e Y, y(oo) — ¢, ¢>0, (4.321)

for y > 0 and large .
As x — 00, y — 0, so that y — ¢. Substituting y = ¢ into Eq. [@321]), we get
Yy =e (4.322)
which can be integrated to get, after application of the boundary condition,
y=c— %e*“- (4.323)

Substituting Eq. ([£323)) into the original Eq. (£321]), we find

y = exp (—x (c — %e—”)) : (4.324)

= e (1 Ty ) . (4.325)
¢
which can be integrated to give
1 —cx 1 1 —2cx
y=c— e —C—2<x+%)e +---. (4.326)

The series converges for large . An accurate numerical solution along with the first approximation are
plotted in Fig. 17
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Problems

1. Solve as a series in z for > 0 about the point z = 0:
(a) 22y" — 22y + (x + 1)y = 0; y(1) =1, y(4) = 0.
(b) =y +y' +22%y=0;  [y(0)] < oo, y(1) =1.

In each case find the exact solution with a symbolic computation program, and compare graphically
the first four terms of your series solution with the exact solution.

2. Find two-term expansions for each of the roots of
(=1 (z+3)(z—=3\)+1=0,

where A is large.

3. Find two terms of an approximate solution of

1
:()7
4 +)\+xy

with y(0) = 0,y(1) = 1, where X is a large parameter. For A = 20, plot y(z) for the two-term
expansion. Also compute the exact solution by numerical integration. Plot the difference between the
asymptotic and numerical solution versus z.

4. Find the leading order solution for

d
(¢ —ey) 2 +ay=e 7,

where y(1) = 1, and € [0,1], e < 1. For e = 0.2, plot the asymptotic solution, the exact solution
and the difference versus x.

5. The motion of a pendulum is governed by the equation
d2
ﬁf +sin(z) =0,

with 2(0) = ¢, 4£(0) = 0. Using strained coordinates, find the approximate solution of z(t) for small e

through O(e?). Plot your results for both your asymptotic results and those obtained by a numerical
integration of the full equation.

6. Find an approximate solution for
y// _ yey/lo =0,

with y(0) =1, y(1) =e.
7. Find an approximate solution for the following problem:
i — ye¥/12 =0, with y(0) = 0.1, 5(0) = 1.2.

Compare with the numerical solution for 0 < z < 1.

8. Find the lowest order solution for

62y”+6y2—y+1=0,

with y(0) =1, y(1) = 3, where € is small. For ¢ = 0.2, plot the asymptotic and exact solutions.
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9. Show that for small € the solution of p
d_:lz —y= Eeta
with y(0) =1 can be approximated as an exponential on a slightly different time scale.
10. Obtain approximate general solutions of the following equations near x = 0.
(a) zy” +y +xy =0, through O(z"),
(b) xy” +y =0, through O(z?).
11. Find all solutions through O(e?), where € is a small parameter, and compare with the exact result for
e = 0.01.
(a) 4a* +4(e+ 1)z + 3(2¢ — 5)2%2 + (26 — 16)x — 4 = 0,
(b) 2ex* +2(2e + 1)23 + (7 — 2€)2? — bz — 4 = 0.
12. Find three terms of a solution of -
x + ecos(x + 2¢) = 5
where € is a small parameter. For ¢ = 0.2, compare the best asymptotic solution with the exact
solution.
13. Find three terms of the solution of
&+ 2z + ex? = 0, with 2(0) = coshe,
where € is a small parameter. Compare graphically with the exact solution for e = 0.3 and 0 < t < 2.
14. Write down an approximation for
/2
/ V1+ecos?x dr,
0
if € = 0.1, so that the absolute error is less than 2 x 1074,
15. Solve .
y" +y= e, with y(0) = y(1) =0,
through O(e), where € is a small parameter. For ¢ = 0.25 graphically compare the asymptotic solution
with a numerically obtained solution.
16. The solution of the matrix equation A - x =y can be written as x = A~! - y. Find the perturbation
solution of (A + ¢B) - x =y, where ¢ is a small parameter.
17. Find all solutions of ex* + 2 — 2 = 0 approximately, if € is small and positive. If ¢ = 0.001, compare
the exact solution obtained numerically with the asymptotic solution.
18. Obtain the first two terms of an approximate solution to
4+ 3(1+e)t+2x =0, with 2(0) = 2(1 +¢), £(0) = —3(1 + 2¢),
for small e. Compare the approximate and exact solutions graphically in the range 0 < x <1 for (a)
e=0.1, (b) e =0.25, and (c) e = 0.5.
19. Find an approximate solution to

Z+ (14 €)ax =0, with 2(0) = A, £(0) = B,

for small, positive e. Compare with the exact solution. Plot both the exact solution and the approxi-
mate solution on the same graph for A=1,B =0,e¢ = 0.3.
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Find an approximate solution to the following problem for small e
e?ij —y = —1, with y(0) = 0, y(1) = 0.
Compare graphically with the exact solution for e = 0.1.

Solve to leading order
ey +yy —y =0, with y(0) =0, y(1) = 3.

Compare graphically to the exact solution for e = 0.2.

If & + 2+ ex® = 0 with 2(0) = A,#(0) = 0 where ¢ is small, a regular expansion gives z(t) ~
Acost + €(A3/32)(— cost + cos 3t — 12tsint). Explain why this is not valid for all time, and obtain
a better solution by inserting ¢ = (1 + a1€ + ...)7 into this solution, expanding in terms of €, and
choosing ay, as, - - - properly (Pritulo’s method).

Use perturbations to find an approximate solution to
y" + Xy = A, with y(0) =0, y(1) =0,
where A > 1.

Find the complementary functions of
y/l/ _ :L'y — 0,

in terms of expansions near x = 0. Retain only two terms for each function.

Find, correct to O(e), the solution of

&+ (1+ecos2t) x =0, with 2(0) = 1, and #(0) = 0,
that is bounded for all ¢, where € < 1.
Find the function f to O(e) where it satisfies the integral equation

o /Om+esinz £0) .

Find three terms of a perturbation solution of

y' +ey? =0,
with y(0) = 0, y(1) = 1 for € < 1. For € = 2.5, compare the O(1),O(e), and O(e?) solutions to a
numerically obtained solution in z € [0, 1].

Obtain a power series solution (in summation form) for ' + ky = 0 about = 0, where k is an
arbitrary, nonzero constant. Compare to a Taylor series expansion of the exact solution.

Obtain two terms of an approximate solution for ee” = cosx when € is small. Graphically compare
to the actual values (obtained numerically) when e = 0.2,0.1,0.01.

Obtain three terms of a perturbation solution for the roots of the equation (1 — €)a? — 2z +1 = 0.
(Hint: The expansion x = xg + ex1 + €2w2 + ... will not work.)

The solution of the matrix equation A - x =y can be written as x = A~! . y. Find the n** term of
the perturbation solution of (A 4 ¢B) - x =y, where ¢ is a small parameter. Obtain the first three
terms of the solution for

12 1 1/10 1/2 1/10 1/2
A=(22 1|, B=[ 0 1/5 0o |,y=|[ 1/
123 1/2 1/10 1/2 1/10
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32. Obtain leading and first order terms for w and v, governed by the following set of coupled differential
equations, for small e:

d?u du 1 1
— — =1, u(0)=0 )==-+—
2 g = b w0 =0 ul) =5+ 556
d?v dv 1 1
) —i—eu% =z, v(0)=0, v(1) = G + 20¢
Compare asymptotic and numerically obtained results for e = 0.2.

33. Obtain two terms of a perturbation solution to €f,. + f. = —e~% with boundary conditions f(0) = 0,
f(1) = 1. Graph the solution for ¢ = 0.2,0.1,0.05,0.0250n 0 < z < 1.

34. Find two uniformly valid approximate solutions of

it -2 0 with 0)=0
U = with u =
1 ¥+ ’LL2 ) )
up to the first order. Note that w is not small.
35. Using a two-variable expansion, find the lowest order solution of
(a) &+ et +ax =0 with 2(0) =0, £(0) =1,
(b) &+ €i® + 2 =0 with 2(0) =0, #(0) = 1.
where € < 1. Compare asymptotic and numerically obtained results for e = 0.01.
36. Obtain a three-term solution of
ex — & =1, with 2(0) =0, z(1) =2,
where € < 1.
37. Find an approximate solution to the following problem for small e
€% —y = —1 with y(0) = 0, y(1) = 0.
Compare graphically with the exact solution for e = 0.1.

38. A projectile of mass m is launched at an angle o with respect to the horizontal, and with an initial
velocity V. Find the time it takes to reach its maximum height. Assume that the air resistance is
small and can be written as k times the square of the velocity of the projectile. Choosing appropriate
values for the parameters, compare with the numerical result.

39. For small ¢, solve using WKBJ

ey’ = (1+2°)%y, with y(0) =0, y(1) = 1.

40. Obtain a general series solution of

y" + Ky =0,
about x = 0.
41. Find a general solution of
y'+ey=1,

near x = 0.
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42.

43.

44.

45.

46.

47.

48.

49.

50.

ol.

Solve

1 1
ny’/—i-x(E—l—Zx)y/—l—(:1:—§>y_0,

Solve 3" — \/xy = 0, > 0 in each one of the following ways:

around z = 0.

(a) Substitute z = e~*/°X, and then use WKBJ.

(b) Substitute 2 = ¢2/°X, and then use regular perturbation.

(¢) Find an approximate solution of the kind y = eS@),
where € is small

Find a solution of
y" —Vay =0,
for small z > 0.

Find an approximate general solution of
(zsinz) y" + (2zcosz + x?sinx) y' + (rsina + sinx + 2% cosz) y = 0,

valid near x = 0.

A bead can slide along a circular hoop in a vertical plane. The bead is initially at the lowest position,
6 = 0, and given an initial velocity of 2,/gR, where g is the acceleration due to gravity and R is the
radius of the hoop. If the friction coefficient is p, find the maximum angle 6,,,, reached by the bead.
Compare perturbation and numerical results. Present results on a 0,4, vs. u plot, for 0 < u < 0.3.

The initial velocity downwards of a body of mass m immersed in a very viscous fluid is V. Find
the velocity of the body as a function of time. Assume that the viscous force is proportional to the
velocity. Assume that the inertia of the body is small, but not negligible, relative to viscous and
gravity forces. Compare perturbation and exact solutions graphically.

For small €, solve to lowest order using the method of multiple scales

&+ et +x =0, with 2(0) =0, £(0) = 1.
Compare exact and asymptotic results for e = 0.3.
For small ¢, solve using WKBJ

ey’ = (1 + 2?)%y, with y(0) =0, y(1) = 1.
Plot asymptotic and numerical solutions for e = 0.11.
Find the lowest order approximate solution to
&y +ey? —y+1=0, with y(0) =1, y(1) = 2,

where € is small. Plot asymptotic and numerical solutions for e = 0.23.

A pendulum is used to measure the earth’s gravity. The frequency of oscillation is measured, and the
gravity calculated assuming a small amplitude of motion and knowing the length of the pendulum.
What must the maximum initial angular displacement of the pendulum be if the error in gravity is
to be less than 1%. Neglect air resistance.
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92.

93.
o4.

95.

56.

o7.

58.

99.

60.

61.

62.

63.

Find two terms of an approximate solution of
A
1
2 u=0
y + Py xy )
with y(0) = 0,y(1) = 1, where A is a large parameter.
Find all solutions of e = 22 through O(e?), where € is a small parameter.

Solve
(1+e)y +ey” =1,

with »(0) = 0,y(1) = 1 through O(€?), where € is a small parameter.

Solve to lowest order
ey +y +ey’ =1,

with y(0) = —1,y(1) = 1, where € is a small parameter. For e = 0.2, plot asymptotic and numerical
solutions to the full equation.

Find the series solution of the differential equation
y' +ry =0,

around x = 0 up to four terms.

Find the local solution of the equation
y' =y,
near x — 0.

Find the solution of the transcendental equation
sinx = ecos 2z,

near x = 7 for small positive e.

Solve
ey —y =1,

with y(0) = 0,y(1) = 2 for small e. Plot asymptotic and numerical solutions for e = 0.04.

Find two terms of the perturbation solution of
(L+ey)y” +ey” — N*y =0,
with 3/(0) = 0,y(1) = 1. for small e. N is a constant. Plot the asymptotic and numerical solution for
e=0.12, N =10.
Solve )
Z r_
€y +y = 9
with y(0) = 0,y(1) = 1 for small e. Plot asymptotic and numerical solutions for € = 0.12.

Find if the van der Pol equation
j—e(l—y*)g+ky =0,
has a limit cycle of the form y = A coswt.

Solve y' = e~2*Y for large & where y is positive. Plot y(z).

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

Chapter 5

Orthogonal functions and Fourier
series

see Kaplan, Chapter 7,
see Lopez, Chapters 10, 16,
see Riley, Hobson, and Bence, Chapter 15.4, 15.5.

Solution of linear differential equations gives rise to complementary functions. Some of these
are well known, such as sine and cosine. This chapter will consider these and other functions
which arise from the solution of a variety of linear second order differential equations with
constant and non-constant coefficients. The notion of eigenvalues, eigenfunctions, orthogonal,
and orthonormal functions will be introduced; a stronger foundation will be built in Chapter[7]
on linear analysis. A key result of the present chapter will be to show how one can expand
an arbitrary function in terms of infinite sums of the product of scalar amplitudes with
orthogonal basis functions. Such a summation is known as a Fourief series.

5.1 Sturm-Liouville equations

Consider on the domain = € [z, z1] the following general linear homogeneous second order
differential equation with general homogeneous boundary conditions:

a(m)% + b(m)g—i +c(z)y+ Ay = 0, (5.1)
ay(zo) + a9y’ (x0) = 0, (5.2)
Bry(x) + Boy' (1) =

Define the following functions:

p(@) = exp ( /:%ds), (5.4)

1Jean Baptiste Joseph Fourier, 1768-1830, French mathematician.
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r(z) = ﬁexp (/%ds) (5.5)
o(x) — %exp ( /:%ds). (5.6)

With these definitions, Eq. (5.1) is transformed to the type known as a Sturm-Liowvilld
equation:

= (r0 ) + @)+ 2@ wt) = 0 (5.7)
(5 (5 (p<x>%)+q<x>))y<x> — Ay, (5.3)

Here the Sturm-Liouville linear operator Lg is

L= - (4 (b)) +at). (59)

so we have Eq. (B5.8) compactly stated as

Loy(z) = —A y(z). (5.10)

It can be shown that L, is what is known as a self-adjoint linear operator; see Sec. [[.4.2]
What has been shown then is that all systems of the form of Eqs. (EIH5.3]) can be transformed
into a self-adjoint form.

Now the trivial solution y(z) = 0 will satisfy the differential equation and boundary
conditions, Egs. (BIH2.3). In addition, for special real values of A\, known as eigenvalues,
there are special non-trivial functions, known as eigenfunctions which also satisfy Eqs. (B.IF
£3). Eigenvalues and eigenfunctions will be discussed in more general terms in Sec. [[.44

Now it can be shown that if we have for x € [z, 2]

p(z) > 0, (5.11)
r(z) > 0, (5.12)
q(z) > 0, (5.13)

then an infinite number of real positive eigenvalues A and corresponding eigenfunctions y,, ()
exist for which Eqs. (B.IH5.3) are satisfied. Moreover, it can also be shown (Hildebrand,
p. 204) that a consequence of the homogeneous boundary conditions is the orthogonality
condition:

Yo Y> = / F(@)ya(@)ym(@) dz = 0, for n #m, (5.14)

o

Yy Yn > = /:61 7(2) Yy (2)yn(z) dv = K. (5.15)

o

2Jacques Charles Francois Sturm), 1803-1855, Swiss-born French mathematician and [Joseph Liouville,
1809-1882, French mathematician.
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Consequently, in the same way that in ordinary vector mechanicsi-j=0,i-k=0,i-i=1
implies i is orthogonal to j and k, the eigenfunctions of a Sturm-Liouville operator L, are
said to be orthogonal to each other. The so-called inner product notation, <-,->, will be
explained in detail in Sec. [[.3.2. Here K € R! is a real constant. This can be written
compactly using the Kronecker delta function, 9, as

x1
/ ()Y (2)ym(z) dv = K*6pp. (5.16)
Zo

Sturm-Liouville theory shares many more analogies with vector algebra. In the same sense
that the dot product of a vector with itself is guaranteed positive, we have defined a “product”
for the eigenfunctions in which the “product” of a Sturm-Liouville eigenfunction with itself
is guaranteed positive.

Motivated by Eq. (516), we can define functions ¢, (z):

Pn(T) = ;(x) Yn(z), (5.17)

so that o
< o> = / (@) pm(@) d = b (5.18)

xo
Such functions are said to be orthonormal, in the same way that i, j, and k are or-
thonormal. While orthonormal functions have great utility, note that in the context of our
Sturm-Liouville nomenclature, that ¢,(x) does not in general satisfy the Sturm-Liouville
equation: Lo, (x) # —Apn(z). If, however, r(z) = C, where C is a scalar constant, then
in fact Lyp,(z) = —Apen(x). Whatever the case, we are guaranteed Ly, () = —A\,yn(z).
The y,(z) functions are orthogonal under the influence of the weighting function r(x), but
not necessarily orthonormal. The following sections give special cases of the Sturm-Liouville

equation with general homogeneous boundary conditions.

5.1.1 Linear oscillator

A linear oscillator gives perhaps the simplest example of a Sturm-Liouville problem. We will
consider the domain x € [0, 1]. For other domains, we could easily transform coordinates;
e.g. if x € [xg, x1], then the linear mapping T = (z — x¢) /(21 — x¢) lets us consider z € [0, 1].

The equations governing a linear oscillator with general homogeneous boundary condi-
tions are

> d d
LA =0, a0+ a0 =0,  By()+ B =0 (5.19)
Here we have
alz) = 1, (5.20)
b(xz) = 0, (5.21)
c(z) = 0, (5.22)
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SO

p(z) = exp </:% ds) = =1, (5.23)
p ds) =e' =1, (5.24)

o(z) = %exp (/ ds):O. (5.25)

So, we can consider the domain = € (—o00,00). In practice it is more common to consider
the finite domain in which = € [0, 1]. The Sturm-Liouville operator is

d2
The eigenvalue problem is
d2
o2 V@) =—Ay(). (5.27)
L

We can find a series solution by assuming y = >, a,z".

relationship

This leads us to the recursion

—Aa,
n+1)(n+2)

(5.28)

So, given two seed values, ag and a1, detailed analysis of the type considered in Sec. 4.1.2
reveals the solution can be expressed as the infinite series

y(i)Zao(l—(\/2X!$) +(\/ix) —...>+a1 (\/Xx—(\/;z) +(\/5X!x) —...).(5.29)

cos(VAx) sin(‘\,f)\:c)

The series is recognized as being composed of linear combinations of the Taylor series for
cos(v/Az) and sin(v/Az) about x = 0. Letting ap = C; and a; = Oy, we can express the
general solution in terms of these two complementary functions as

y(z) = Cy cos(VAz) + Cysin(vVAz). (5.30)

Applying the general homogeneous boundary conditions from Eq. (519) leads to a chal-
lenging problem for determining admissible eigenvalues A. To apply the boundary conditions,
we need dy/dz, which is

j—i = —Clx/Xsin(\/Xx) + Cg\/XCOS(\/X ). (5.31)
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Enforcing the boundary conditions at x = 0 and x = 1 leads us to two equations:

04101 + ag\/XCQ - 0, (532)
C, (ﬁl cos VA — BV Asin \/X> + Oy (ﬁl sin VA + B2V cos \/X) = 0. (5.33)

This can be posed as the linear system

<<ﬂl cosx/X—aéﬁsm \/X) (ﬁl sm\/Xiz\g/i/Xcos \/x)) - <g;) - <8) . (5.34)

For non-trivial solutions, the determinant of the coefficient matrix must be zero, which leads
to the transcendental equation

o (ﬁl sin VA + oV A cos \/X) — VA (ﬁl cos VA — BV Asin \/X) =0. (5.35)

For known values of oy, s, 2, and 31, one seeks values of A\ which satisfy Eq. (535). This
is a solution which in general must be done numerically, except for the simplest of cases.

One important simple case is for a1 = 1, ap = 0, §; = 1, B = 0. This gives the boundary
conditions to be y(0) = y(1) = 0. Boundary conditions where the function values are
specified are known as Dirichlef] conditions. In this case, BEq. (5.35) reduces to sin vA = 0,
which is easily solved as VA = nx, with n = 0, £1, £2, . ... We also get C; = 0; consequently,
y = Cysin(nmz). Note that for n = 0, the solution is the trivial y = 0.

Another set of conditions also leads to a similarly simple result. Taking a; =0, as = 1,
f1 = 0, By = 1, the boundary conditions are y'(0) = /(1) = 0. Boundary conditions
where the function’s derivative values are specified are known as Neumantl] conditions. In
this case, Eq. (5:37) reduces to —Asinv/A = 0, which is easily solved as v/ A = nr, with
n=0,+1,42,.... We also get Cy = 0; consequently, y = C cos(nmz). Here, for n = 0, the
solution is the non-trivial y = C}.

Some of the eigenfunctions for Dirichlet and Neumann boundary conditions are plotted
in Fig. 5. Note these two families form the linearly independent complementary functions
of Eq. (E19). Also note that as n rises, the number of zero-crossings within the domain
rises. This will be seen to be characteristic of all sets of eigenfunctions for Sturm-Liouville
equations.

[
Ezxample 5.1

Find the eigenvalues and eigenfunctions for a linear oscillator equation with Dirichlet boundary
conditions:
@4—)\ =0 0)=y¢)=0 (5.36)
a2 y=", yU) =yl£) =0. :

3Johann Peter Gustav Lejeune Dirichlet, 1805-1859, German mathematician who formally defined a func-
tion in the modern sense.
4Carl Gottfried Neumann|, 1832-1925, German mathematician.
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sin(n7x) cos(nTx)
cos(0mx)=1

1 - 1

Sin(3x)

a1k

Figure 5.1: Solutions to the linear oscillator equation, Eq. (519), in terms of two sets of

complementary functions, sin(nmzx) and cos(nmx).

We could transform the domain via & = z/¢ so that Z € [0, 1], but this problem is sufficiently
straightforward to allow us to deal with the original domain. We know by inspection that the general

solution is

y(z) = Cy cos(VAz) + Cy sin(v/z).
For y(0) = 0, we get
y(0) =0 = Cjcos(VA0))+ Cosin(vA(0)),
0

C1(1) + C2(0),
¢, = 0.

So
y(z) = Cysin(vVAz).

At the boundary at = ¢ we have
y(l) =0 = Cysin(VA £).
For non-trivial solutions we need C5 # 0, which then requires that
VM =nr n=+1,+243,...,

SO

The eigenvalues and eigenfunctions are

. nzﬁz7
02
and
. nmwxT
Yn () = sin (—) ,
l
respectively.
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Check orthogonality for ys(z) and ys3(x).
¢
I = / sin (27r_x> sin (@) dx, (5.47)
0 14 14
T 1 . (bdrx
= 3 (sm (7) — g sin (7)> S’ (5.48)
= 0 (5.49)
Check orthogonality for y4(z) and y4(x).
¢
I = / sin (M—I> sin <47r:c> dx, (5.50)
0 1 14
T /2 8rx ¢
G- (%)) . (551
14
= ; (5.52)
In fact
¢
. (nTX\ . /nTx 4
/0 sin (7) sin (7) dox = 5 (5.53)
so the orthonormal functions ¢, (x) for this problem are
()\/E(mrx) (5.54)
On\T) = z Sin T . .
With this choice, we recover the orthonormality condition
¢
/ on(@)pm(z) dr = dpm, (5.55)
0
2 [t . /nmwx\ . /mnx
z /O S11 (T) S11 (T) der = 6nm (556)

5.1.2 Legendre’s differential equation

Legendre’sﬁ differential equation is given next. Here, it is convenient to let the term n(n+1)

play the role of \.
d*y dy
1—2%)—= —22—= 1)y =0.
( x)de xdx+n(n+ )Y
A

JAdrien-Marie Legendre, 1752-1833, French/Parisian mathematician.

(5.57)
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Here
a(zr) = 1—2a% (5.58)
b(z) = —2ux, (5.59)
c(x) = 0. (5.60)
Then, taking x, = —1, we have
T=2s
= d .61
o) = e [ =5 s (5.61)
= exp (In(1-5%)) ‘il : (5.62)
= (1-sY)]",, (5.63)
= 1-2° (5.64)
We find then that
r(z) = 1, (5.65)
q(z) = 0 (5.66)

d 9 dy B
%<(1—x)%>+n(n+l)y = 0, (5.67)
% <(1 ) %) y(z) = —n(n+1) y(). (5.68)
So
L, = % ((1 — z?) %) : (5.69)

Now x = 0 is a regular point, so we can expand in a power series around this point. Let

Y= Z ™. (5.70)
m=0

Substituting into Eq. (5.57), we find after detailed analysis that

(m+n+1)(m—n)
(m+1)(m+2)

(5.71)

Am42 = Ay
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With ay and a; as given seeds, we can thus generate all values of a,, for m > 2. We find

x? x?
y(r) = ao (1 —n(n+ 1)5 +nn+1)(n—2)(n+ 3)5 — .. )
yl\(rx)
3 x°
+ay (x —(n—=1)(n+ 2)5 +(n—1)(n+2)(n—-3)(n+ 4)5 — .. ) (5.72)
y2v(r)
Thus, the general solution takes the form
y(xr) = apyi(v) + arya(z), (5.73)
with complementary functions y;(x) and ys(z) defined as
2 4
yi(z) = 1—n(n+ 1)% +n(n+1)(n—2)(n + 3)% L (5.74)
! . ! r
yo(x) = z—(n—1)(n+ 2)5 +(n—1)(n+2)(n—-3)(n+ 4)5 — (5.75)
This solution holds for arbitrary real values of n. However, for n = 0,2,4, ..., y;(x) is a finite
polynomial, while y,(z) is an infinite series which diverges at |z| = 1. For n = 1,3,5,..., it

is the other way around. Thus, for integer, non-negative n either 1) y; is a polynomial of
degree n, and ys is a polynomial of infinite degree, or 2) y; is a polynomial of infinite degree,
and ys is a polynomial of degree n.

We could in fact treat y; and ys as the complementary functions for Eq. (557). However,
the existence of finite degree polynomials in special cases has led to an alternate definition
of the standard complementary functions for Eq. (5.57). The finite polynomials (y; for even
n, and y, for odd n) can be normalized by dividing through by their values at z = 1 to give
the Legendre polynomials, P, (z):

nle) - for n even
P.(z) =< »’ ’ 5.76
(@) { yzEw;, for n odd. (5.76)
y2(1)
The Legendre polynomials are thus
n =0, Py(z) 1, (5.77)
n=1, Pi(z) x, (5.78)
1
n=2, Py(z) = 5(3:[:2 —1), (5.79)
1
n =3, Pi(z) = 5(5x3 — 3z), (5.80)
1
n =4, Py(z) = g(359:4 — 3027 + 3), (5.81)
n P,(x) = ! i(ﬁ —1)" Rodrigues’ formula (5.82)
’ " — 2npldan ’ & ' '
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The Rodriguesﬁ formula gives a generating formula for general n.
The orthogonality condition is

1
2

Direct substitution shows that P, (x) satisfies both the differential equation, Eq. (5.57),
and the orthogonality condition. It is then easily shown that the following functions are
orthonormal on the interval z € (—1,1):

on(x) = 1[0+ %Pn(x), (5.84)
giving )
/_1 On(T)pm(x)dr = S - (5.85)

The total solution, Eq. (5.73), can be recast as the sum of the finite sum of polynomials
P,(x) (Legendre functions of the first kind and degree n) and the infinite sum of polynomials
Qn(z) (Legendre functions of the second kind and degree n):

y(x) = C1P,(x) + CoQp(x). (5.86)
Here ), (z), the infinite series portion of the solution, is obtained by
B y1(1)ya(x), for n even,
@n(r) = { —ya(Dyr(x), for n odd. (5:87)

One can also show the Legendre functions of the second kind, @, (), satisfy a similar orthog-
onality condition. Additionally, @, (£1) is singular. One can further show that the infinite
series of polynomials which form @, (x) can be recast as a finite series of polynomials along
with a logarithmic function. The first few values of Q,,(z) are in fact

n=0, Q) = %m(ii) (5.88)
n=1, Qi) = gln(ii)—L (5.89)
n=2 Q) = 3x24_11n<i§)—§x, (5.90)
n=3 Q) = 5x3;3xln<iz)—2x2+§, (5.91)

The first few eigenfunctions of Eq. (5.57) for the two families of complementary functions
are plotted in Fig.

9Benjamin Olinde Rodrigues, 1794-1851, obscure French mathematician, of Portuguese and perhaps
Spanish roots.
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oL oL

Figure 5.2: Solutions to the Legendre equation, Eq. (5.57), in terms of two sets of comple-

mentary functions, P,(x) and Q,(z).

5.1.3 Chebyshev equation
The Chebyshevﬂ equation is

Yy dy
1—2%) -5 —2->+ )y =
( x)dﬁ Idx—i_ y

Let’s get this into Sturm-Liouville form.

a(zr) = 1—2°
b(x) = —u,
clx) = 0

Now, taking xo = —1,

"Pafnuty Lvovich Chebyshev, 1821-1894, Russian mathematician.

(5.92)

(5.93)
(5.94)
(5.95)

(5.96)
(5.97)

(5.98)

(5.99)
(5.100)

(5.101)
(5.102)
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Thus, for p(xz) > 0, we require x € (—1,1). The Chebyshev equation, Eq. (£92), in Sturm-
Liouville form is

% (m %) + \/1A—7x2 y = 0, (5.103)
V1 - z2% (\/1 — a2 %) y(x) = —Ay(x) (5.104)
. y
Thus,
L, = m% (m %). (5.105)

That the two forms are equivalent can be easily checked by direct expansion.

Series solution techniques reveal for eigenvalues of A one family of complementary func-
tions of Eq. (B.92)) can be written in terms of the so-called Chebyshev polynomials, T),(z).
These are also known as Chebyshev polynomials of the first kind. These polynomials can be
obtained by a regular series expansion of the original differential equation. These eigenvalues
and eigenfunctions are listed next:

A =0, To(z) = 1, (5.106)

A=1, Ti(x) = =, (5.107)

A =4, Ty(z) = —1+ 227 (5.108)

A=09, Ts(x) = —3z+ 423, (5.109)

A = 16, Ty(z) = 1-—82%+8x* (5.110)

A =n?, T,(r) = cos(ncos '), Rodrigues’ formula. (5.111)

The orthogonality condition is
LT ()T () TOpm, if n =0,
/_1 Ve {g(snm, ifn=12. " (5.112)

Direct substitution shows that 7T}, (z) satisfies both the differential equation, Eq. (5.92)), and
the orthogonality condition. We can deduce then that the functions ¢, (z)

L_ T,(v) if n =0
m/1—22 =7 ’ ’
Pn(T) = . ‘ : (5.113)
Wm Tn(flf), 1fn:1727’”
are an orthonormal set of functions on the interval x € (—1,1). That is,
1
/ Pn()om(T)dT = G- (5.114)
-1
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The Chebyshev polynomials of the first kind, T, (x) form one set of complementary func-
tions which satisfy Eq. (£.92)). The other set of complementary functions are V,,(z), and can
be shown to be

A=0, Vi(z) = 0, (5.115)
A=1, Vi(z) = V1—22 (5.116)
A=4,  Vilx) = V1-—22(2x), (5.117)
A=9, V() = V1—22(—1+42?), (5.118)
A=16,  Vi(z) = V1-—a2(—da®+82%), (5.119)
A =n?, Vi(z) = sin(ncos™'z), Rodrigues’ formula. (5.120)

The general solution to Eq. (5.214) is a linear combination of the two complementary func-
tions:

y(x) = C1T,(z) + CoV,(z). (5.121)

One can also show that V,,(x) satisfies an orthogonality condition:

LV (2) Vi (2) o
/_1 ) o = S (5.122)

The first few eigenfunctions of Eq. (5.92) for the two families of complementary functions
are plotted in Fig.

_2; _2:

Figure 5.3: Solutions to the Chebyshev equation, Eq. (5.92), in terms of two sets of comple-
mentary functions, 7),(z) and V,,(z).
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5.1.4 Hermite equation

The Hermitd equation is discussed next. There are two common formulations, the physicists’

and the probabilists’.

5.1.4.1 Physicists’

We will focus on the first and briefly discuss the second.

The physicists’” Hermite equation is

We find that

Thus, we allow x € (—o0

So

d?y y
——2 —_— p—
gz 2y T
plz) = e,
r(z) = e_mz,
q(z) =
. In Sturm-Liouville form, Eq. (5.123)) becomes
d 22 dy —
- e " _
¢ ( )+ 0,
2 d 2 d
(e @) yz) = -y,
L,

2 d 2 d
Ls_€d$< %)

(5.123)

(5.124)
(5.125)
(5.126)

(5.127)

(5.128)

(5.129)

One set of complementary functions can be expressed in terms of polynomials known as the
Hermite polynomials, H,(z). These polynomials can be obtained by a regular series expan-
sion of the original differential equation. The eigenvalues and eigenfunctions corresponding
to the physicists’ Hermite polynomials are listed next:

A=0,
A=2,
A =4,
A =6,
A =38,
A =2n,

Ho () L,

Hy(z) = 2z,

Hy(z) = —2+ 42,

Hs(z) = —122 + 8z°,

Hy(x) 12 — 4827 + 162%,

H,(z) = (—1)" 2d7;x: : Rodrigues’ formula.

8Charles Hermitel, 1822-1901, Lorraine-born French mathematician.
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The orthogonality condition is

/ ¢ Hy(2)Hp(z) dz = 2"n\/T0nm (5.137)
Direct substitution shows that H,(z) satisfies both the differential equation, Eq. (EI123),
and the orthogonality condition. It is then easily shown that the following functions are
orthonormal on the interval 2 € (—o0, 00):

e~ 2H (x
on(T) = i(), (5.138)

Vv /m2mn!
giving

/_OO On(T)pm(x)dr = S (5.139)

[e.e]

The general solution to Eq. (B123) is
y(z) = C1H,(2) + Col, (), (5.140)

where the other set of complementary functions is H,(z). For general n, H,(z) is a ver-
sion of the so-called Kummer confluent hypergeometric function of the first kind H,(z) =
1By (=n/2;1/2; 22). Note, this general solution should be treated carefully, especially as the
second complementary function, f[n(:c), is rarely discussed in the literature, and notation is
often non-standard. For our eigenvalues of n, somewhat simpler results can be obtained in
terms of the imaginary error function, erfi(x); see Sec. [[0.7.4l The first few of these functions
are

NG

A=0, n=0, Hy(z) = ~5erfi(z), (5.141)

A=2 n=1  H) = & —Vra?erfi(va?), (5.142)
. ) 1

A=4, n=2, Hy(z) = —xe® + /7 erfi(z) (:L'2 — 5) , (5.143)

A

6, n=3, Hy(z) = & (1—2%)+ Vra? erfi(x) <552 - g) . (5.144)

The first few eigenfunctions of the Hermite equation, Eq. (5123), for the two families of
complementary functions are plotted in Fig. [£.4]
5.1.4.2 Probabilists’

The probabilists” Hermite equation is

dy  dy
7 Y =0 14
s Ay =0 (5.145)

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

162 CHAPTER 5. ORTHOGONAL FUNCTIONS AND FOURIER SERIES

Hn(x) Hn(x) Ho
6 4 A
[ H>
4r
1 2+
Ho L
[ / | | ‘/ L X | . X
2 1 1 2 2 L 2
2 L
[ 20
L F A
4 i H3 H1
_6 : _4 L

Figure 5.4: Solutions to the physicists’ Hermite equation, Eq. (5.123), in terms of two sets

of complementary functions H,(z) and H,(x).

We find that
pla) = e/
r(z) = e v 12,
q(x) =

Thus, we allow z € (—00,00). In Sturm-Liouville form, Eq. (5.145) becomes

d ) dy .2
Bt z?/2 2 z%/2 —
o (e dx) + Xe Y 0,

20 d [ _h2n d
e /2% (e /2 %) ylr) = —=Xy(z).

J

-~

L,

So

d 2,9 d
Ls _ x2/2_ —z2/2 2 )
a0 (6 dz

(5.146)
(5.147)
(5.148)

(5.149)

(5.150)

(5.151)

One set of complementary functions can be expressed in terms of polynomials known as the
probabilists’ Hermite polynomials, He, (x). These polynomials can be obtained by a regular
series expansion of the original differential equation. The eigenvalues and eigenfunctions

corresponding to the probabilists” Hermite polynomials are listed next:

A=0, Hey(x) 1,

A =1, Hey(z) = =,

A=2 Hey(z) = —1+ 22,
A =3, Hes(z) = —3z+2°,
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A=4,  Heyr) = 3—62+2a" (5.156)
: (5.157)
) dne—x2/2
A=n, He,(z) = (=1)"" /27, Rodrigues’ formula. (5.158)
The orthogonality condition is
/ e PHe,(2)Hem(z) de = nlV2m0,m (5.159)

Direct substitution shows that He, (x) satisfies both the differential equation, Eq. (5143,
and the orthogonality condition. It is then easily shown that the following functions are
orthonormal on the interval = € (—o0, 00):

Pn(T) = M (5.160)
VAV 2mn!

giving

/_ " o (@) om(@)dz = Sy (5.161)

[e.9]

Plots and the second set of complementary functions for the probabilists’ Hermite equation
are obtained in a similar manner to those for the physicists’. One can easily show the relation
between the two to be

Hen(x) = 272 H, (%) . (5.162)

5.1.5 Laguerre equation

The Laguerreﬁ equation is

d*y dy
— 1—z)— =0. Nl
T3 + ( x)d:c +Ay=0 (5.163)
We find that
plx) = we ™™, (5.164)
r(x) = e°, (5.165)
q(z) = 0. (5.166)

Thus, we require = € (0, 00).

9Edmond Nicolas Laguerre, 1834-1886, French mathematician.
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In Sturm-Liouville form, Eq. (5I63) becomes

d ., dy e B
. <£L’€ %) +Xe Py = 0, (5.167)

4 d _
e <xe %) ylx) = =Ay(z). (5.168)

L,
So
. d . d

L;=e¢ g (xe %) : (5.169)

One set of the complementary functions can be expressed in terms of polynomials of finite
order known as the Laguerre polynomials, L, (x). These polynomials can be obtained by a
regular series expansion of Eq. (5.163]). Eigenvalues and eigenfunctions corresponding to the
Laguerre polynomials are listed next:

A=0, Lo(z) = 1, (5.170)
A=1, Li(z) = 1-u (5.171)
1
A=2, Ly(z) = 1—-22+ 59:2, (5.172)
3 1
A=3,  Lie) = 1-3v+ 52— oo (5.173)
2 1
AN=4, Lyz) = 1—4rv+32° - 2+ a2, (5.174)
3 24
(5.175)
1 dTL n, ,—x
A=n, L,(z) = —e‘cﬂ, Rodrigues’ formula. (5.176)

n! dxm™

The orthogonality condition reduces to
/ e “Ly(x)Ly(z) de = Opm- (5.177)
0

Direct substitution shows that L, (z) satisfies both the differential equation, Eq. (5.I63),
and the orthogonality condition. It is then easily shown that the following functions are
orthonormal on the interval z € (0, 00):

on(z) = e 2L, (1), (5.178)
so that

/000 On () pm (2)dx = O (5.179)
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The general solution to Eq. (BI63) is
y(z) = CyLy () + CoLy(z), (5.180)

where the other set of complementary functions is L, (2). For general n, L,(z) = U(—n, 1, z),
one of the so-called Tricomi confluent hypergeometric functions. Again the literature is not
extensive on these functions. For integer eigenvalues n, j)n(x) reduces somewhat and can be
expressed in terms of the exponential integral function, Ei(x), see Sec. TO.T.0l The first few
of these functions are

A=n=0, Ly(zr) = Ei(z), (5.181)
A=n=1, Li(z) = —e —Ei(z)(1—x), (5.182)
A=n=2, Ly(z) = i (e"(3 — ) + Ei(z) (2 — 4z + 27)) (5.183)
A=n=3, L) = % (¢" (=11 + 8z — #°) + Ei(x) (=6 + 18z — 927 + 27))
(5.184)

The first few eigenfunctions of the Laguerre equation, Eq. (5I63]), for the two families of
complementary functions are plotted in Fig. .5l

L”SX) L Lnh(x) Lo Ly L L3

Figure 5.5: Solutions to the Laguerre equation, Eq. (5163)), in terms of two sets of comple-
mentary functions, L, (z) and L, (z).

5.1.6 Bessel’s differential equation

5.1.6.1 First and second kind

Bessel'd] differential equation is as follows, with it being convenient to define A\ = —1/2.
d’y  dy
2 2,2 2\,

10Friedrich Wilhelm Bessel, 1784-1846, Westphalia-born German mathematician.
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We find that
plr) = =z,
rx) = +
= -
q(z) = plw.

(5.186)
(5.187)
(5.188)

We thus require = € (0, 00), though in practice, it is more common to employ a finite domain

such as z € (0,/). In Sturm-Liouville form, we have

£(8)- (-2 v - o
(2 (e ) ) ) o) = o2t

(. J/
Ls

The Sturm-Liouville operator is

d d
L, = — — 2r ).
s x<d$ (x dx)—l-,ux)

In some other cases it is more convenient to take A\ = 2 in which case we get

p(r) =
r@) =
ale) = ——.

and the Sturm-Liouville form and operator are:

CEEE) ) -

-
L

1/d d V2
Li=—-|— — ) ——.
° x(dm(xdx) x)

y(x) = C1J,(ux)+ CY,(ur), if v is an integer,
y(x) = CyJ,(ux) + Cod_,(uz), if v is not an integer,

The general solution is

(5.189)

(5.190)

(5.191)

(5.192)
(5.193)

(5.194)

(5.195)

(5.196)

(5.197)
(5.198)

where J,(ux) and Y, (ux) are called the Bessel and Neumann functions of order v. Often
J,(px) is known as a Bessel function of the first kind and Y, (ux) is known as a Bessel
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function of the second kind. Both J, and Y, are represented by infinite series rather than
finite series such as the series for Legendre polynomials.
The Bessel function of the first kind of order v, J,(uz), is represented by

1 v oo _i 2,.2\F
Tolp) = (5‘”) kZ:O k!l(“(uik l 1) (5.199)

The Neumann function Y, (ux) has a complicated series representation (see Hildebrand).
The representations for Jo(uz) and Yy(ux) are

Tolpz) = 1- (ZG!“;;) + (Zé!;) T (_é’;;) , (5.200)
Yo(ur) = %(1 (;w +v) Jo(u) (5.201)

9 i 2,2\! 1 i 2,2)2
42 (% _ (1 + 5) % y ) . (5.202)

It can be shown using term by term differentiation that

dJ,(px) Sy (pr) = Sy (px) dY,(px) _ Y,oa(px) — Yii(pe)

_ 5.203
d d
o (@ (n2)) = pa"Jyoa (pe) (@Y (e)) = pa"Yor (pa) . (5.204)

The Bessel functions Jo(uox), Jo(pix), Jo(pex), Jo(psz) are plotted in Fig. 5.6l Here the
eigenvalues i, can be determined from trial and error. The first four are found to be
po = 2.40483, py = 5.52008, ps = 8.65373, and puz = 11.7915. In general, one can say

lim g, = nm+ O(1). (5.205)

n—oo

The Bessel functions Jy(x), Ji(x), J2(x), J3(z), and Jy(x) along with the Neumann functions
Yo(z), Yi(x), Ya(z), Y3(x), and Y, (z) are plotted in Fig. 5.7 (so here u = 1).

The orthogonality condition for a domain x € (0, 1), taken here for the case in which the
eigenvalue is j,, can be shown to be

(Ju+1 (Nn))2 Onm- (5-206>

N —

1
/:L’J,,(unx)J,,(,umx) dr =
0

Here we must choose p, such that J,(u,) = 0, which corresponds to a vanishing of the

function at the outer limit x = 1; see Hildebrand, p. 226. So the orthonormal Bessel
function is
\% 2 14 mn
on(T) = M (5.207)
‘Ju+1(/~”n)|
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G NN A (TRL R N (TR

Figure 5.6: Bessel functions Jo(uoz), Jo(pz), Jo(pax), Jo(psz).

Figure 5.7: Bessel functions Jy(x), Ji(x), Jo(z), J5(z), Ju(z) and Neumann functions Yy(x),
Yi(x), Ya(x), Ys(x), Ya(x).
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5.1.6.2 Third kind
Hankel'] functions, also known as Bessel functions of the third kind are defined by

HVY(z) = J,(x) +1iY,(2), (5.208)
HP(z) = J,(z) — iV, (). (5.209)

v

5.1.6.3 Modified Bessel functions

The modified Bessel equation is
d
== a2 — (2 + 1)y =0, (5.210)

the solutions of which are the modified Bessel functions. The modified Bessel function of the
first kind of order v is

I(z) =1i"J,(ix). (5.211)
The modified Bessel function of the second kind of order v is
T ()
K,(z) = 5 H}" (ix). (5.212)

5.1.6.4 Ber and bei functions

The real and imaginary parts of the solutions of

dy . dy
2 2 2o

where p is a real constant, are called the ber and bei functions.

5.2 Fourier series representation of arbitrary functions

It is often useful, especially when solving partial differential equations, to be able to represent
an arbitrary function f(z) in the domain x € [x¢, x;] with an appropriately weighted sum of
orthonormal functions ¢, (z):

f(x) = anpn(2). (5.214)

We generally truncate the infinite series to a finite number of N terms so that f(x) is
approximated by

f(@) 2= anpn(2). (5.215)

WHermann Hankel, 1839-1873, German mathematician.
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We can better label an N-term approximation of a function as a projection of the function
from an infinite dimensional space onto an N-dimensional function space. This will be
discussed further in Sec. The projection is useful only if the infinite series converges
so that the error incurred in neglecting terms past N is small relative to the terms included.
The problem is to determine what the coefficients «,, must be. They can be found in the
following manner. We first assume the expansion exists and multiply both sides by ¢y (x):

n=0
[ @@ i = [ Y awule)als) de (5.217)
Zo o n=0
= ) o / on(2)op(z) dz, (5.218)
n=0 Zo _
S
_ Zan(gnk’ (5.219)
n=0
= g 0o +1 Ok +...+ap Ok +... + Qoo Osoks (5220)
—~— ~— ~—~
=0 =0 =1 =0
= . (5.221)
So trading k and n
ap :/ f(x)pn(x) dr. (5.222)

The series is known as a Fourier series. Depending on the expansion functions, the series is
often specialized as Fourier-sine, Fourier-cosine, Fourier-Legendre, Fourier-Bessel, etc. We
have inverted Eq. (52I4]) to solve for the unknown c,. The inversion was aided greatly
by the fact that the basis functions were orthonormal. For non-orthonormal, as well as
non-orthogonal bases, more general techniques exist for the determination of «,.

[
Example 5.2

Represent
f(z) =22, on x€l0,3], (5.223)

with a series of

e trigonometric functions,

e Legendre polynomials,

e Chebyshev polynomials, and

e Bessel functions.
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Trigonometric Series

For the trigonometric series, let’s try a Fourier sine series. The orthonormal functions in this case

are, from Eq. (554)),
2 . /nmx
on(z) = \/;sm (T) . (5.224)

The coefficients from Eq. (5:222)) are thus

an:/og\xf/(\/gsin (”32)> d, (5.225)

f(z)
en(z)
SO
ag = 0, (5.226)
a; = 4.17328, (5.227)
ay = —3.50864, (5.228)
a3 = 2.23376, (5.229)
ay = —1.75432, (5.230)
as = 1.3807. (5.231)

Note that the magnitude of the coefficient on the orthonormal function, «,,, decreases as n increases.
From this, one can loosely infer that the higher frequency modes contain less “energy.”

2 2
flz) = \/; (4.173285111(%) — 3.50864sin (%I) (5.232)
. 3w . drx . Smx
+2.23376 sin - - 1.75432 sin — + 1.3807 sin 5 +...). (5.233)
The function f(z) = 22 and five terms of the approximation are plotted in Fig.

Legendre polynomaials

Next, let’s try the Legendre polynomials. The Legendre polynomials are orthogonal on z: € [—1, 1],
and we have x € [0, 3], so let’s define

2
T=gr-1, (5.234)
3
r=3(E+1), (5.235)

so that the domain z € [0,3] maps into # € [~1,1]. So, expanding z? on the domain z € [0,3] is
equivalent to expanding

2
(5) (T+1)* = %(i—l—l)z, T e[-1,1]. (5.236)

Now from Eq. (5.84),
1
on(Z) =/n+ EPn(:i:) (5.237)

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

172 CHAPTER 5. ORTHOGONAL FUNCTIONS AND FOURIER SERIES
() 2
Fourier-sine series
8t (five terms) ~
6 L
4 L
2 L
- - - - - X
0.5 1 1.5 2 2.5 3
Figure 5.8: Five term Fourier-sine series approximation to f(z) = z?.
So from Eq. (5222)
L9 1
i :/ (Z(~+1)2) ( n+ 5&(@)) di. (5.238)
_1_\,_/
f(&) on(2)
Evaluating, we get
a = 3V2=4.24264, (5.239)
o = 3\@ = 3.67423, (5.240)
3
as 5 0.948683, (5.241)
as = 0, (5.242)
(5.243)
a, = 0, n>3 (5.244)

Once again, the fact the ap > a3 > a9 indicates the bulk of the “energy”

is contained in the lower

frequency modes. Carrying out the multiplication and returning to = space gives the finite series, which

can be expressed in a variety of forms:

a? = agpo(® +a1%01( ) + a2 (T), (5.245)

= < x - 1)) +3\/g (\/gPl (gx - 1)) —i—\/% < ng (gx - 1)), (5.246)
=¢0(Z) =p1(2) =p2(2)

— 3P, <§x - 1) + ZPl <§ - 1> n gPQ (ga: - 1) , (5.247)

= st (2een) o ( V(- 1>2) | (521
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= 3+ (—g—l-?)x) + (g—3x+x2>, (5.249)
— 22 (5.250)

Thus, the Fourier-Legendre representation is ezact over the entire domain. This is because the function
which is being expanded has the same general functional form as the Legendre polynomials; both are
polynomials.

Chebyshev polynomials

Let’s now try the Chebyshev polynomials. These are orthogonal on the same domain as the Leg-
endre polynomials, so let’s use the same transformation as before. Now from Eq. (E113)

1
P = | ——=To(%), 5.251
po(Z) T o(Z) (5.251)
(#) = |—2Tu(@), n>0 (5.252)
Y e =l ' '
So
/1 9(~+1)2 ! To(z) d (5.253)
ay = —(z —1p(x) dz, .
_ 52
—14_\1_/ ™1 -
1@ 20(3)
o —/1 9(5c+1)2 _2 7 (z) di (5.254)
n — n —2 " : !
—ILV_/ ™1 -
(@) on(@)
Evaluating, we get
oy = 4.2587, (5.255)
o = 3.4415, (5.256)
ay = —0.28679, (5.257)
a3 = —1.1472, (5.258)

With this representation, we see that |as| > |asl, so it is not yet clear that the “energy” is concentrated
in the high frequency modes. Consideration of more terms would verify that in fact it is the case that
the “energy ” of high frequency modes is decaying; in fact ay = —0.683, a5 = —0.441, ag = —0.328,
a7 = —0.254. So

flx) = 22 = 2 (4'2587 T <§x — 1> + 3.4415 Ty (;:1: — 1> (5.259)
T/ 1 — (%:c — 1)2 \/i
2 2
—0.28679 15 <§x — 1) —1.1472 T3 <§x — 1) + .. > . (5.260)

The function f(z) = 22 and four terms of the approximation are plotted in Fig.
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f(x)
10
sl Fourier-Chebyshev series x 2
(four terms)
6.
4.
2.
—T0U.5 1 1.5 2 2.5 3

Figure 5.9: Four term Fourier-Chebyshev series approximation to f(z) = z2.

Bessel functions

Now let’s expand in terms of Bessel functions. The Bessel functions have been defined such that
they are orthogonal on a domain between zero and unity when the eigenvalues are the zeros of the
Bessel function. To achieve this we adopt the transformation (and inverse):

7= % x = 34. (5.261)

With this transformation our domain transforms as follows:
x €10,3] — 7 €[0,1]. (5.262)

So in the transformed space, we seek an expansion

~2 o
972 = ZOanJl,(unx). (5.263)
f@

Let’s choose to expand on Jy, so we take
93 =Y o Jo(pni). (5.264)
n=0

Now, the eigenvalues p,, are such that Jo(u,) = 0. We find using trial and error methods that solutions
for all the zeros can be found:

po = 2.4048, (5.265)
g = 55201, (5.266)
[y = 8.6537, (5.267)
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f(x)
x 2
Fourier-Bessel Series
8 L
(ten terms)
6 L
4 L
2 L

/ 0.5 1 1.5 2 2.5 3 X
-2
Figure 5.10: Ten term Fourier-Bessel series approximation to f(x) = z2.

Similar to the other functions, we could expand in terms of the orthonormalized Bessel functions, ¢, (z).
Instead, for variety, let’s directly operate on Eq. (5.264]) to determine the values for «,.

9228 Jo(uri) = ZanxJo pin @) Jo (), (5.268)
1
/ 973 Jo(up) di = / ZanxJo pn@)Jo(up®) dz, (5.269)
0
1
9/ o(us) = Zan/ EJo(pn®) Jo (i) di, (5.270)
0 n=0 0
1
= ak/ EJo (i) Jo (i) di. (5.271)
0

So replacing k£ by n and dividing we get

9 [L 78 Jo(pn) di
a, — Jo & Jo(pn) d . (5.272)

fo IJO(Nn )JO(NH )dj

Evaluating the first three terms we get

ap = 4.446, (5.273)
a1 = —8.325, (5.274)
ay = 7.253, (5.275)

Because the basis functions are not normalized, it is difficult to infer how the amplitude is decaying by
looking at a, alone. The function f(z) = 2 and ten terms of the Fourier-Bessel series approximation
are plotted in Fig. [5.10l The Fourier-Bessel approximation is

Fla) = 22 = 4.446 J, (2.4048 (%)) ~8.325 Jo (5.5201 (%)) +7.253 Jo (8.6537 (g)) ... (5.276)
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Note that other Fourier-Bessel expansions exist. Also note that even though the Bessel function does
not match the function itself at either boundary point, that the series still appears to be converging.

Problems

1. Show that oscillatory solutions of the delay equation

dx
E(t) +a(t) +bx(t —1) =0,

are possible only when b = 2.2617. Find the frequency.
Show that z%.J, (bx°) is a solution of

29 — 1 2,22
Gy <b202:1:20_2 +L7° ;j ¢ ) y = 0.
xZ xZ

Hence solve in terms of Bessel functions:
2
(a) T4+ k2ay =0,

(b) % + 2ty = 0.

. Laguerre’s differential equation is

2y’ + (1 —2)y + Ay =0.

Show that when A = n, a nonnegative integer, there is a polynomial solution L, (x) (called a Laguerre
polynomial) of degree n with coefficient of ™ equal to 1. Determine Ly through L.

Consider the function y(z) = 2 — 2z + 1 defined for = € [0,4]. Find eight term expansions in terms
of a) Fourier-Sine, b) Fourier-Legendre, ¢) Fourier-Hermite (physicists’), d) Fourier-Bessel series and
plot your results on a single graph.

Consider the function y(z) = 0,z € [0,1), y(z) = 2z — 2,2 € [1,2]. Find an eight term Fourier-
Legendre expansion of this function. Plot the function and the eight term expansion for x € [0, 2].

. Consider the function y(z) = 2z, z € [0,6]. Find an eight term a) Fourier-Chebyshev and b) Fourier-

sine expansion of this function. Plot the function and the eight term expansions for z: € [0, 6]. Which
expansion minimizes the error in representation of the function?

Consider the function y(x) = cos?(z?). Find an eight term a) Fourier-Laguerre, (x € [0,00)), and b)
Fourier-sine (z € [0, 10]) expansion of this function. Plot the function and the eight term expansions
for x € [0,10]. Which expansion minimizes the error in representation of the function?
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Chapter 6

Vectors and tensors

see Kaplan, Chapters 3, 4, 5,

see Lopez, Chapters 17-23,

see |Aris,

see Borisenko and Tarapov,

see McConnell,

see Schey,

see Riley, Hobson, and Bence, Chapters 6, 8, 19.

This chapter will outline many topics considered in traditional vector calculus and include
an introduction to differential geometry.

6.1 Cartesian index notation

Here we will consider what is known as Cartesian index notation as a way to represent vectors
and tensors. In contrast to Sec. [[L3] which considered general coordinate transformations,
when we restrict our transformations to rotations about the origin, many simplifications
result. For such transformations, the distinction between contravariance and covariance
disappears, as does the necessity for Christoffel symbols, and also the need for an “upstairs-
downstairs” index notation.

Many vector relations can be written in a compact form by using Cartesian index nota-
tion. Let xq, xo, x3 represent the three coordinate directions and e, ey, e3 the unit vectors
in those directions. Then a vector u may be written as

U1 3
u = (%) = u1€1 + Uses + Uzes = E U;; = ui€; = Uy, (61)
Us =1

where uq, us, and ug are the three Cartesian components of u. Note that we do not need to
use the summation sign every time if we use the Einstein convention to sum from 1 to 3 if
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an index is repeated. The single free index on the right side of Eq. (€] indicates that an e;

is assumed.

Two additional symbols are needed for later use. They are the Kronecker delta, as

specialized from Eq. (LG3),
5. = 0, ifi+# 7,
=1, ifi =,
and the alternating symbol (or Levi-Civitall symbol)

1, if indices are in cyclical order 1,2,3,1,2,- - -,
;- = ¢ —1, if indices are not in cyclical order,
0, if two or more indices are the same.
The identity
€ijk€lmn = 5il5jm5kn + 5im5jn5kl + 5in5jl5km - 5il5jn5km - 5im5jl5kn - 5in5jm5kl7

relates the two. The following identities are also easily shown:

oi = 3,
oij = O,
0ij0jk = Oik,
€ijk€itm = 0510km — OjmOki,
€ijk€ie = 20,
€ijk€ijk = 6,
Cijk = Cikj,
Cijk = ik,
Cijk =  —Ckji,
Cijk = €kij — Cjki-

Regarding index notation:

e a repeated index indicates summation on that index,
e a non-repeated index is known as a free index,

e the number of free indices give the order of the tensor:

— U, UV, UV;W, Ui, UiV, zeroth order tensor-scalar,
— 4, u;v;, first order tensor—vector,

— Ui, Uik, V5, second order tensor,

ITullio Levi-Civital 1883-1941, Italian mathematician.
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= Ujjk, UiVWk, UijVkmW, third order tensor,

— Uijki, Ui;Uk, fourth order tensor.
e indices cannot be repeated more than once:

— Wik, Uij, uiijj> viujk are proper.

= UiUjWi, Ugii5, UiV ATE improper!
e Cartesian components commute: Ui Vi Whim = ViWkimUsij,

e Cartesian indices do not commute: w;jr 7 Ujik-

|
Ezxample 6.1
Let us consider, using generalized coordinates described earlier in Sec. [[L3] a trivial identity trans-
formation from the Cartesian £* coordinates to the transformed coordinates x*:

z! = ¢t z? = €2, =& (6.15)

Here, we are returning to the more general “upstairs-downstairs” index notation of Sec. Recalling
Eq. (L18), the Jacobian of the transformation is

i 1 0 0
¢ ;
J= ;J. —{0o 1 0|=6-=L (6.16)
v 00 1
From Eq. (I83), the metric tensor then is
gij:G:JT~J:I-I:I:5ij. (617)

Then we find by the transformation rules that for this transformation, the covariant and contravariant
representations of a general vector u are one and the same:

u; = gijuj = 5ijuj = 5;-uj = (6.18)

Consequently, for Cartesian vectors, there is no need to use a notation which distinguishes covariant
and contravariant representations. We will hereafter write all Cartesian vectors with only a subscript
notation.

6.2 Cartesian tensors

6.2.1 Direction cosines

Consider the alias transformation of the (21, z5) Cartesian coordinate system by rotation of
each coordinate axes by angle « to the rotated Cartesian coordinate system 7, Ty as sketched
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- X2
Ko A
T* J— *
Xy =X] cosa + X,Cos f3
P
*
X5 ﬂ\
\ \
Ol\\ Ol\\
— —\

=
Q
=\
\j

Figure 6.1: Rotation of axes in a two-dimensional Cartesian system.

in Fig. [6.Il Relative to our earlier notation for general non-Cartesian systems, Sec. [[.3] in

this chapter, x plays the role of the earlier £, and T plays the role of the earlier z. We define
the angle between the x; and 7, axes as a:

a = [x1,T]. (6.19)
With 8 = /2 — «a, the angle between the Z; and x5 axes is
ﬂ = [,’L‘Q,El]. (620)

The point P can be represented in both coordinate systems. In the unrotated system, P is
represented by the coordinates:

P (a7, 23). (6.21)
In the rotated coordinate system, P is represented by
P (z],73). (6.22)
Trigonometry shows us that
T) = o] cos a + x5 cos 3, (6.23)
T) = a7 cos[ry, T1] + x5 cos[xg, Ty). (6.24)

Dropping the stars, and extending to three dimensions, we find that

Ty = @1 cos[xy, T1] + X9 cos[xg, T1] + x3 COS|X3, T1]. (6.25)
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Extending to expressions for T, and T3 and writing in matrix form, we get

cos|xy,T1| cos[ry,Ty] cos[zy, T3]
Efl To Tg):£x1 T 1’32' cos|xe, T1| cos[ra, To] cos|ze, T3] | . (6.26)

/

T oCxT cos|xs, T1| cos[rs, To] cos[xs, T3] .
=0;;=Q
Using the notation
Eij = COS[[L’Z',T]'], (627)
Eq. ([6.26) is written as
byl li3
(fl Tg Tg)J: (ZL’l i) 1’3)4' fgl EQQ €23 . (628)
=E;§T :m;xT o €31 €32 333 P
-Q

Here ¢;; are known as the direction cosines. Expanding the first term we find

T, = 21011 + x9l9; + 13037 (6.29)
More generally, we have
Tj = xilyj + xoloj + w3035, (6.30)
Sy, (6:31)
;:2” (6.32)

Here we have employed Einstein’s convention that repeated indices implies a summation over
that index.
What amounts to the law of cosines,

can easily be proven by direct substitution. Direction cosine matrices applied to geometric
entities such as polygons have the property of being wvolume- and orientation-preserving
because det/;; = 1. General volume-preserving transformations have determinant of +1.
For right-handed coordinate systems, transformations which have positive determinants are
orientation-preserving, and those which have negative determinants are orientation-reversing.
Transformations which are volume-preserving but orientation-reversing have determinant of
—1, and involve a reflection.

[
Ezxample 6.2
Show for the two-dimensional system described in Fig. that £;;05; = i holds.
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Expanding for the two-dimensional system, we get
Cinlk + Liolka = by (6.34)

First, take i = 1,k = 1. We get then

li1l11 4+ liolis =017 = 1, (6.35)
cosacosa + cos(a+w/2)cos(a +7/2) = 1, (6.36)
cosacosa + (—sin(a))(—sin(a)) = 1, (6.37)
cos?a+sin’a = 1 (6.38)
This is obviously true. Next, take ¢ = 1,k = 2. We get then
l11lo1 + l12lag = 619 = 0, (639)
cosacos(m/2 — a) + cos(a + 7/2) cos(a) = 0, (6.40)
cosasina —sinacosa = 0. (6.41)
This is obviously true. Next, take ¢ = 2,k = 1. We get then
lo1l11 + loolis = 091 = 0, (6.42)
cos(m/2 — a)cosa + cosacos(m/2+a) = 0, (6.43)
sinacosa+ cosa(—sina) = 0. (6.44)
This is obviously true. Next, take ¢ = 2, k = 2. We get then
larloy + Laglay = 022 = 1, (6.45)
cos(m/2 — a)cos(m/2 — ) + cosawcosaw = 1, (6.46)
sinasina + cosacosa = 1. (6.47)

Again, this is obviously true.

Using the law of cosines, Eq. ([633), we can easily find the inverse transformation back
to the unprimed coordinates via the following operations. First operate on Eq. (632]) with

0.

Ui Tj = Clgjailiy, (6.48)
= Uil (6.49)

= S, (6.50)
=y, (6.51)

UiTp = oy, (6.52)
v = 0T, (6.53)

Note that the Jacobian matrix of the transformation is J = 0x;/0%; = ¢;;. It can be shown
that the metric tensor is G = J7 - J = Ciily; = 0, = I, s0 g = 1, and the transformation
is volume-preserving. Moreover, since J7 -J = I, we see that J7 = J=!. As such, it is
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precisely the type of matrix for which the gradient takes on the same form in original and
transformed coordinates, as presented in the discussion surrounding Eq. (L95). As will be
discussed in detail in Sec. [8.6] matrices which have these properties are known as orthogonal
are often denoted by Q. So for this class of transformations, J = Q = dxz;/0%; = {;;. Note
that Q7 - Q =T and that Q7 = Q~!. The matrix Q is a rotation matrix when its elements
are composed of the direction cosines ¢;;. Note then that Q" = ¢;;. For a coordinate system
which obeys the right-hand rule, we require det Q = 1 so that it is also orientation-preserving.

|
Ezxample 6.3
Consider the previous two-dimensional example of a matrix which rotates a vector through an angle
« using matrix methods.

We have
ox; cos cos (a + E) cosa —sina
J=—=0;=Q= 2 =" . 6.54
0T, 1=Q (cos (5 — a) cos o sina  cos« ( )
We get the rotated coordinates via Eq. (6.20):
i = X . .
g T.qQ, (6.55)
_ cosa —sina
(71 7)) = (= x2).<sina cos o )’ (6.56)
= (zpcosa+xosina —xzysina+ xocosa), (6.57)
T1 . T1 COS + T sin «
<Tg> o (—xl sina—i—:vgcosa) ‘ (6.58)
We can also rearrange to say
x = QT .x, (6.59
. i e . .}(7
T 6.60
———
I
Q-x = I-x (6.61
X = - X.
Q (6.62)

The law of cosines holds because

Q-Q" =

sin a COos —Sma  CoS«

(
<cos o+ sin® a . 0 >7 (6.64)
(
I=

Cos —SIHOL) . ( CO.SO[ SlIlO[>7 (663)

sin? a + cos?

0
X ) (6.65)
(6.66)

O =

Consider the determinant of Q:
det Q = cos? a — (—sin? a) = cos? a +sin® a = 1. (6.67)

Thus, the transformation is volume- and orientation-preserving; hence, it is a rotation. The rotation is
through an angle a.
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I
Example 6.4

Consider the so-called refiection matriz in two dimensions:
cosa  sina
= .. . 6.68
Q ( sina —cosa ) ( )

Note the reflection matrix is obtained by multiplying the second column of the rotation matrix of
Eq. [@324) by —1. We see that

0T _ cosa  sina [ cosa sin o
QQ = (sina —cosa) (sina —cosa)’ (6.69)
cos? a + sin® a 0
B ( 0 sin? o +cos2a )’ (6.70)
- ((1) (1)> =1=20 (6.71)

The determinant of the reflection matrix is
det Q = —cos’ a —sin® a = —1. (6.72)

Thus, the transformation is volume-preserving, but not orientation-preserving. One can show by con-
sidering its action on vectors x is that it reflects them about a line passing through the origin inclined
at an angle of «/2 to the horizontal.

6.2.1.1 Scalars

An entity ¢ is a scalar if it is invariant under a rotation of coordinate axes.

6.2.1.2 Vectors

A set of three scalars (vy, v, v3)7 is defined as a vector if under a rotation of coordinate axes,
the triple also transforms according to

Ej = viﬁij, VT = VT : Q (673)
We could also transpose both sides and have
v=QT.v. (6.74)

A vector associates a scalar with a chosen direction in space by an expression which is linear
in the direction cosines of the chosen direction.
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[
Example 6.5

Returning to generalized coordinate notation, show the equivalence between covariant and con-
travariant representations for pure rotations of a vector v.

Consider then a transformation from a Cartesian space £/ to a transformed space z' via a pure
rotation: _ o
§ =l (6.75)

Here f; is simply a matrix of direction cosines as we have previously defined; we employ the upstairs-
downstairs index notation for consistency. The Jacobian is

og
= =0 (6.76)
From Eq. (L8], the metric tensor is
oEt HE? o
gt = oo oS = 040 = o (6.77)

Here we have employed the law of cosines, which is easily extensible to the “upstairs-downstairs”
notation.
So a vector v has the same covariant and contravariant components since

vi = gijv? = bijv’ = 60l =’ (6.78)
Note the vector itself has components that do transform under rotation:
vt =0V (6.79)

Here V7 is the contravariant representation of the vector v in the unrotated coordinate system. One
could also show that V; = V7, as always for a Cartesian system.

6.2.1.3 Tensors

A set of nine scalars is defined as a second order tensor if under a rotation of coordinate
axes, they transform as
Ty =Uil;Tw, T=Q" T -Q. (6.80)

A tensor associates a vector with each direction in space by an expression that is linear in
the direction cosines of the chosen transformation. It will be seen that

e the first subscript gives associated direction (or face; hence first—face), and
e the second subscript gives the vector components for that face.

Graphically, one can use the sketch in Fig. [6.2] to visualize a second order tensor. In Fig.[6.2]
q, g, and q®, are the vectors associated with the 1, 2, and 3 faces, respectively.
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|
i
|
Tap |
|
|
Tos |
| (2
| q
S T
1 22
Tio To1 |

Figure 6.2: Tensor visualization.

6.2.2 Matrix representation

Tensors can be represented as matrices (but all matrices are not tensors!):

T11 Tyo Ti3\ —vector associated with 1 direction,
T, = | Ty 15y Thy | —vector associated with 2 direction, (6.81)
T31 T35 133 ) —vector associated with 3 direction.

A simple way to choose a vector g; associated with a plane of arbitrary orientation is to
form the inner product of the tensor 7;; and the unit normal associated with the plane n;:

g =nTy; q =n"-T. (6.82)

Here n; has components which are the direction cosines of the chosen direction. For example
to determine the vector associated with face 2, we choose

0
0
Thus, in Gibbs notation we have
Tll T12 T13
IIT . T — (0, 1, 0) T21 T22 T23 — (Tgl, T22, ng). (684)
T3y T3 T33
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In Einstein notation, we arrive at the same conclusion via

nili; = niTyy +neTy; + n3Tsy, (6.85)
= (To1, 132, Tns). (6.87)

6.2.3 Transpose of a tensor, symmetric and anti-symmetric ten-
sors

The transpose Tg of a tensor T;; is found by trading elements across the diagonal

T =Ty, (6.88)
SO
Ty Ty Ty
T;}F = | T2 T T3 |. (6.89)
Tiz Toz Tis
A tensor is symmetric if it is equal to its transpose, i.e.
T;=Tu,  T=T"  if symmetric. (6.90)
A tensor is anti-symmetric if it is equal to the additive inverse of its transpose, i.e.
Ti; = —Tji, T =-T7, if anti-symmetric. (6.91)

A tensor is asymmetric if it is neither symmetric nor anti-symmetric.
The tensor inner product of a symmetric tensor S;; and anti-symmetric tensor A;; can
be shown to be 0:

Here the “:” notation indicates a tensor inner product.

[
Ezxample 6.6

Show S;;A;; = 0 for a two-dimensional space.

Take a general symmetric tensor to be

a b
Sij = <b C) . (6.93)
Take a general anti-symmetric tensor to be
0 d
a=(5 1), -
So
SijAij = S11Ai1 + Si12A12 + S21421 + S22 A, (6.95)
= a(0) + bd — bd + ¢(0), (6.96)
0. (6.97)
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An arbitrary tensor can be represented as the sum of a symmetric and anti-symmetric
tensor:

1 1 1 1

TL; = éTij + §szl+§Tyz - §Tgia (6.98)
T, =0
1 1
= 5 (T + Tho) + 5 (T — Tya) - (6.99)
Ef(,ij) Eim
So with
1
Tay = 5T+, (6.100)
1
Ty = 5 (T =T (6.101)
we arrive at
Ty = Tu +  Tpy oo - (6.102)

symmetric  anti—symmetric

The first term, T{;;), is called the symmetric part of Tj;; the second term, Tj;;;, is called the
anti-symmetric part of T;;.

6.2.4 Dual vector of an anti-symmetric tensor

As the anti-symmetric part of a three by three tensor has only three independent components,
we might expect a three-component vector can be associated with this. Let us define the
dual vector to be

1 1
€iji L = 3 €ijp (k) +5 €k L]k (6.103)
——

diE
2 2

N —

=0
For fixed i, €;j; is anti-symmetric. So the first term is zero, being for fixed ¢ the tensor inner
product of an anti-symmetric and symmetric tensor. Thus,

1
Let us find the inverse. Apply €;,, to both sides of Eq. (6103)) to get
1
€iimdi = §€ilm€ijijka (6.105)
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1
1
= i(Tlm —To), (6.107)
= Tim), (6.108)
ﬂlm] eilmdza (6109)
Tij) = €rijd, (6.110)
Ty = €ijnde (6.111)
Expanding, we can see that
0 ds —ds
,—r[ij} = Eijkdk = Eijldl + Gijgdg + Eijgdg - —dg 0 d1 . (6112)
dy —dy 0

The matrix form realized is obvious when one considers that an individual term, such as
€;;1d1 only has a value when 4,j = 2,3 or 4,5 = 3,2, and takes on values of +d; in those
cases. In summary, the general dimension three tensor can be written as

6.2.5 Principal axes and tensor invariants

Given a tensor Tj;, find the associated direction such that the vector components in this
associated direction are parallel to the direction. So we want

This defines an eigenvalue problem; this will be discussed further in Sec.[[.44l Linear algebra
gives us the eigenvalues and associated eigenvectors.

Tll —A T12 T13
(11,19, 13) Ty Te—XA 1y = (0,0,0). (6.117)
T3 Tz Tz — A

This is equivalent to n’ - (T — AXI) = 07 or (T — AI)T - n = 0. We get non-trivial solutions if

Tll - A T12 T13
T21 T22 - )\ T23 = 0 (6118)
Ty T3s T35 — A

We are actually finding the so-called left eigenvectors of T;;. These arise with less frequency
than the right eigenvectors, which are defined by Tj;u; = Ad;;u;. Right and left eigenvalue
problems are discussed later in Sec. [[.4.4l
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We know from linear algebra that such an equation for a third order matrix gives rise to
a characteristic polynomial for A of the form

N — TN+ 12N — 1) =0, (6.119)

where Ij(}), I:(f), I}?’) are scalars which are functions of all the scalars 7;;. The Ip’s are known
as the invariants of the tensor 7;;. The invariants will not change if the coordinate axes are
rotated; in contrast, the scalar components T;; will change under rotation. The invariants
can be shown to be given by

]1(}) = Ty =Ty + Ty +T33="1rT, (6.120)
1 1
17 = 5 (LT =TT = 5 ((tr T)F = (T T)) = (det T)(tr T°), (6.121)
1
= 5 (T Tig) + Tig Tieg) = T Tn) (6.122)
I = €;uT1To;Tsy, = det T. (6.123)

Here, “tr” denotes the trace. It can also be shown that if A, A®) A®) are the three eigen-
values, then the invariants can also be expressed as

IO = AW 1@ 4O, (6.124)
I = ADAB L A@)G) 1 \@ D) (6.125)
I = ADXN@)G), (6.126)

If T;; is real and symmetric, it can be shown that

e the eigenvalues are real,

e cigenvectors corresponding to distinct eigenvalues are real and orthogonal, and
e the left and right eigenvectors are identical.

A sketch of a volume element rotated to be aligned with a set of orthogonal principal axes
is shown in Figure

If the matrix is asymmetric, the eigenvalues could be complex, and the eigenvectors are
not orthogonal. It is often most physically relevant to decompose a tensor into symmetric and
anti-symmetric parts and find the orthogonal basis vectors and real eigenvalues associated
with the symmetric part and the dual vector associated with the anti-symmetric part.

In continuum mechanics,

e the symmetric part of a tensor can be associated with deformation along principal
axes, and

e the anti-symmetric part of a tensor can be associated with rotation of an element.
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s

X4

Figure 6.3: Sketch depicting rotation of volume element to be aligned with principal axes.
Tensor T;; must be symmetric to guarantee existence of orthogonal principal directions.

[
Example 6.7

Decompose the tensor given here into a combination of orthogonal basis vectors and a dual vector.
1 1 =2
Ty=1 3 2 —=3|. (6.127)
-4 1 1
First
1 1 2 =3
Tupy = 3Ty+Ti)={2 2 -1], (6.128)
-3 -1 1
1 0 -1 1
-1 2 0
First, get the dual vector d;:
1
di = ieijkT[jk]v (6.130)
1 1 1
di = §€ljkT[jk] = 5(6123T[23] + €132T]32) = 5((1)(—2) +(=1)(2) = -2, (6.131)
1 1 1
dy = Sea T = (€23l + e2nTisy) = 5((=1)(1) + ()(=1)) = -1, (6.132)
1 1 1
ds = §€3jkT[jk] = 5(6312T[12] + €321 T(21)) = 5((1)(—1) +(=1)1)) = -1, (6.133)
di = (=2,-1,-1)T. (6.134)

Note that Eq. ([6.112) is satisfied.
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Now find the eigenvalues and eigenvectors for the symmetric part.

1—A 2 -3
2 2—X -1 |[=0. (6.135)
-3 -1 1-2A
We get the characteristic polynomial,

A 4N -9 +9=0. (6.136)

The eigenvalue and associated normalized eigenvector for each root is

A =536488, n'Y = (-0.630537,—0.540358,0.557168)7, (6.137)
A® = 214644, 0P = (-0.740094,0.202303, —0.641353)7, (6.138)
= U. 5 n.: = —VU. , UL , Ul . .

A®) = 0.781562 @) 0.233844,0.816754, 0.527476)” 6.139

It is easily verified that each eigenvector is orthogonal. When the coordinates are transformed to be
aligned with the principal axes, the magnitude of the vector associated with each face is the eigenvalue;
this vector points in the same direction of the unit normal associated with the face.

I
Example 6.8
For a given tensor, which we will take to be symmetric, though the theory applies to non-symmetric
tensors as well,

1
T,=T=(2 3 -1], (6.140)
4 -1 1

find the three basic tensor invariants, I}l), ;2), and 1}3), and show they are truly invariant when the

tensor is subjected to a rotation with direction cosine matrix of

ST R I
v y:o¥

b =Q= ? v 7§ (6.141)
z 0 %

Calculation shows that detQ = 1, and Q - QT = I, so the matrix Q is volume- and orientation-
preserving, and thus a rotation matrix. As an aside, the construction of an orthogonal matrix, such as
our Q is non-trivial. One method of construction involves determining a set of orthogonal vectors via
a process to be described later, see Sec.

The eigenvalues of T, which are the principal values, are easily calculated to be

A1) = 598675, A2 = _3.67956, A3 = 3.39281. (6.142)
The three invariants of T;; are

2 4
3 —1|=1+3+1=5, (6.143)
-1 1

I:(pl) = tr(T)=tr

=N =

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

6.3. ALGEBRA OF VECTORS 193

1
157 = 2 ((tr(T))* — tx(T - T))
1 1 1 2 4 1 2 4
= 3 tr [ 2 2 3 -1 2 3 -1 ,
4 4 -1 1 4 -1 1
1 21 4 6
= 3 52 —tr| 4 14 4 ,
6 4 18
1
= 5(25 —21—14—18),
= —14, (6.144)
1 2 4
1Y = detT=det[2 3 —1]|=-66. (6.145)
4 -1 1
Now when we rotate the tensor T, we get a transformed tensor given by
1 1 1 1 5 1
NG V3 V2 1 2 4 76 3 76
T_—_0T.7. = 2 _ 1 — A 1 1
T-Q” .- T-Q \/; 0 2 03 —1]| L~ |, (6146)
I U 4 -1 1 1 9 _L
V6 V3 V2 V2 V2
4.10238  2.52239 1.60948
= 2.52239 —0.218951 —2.91291 | . (6.147)

1.60948 —2.91291  1.11657

We then seek the tensor invariants of T. Leaving out some of the details, which are the same as those
for calculating the invariants of T, we find the invariants indeed are invariant:

IV = 410238 — 0.218951 + 1.11657 = 5, (6.148)
1

P = 5 (5 = 53) = —14, (6.149)

I = —66. (6.150)

Finally, we verify that the tensor invariants are indeed related to the principal values (the eigenvalues
of the tensor) as follows

IV = AW 4 A® 4 \B) = 528675 — 3.67956 + 3.39281 = 5, (6.151)
1;2) = 2AD)X® L @)\ 3 \® O

= (5.28675)(—3.67956) + (—3.67956)(3.39281) + (3.39281)(5.28675) = —14,  (6.152)
I = ADADNG) = (5.28675)(—3.67956)(3.39281) = —66. (6.153)

6.3 Algebra of vectors

Here we will primarily use bold letters for vectors, such as in u. At times we will use the
notation wu; to represent a vector.
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6.3.1 Definition and properties

Null vector: A vector with zero components.

Multiplication by a scalar a: au = auie; + auses + auzes = auy,

Sum of vectors: u+v = (u; + v1)eg + (ug + vo)es + (uz + v3)es = (u; + v;),
Magnitude, length, or norm of a vector: |Jullz = \/u? + u3 + u} = \J/uu;,

Triangle inequality: |[u+ v||2 < [|ul|2 + ||V]]2-

Here the subscript 2 in || - || indicates we are considering a Euclidean norm. In many
sources in the literature this subscript is omitted, and the norm is understood to be the
Euclidean norm. In a more general sense, we can still retain the property of a norm for a
more general p-norm for a three-dimensional vector:

lall, = (u]? + Jusl’ + |us[?) /P, 1< p< oo (6.154)
For example the 1-norm of a vector is the sum of the absolute values of its components:
[lufly = (Jua] + |ua| + [us|). (6.155)
The oo-norm selects the largest component:

[ulloe = Jim (fur” + fual? + fusl?)"” = maio 3]l (6.156)

6.3.2 Scalar product (dot product, inner product)

The scalar product of u and v is defined for vectors with real components as

U1
<u,v> = uT V= (u1 Uy Ug) . V2 = U1V1 + U9V + U3V3 = U;V;. (6157)
U3

Note that the term wu;v; is a scalar, which explains the nomenclature “scalar product.”
The vectors u and v are said to be orthogonal if u” - v = 0. Also

Uy
<wu>=u’u=(u; uy us)- | ue | =ud+us+ui=uu = (||ull2)? (6.158)
us

We will consider important modifications for vectors with complex components later in
Sec. [[.3.2l In the same section, we will consider the generalized notion of an inner product,
denoted here by <., .>.
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6.3.3 Cross product
The cross product of u and v is defined as
€1 € €3
uxv = Up U2 U3 | = €U V. (6159)
V1 Uy Vs
Note the cross product of two vectors is a vector.
Property: u x au = 0. Let’s use Cartesian index notation to prove this
uXau = €jpUj0uug, (6.160)
= €U, Uk, (6.161)
= a(eillulul + €;12U1 UL + €;13U1U3, (6.162)
+6i21u2u1 -+ €;22U2U2 + €;23U2U3 (6163)
+€,’31U3U1 -+ €;32U3U2 + 6,’33U3U3) (6164)
= 0, fori=1,2,3, (6.165)
since €11 = €22 = €533 = 0 and €12 = —€01, €113 = —€;31, and €93 = —€;32.

6.3.4 Scalar triple product

The scalar triple product of three vectors u, v, and w is defined by

T

[u,v,w| = u' - (vxw),

= € jkU;V;WE.

(6.166)
(6.167)

The scalar triple product is a scalar. Geometrically, it represents the volume of the paral-
lelepiped with edges parallel to the three vectors.

6.3.5 Identities

[u7V7W] = —[U,W,V],
ux (vxw) = (u-w)v—(u’ - v)w,
(uxv)x (wxx) = [uwXx|v—[v,w, x|u,
(uxv)'-(wxx) = (u-w)v' x)— (@ -x)(v' w).
|
Example 6.9
Prove Eq. (6169) using Cartesian index notation.
ux (vxw) = €ijkUj (€ktmVIWm) ,

(6.172)
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= €ijkChlm UiV W, (6.173)
= €hij €klm UV W, (6.174)
= (0itdjm — Oim0j1) UjVI W, (6.175)
= uviw; — uvw;, (6.176)
= ujwjv; — UV, (6.177)
= (ul' - w)v—- @l v)w. (6.178)

6.4 Calculus of vectors

6.4.1 Vector function of single scalar variable

If we have the scalar function ¢(7) and vector functions u(7) and v(7), some useful identities,
based on the product rule, which can be proved include

d du _dg¢ d du; , do

“ _ bl _ ) o= —uy, 6.179
d7(¢u) ¢d7’ * dTu’ dr (gus) ¢ dr dTu ( )
d, roav du” d dv;  du;
- V) = i al — (W) = Uj—— + ——U;, 1
dr (u-v)=u e dr (wivi) Yar T ar” (6.180)
d dv  du d duy, du;
%01 X V) =u X % + E XV, % (eijkujvk) = EiijjE -+ Eijkvkd—;. (6181)

Here 7 is a general scalar parameter, which may or may not have a simple physical interpre-
tation.

6.4.2 Differential geometry of curves

Now let us consider a general discussion of curves in space. If
r(7) = xy(7)e; = z;(7), (6.182)

then r(7) describes a curve in three-dimensional space. If we require that the basis vectors
be constants (this will not be the case in most general coordinate systems, but is for ordinary
Cartesian systems), the derivative of Eq. (6.182)) is

dr(7)
dr

=1'(1) = 2i(7)e; = xi(T). (6.183)
Now 1/(7) is a vector that is tangent to the curve. A unit vector in this direction is

¥
AR TFTE S (6.184)

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

6.4. CALCULUS OF VECTORS 197

where
Hr’(T)H2 =\ xix. (6.185)

In the special case in which 7 is time ¢, we denote the derivative by a dot ( °) notation
rather than a prime (') notation; ¥ is the velocity vector, &; its components, and ||||s the
magnitude. Note that the unit tangent vector t is not the scalar parameter for time, ¢. Also
we will occasionally use the scalar components of t: ¢;, which again are not related to time
t.

Take s(t) to be the distance along the curve. Pythagoras’ theorem tells us for differential
distances that

ds* = do? + doi + dol, (6.186)
ds = \Jda}+da3 + do, (6.187)
ds = ||dzi||s, (6.188)

ds dz;
- — 6.189
dt ‘ dt ||,’ ( )
= [lE(®)]l2, (6.190)

so that .
I & dr dr;

t= =4 - — i == 6.191
[lE]le & ds’ ds ( )

Also integrating Eq. (6.190) with respect to ¢ gives

b b dx; du; b Jdry dr,  drodrs  das drs
— ()| |odt = L dt = — 4 =2 22t 192
° /a [1EC)]]2 /a dt dt /a dd T aa T a 6192

to be the distance along the curve between ¢t = a and ¢ = b.

|
Example 6.10
If

r(t) = 2t%1 + 135, (6.193)
find the unit tangent at ¢ = 1, and the length of the curve from ¢ =0 to t = 1.
The derivative is
F(t) = 4ti + 3t%j. (6.194)

Att=1,
Pt =1) = 4i + 3 (6.195)

so that the unit vector in this direction is

4, 3
t=—i+ oj. 1
Fitz) (6.196)
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Figure 6.4: Sketch for determination of radius of curvature.

The length of the curve fromt =0tot=11is

1

s = /\/16t2+9t4dt, (6.197)
0
1

= 5= (16+9%)"2 [, (6.198)
61

- = (6.199)

In Fig. 6.4) r(t) describes a circle. Two unit tangents, t and t are drawn at times ¢ and
t + At. At time t we have

t = —sinf i+ cosb j. (6.200)
At time t + At we have
t = —sin (0 4+ A0) i+ cos(0+ Ab) j. (6.201)
Expanding Eq. (€200]) in a Taylor series about Af = 0, we get
t = (—sinf — Afcosf + O(AH)?) i+ (cosf — Afsind + O(A0)?) j, (6.202)
so as Af — 0,
t—t = —Afcosfi— Absind j, (6.203)
At = AQ&— cosf i—sind Jl (6.204)

o
unit vector
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It is easily verified that At” -t = 0, so At is normal to t. Furthermore, since — cos #i — sin 6j

is a unit vector,

[|At|], = A6.
Now for Af — 0,
As = pAd.
where p is the radius of curvature. So
As
1A, = —
Thus,
HAS 2
Taking all limits to zero, we get
del| 1
ds|ly, p

(6.205)

(6.206)

(6.207)

(6.208)

(6.209)

The term on the right side of Eq. (6.209) is often defined as the curvature, k:

K= —.
p

(6.210)

Thus, the curvature k is the magnitude of dt/ds; it gives a measure of how the unit tangent

changes as one moves along the curve.

6.4.2.1 Curves on a plane

The plane curve y = f(x) in the z-y plane can be represented as

r(t) = =(t) i+y(t) j,
where z(t) =t and y(t) = f(t). Differentiating, we have
r(t) = x(t) i+ y(t) j.
The unit vector from Eq. (6.184) is
i+ yj
(2 + g2)1/2’

i+
(14 (y)2)v/2’

CC BY-NC-ND.
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where the primes are derivatives with respect to x. Since

ds* = do* + dy?, (6.215)
ds = (do®+dy?)'"?, (6.216)
ds 1 1/2

— = — (da® + dy? 21
dx dm( T dy ) ’ (6.217)
ds

s _n N2y1/2 21
e (L+(y))7", (6.218)

we have, by first expanding dt/ds with the chain rule, then applying the quotient rule to
expand the derivative of Eq. (6.214]) along with the use of Eq. (6218)),

dt &
== 6.219
ds ds ( )
)Y - Gy ()D) T YY 1
= . (6.220)
i 15 () N EATEE
dt7rclx 1/(d;7dx)
y// _y/i ‘I’j
- . 6.221
(LT PR L+ P o220

As the second factor of Eq. (6.22])) is a unit vector, the leading scalar factor must be the
magnitude of dt/ds. We define this unit vector to be n, and note that it is orthogonal to
the unit tangent vector t:

yiti ity
T ¢ = y1 : 6.222
S (7 B 0222
—y' 4+
— 0. (6.224)

Expanding our notion of curvature and radius of curvature, we define dt/ds such that
dt

% = (6.225)

dt 1
— = K=-. 6.226
\E ! (6.226)

Thus,
y//

1 1213/2

p = LW (6.228)

for curves on a plane.
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6.4.2.2 Curves in three-dimensional space

We next expand these notions to three-dimensional space. A set of local, right-handed,
orthogonal coordinates can be defined at a point on a curve r(¢). The unit vectors at this
point are the tangent t, the principal normal n, and the binormal b, where

dr

t = — 22
T (6.229)
1dt
= -= 2
n o (6.230)
— txn. (6.231)

We will first show that t, n, and b form an orthogonal system of unit vectors. We have
already seen that t is a unit vector tangent to the curve. By the product rule for vector
differentiation, we have the identity

dt 1d
th-— = ——(@{" -b). 6.232
ds 2d8(\~:/1“) ( )
Since t7 - t = |[t||3 = 1, we recover
dt
t'. = =0. 2
7 0 (6.233)

Thus, t is orthogonal to dt/ds. Since n is parallel to dt/ds, it is orthogonal to t also. From
Egs. (6.209) and (6.:230), we see that n is a unit vector. Furthermore, b is a unit vector
orthogonal to both t and n because of its definition in terms of a cross product of those

vectors in Eq. (6.231).

Next, we will derive some basic relations involving the unit vectors and the characteristics
of the curve. Take d/ds of Eq. (G.231)):

db d
dt dn
= 7 X n_ +tx T (6.235)
(1/k)dt/ds
dt 1dt dn
alsxl-wlsjL de’ (6.236)
1dt dt dn
/{dsxds—i_ de’ (6.237)
-0
dn
= t X —. 2
X T (6.238)

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

202 CHAPTER 6. VECTORS AND TENSORS

So we see that db/ds is orthogonal to t. In addition, since ||b||s = 1,

db 1d

T__ - - T.
b 7 5 ds<b b), (6.239)
= §E(|Ib||2), (6.240)

1d

= ——(1? 241
571, (6.241)
= 0. (6.242)

So db/ds is orthogonal to b also. Since db/ds is orthogonal to both t and b, it must be
aligned with the only remaining direction, n. So, we can write
db
T
where 7 is the magnitude of db/ds, which we call the torsion of the curve.

From Eq. (6.237)) it is easily deduced that n = b x t,. Differentiating this with respect
to s, we get

T, (6.243)

dn db dt
— = — Xt+bx— 244
ds ds Thx ds’ (6:244)
= ™ xt+b Xkn, (6.245)
= —7b — kt. (6.246)
Summarizing
dt
75 (6.247)
d
d—rsl — —xt— b, (6.248)
db
5 =™ (6.249)
These are the Frenet-Serret relations. In matrix form, we can say that
d t 0 ~ O t
sl =" 0 -7 n (6.250)
*\b 0 7 0 b

Note the coefficient matrix is anti-symmetric.

[
Ezxample 6.11

Find the local coordinates, the curvature, and the torsion for the helix

r(t) = acost i+ asint j+ bt k. (6.251)

2Jean Frédéric Frenet, 1816-1900, French mathematician, and [Joseph Alfred Serret, 1819-1885, French
mathematician.
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Taking the derivative and finding its magnitude we get

dr(t
% = —asinti+acostj+ bk, (6.252)
dr(t
’ —I;l(t ) = Va2sin?t + a® cos? t + b2, (6.253)
2
= Va2 +b2 (6.254)

This gives us the unit tangent vector t:

d S .
¢ dd—’t" :—as1nt1+acostJ+bk (6.255)
IFd }2 Va2 + b
We also have
ds dr\? dy 2 dz\?
() () (Y (5250)
= VaZsin®t + a?cos?t + b2, (6.257)
_ JETR (6.258)
Continuing, we have
dt @
— = £ 6.259)
ds’ (
ds &
_ _acost i+sint ] 1 7 (6.260)
Va2 + b2 Va2 + b2
- ﬁ (—cost i—sint j), (6.261)
a
;V_/ n
= kn. (6.262)
Thus, the unit principal normal is
n = —(cost i+ sint j). (6.263)
The curvature is a
The radius of curvature is ) )
b
p="2 ;L . (6.265)
We also find the unit binormal
b = txn, (6.266)
1 i j k
= ———| —asint acost b |, (6.267)
Va? + b2 —cost —sint 0
_ bsinti—bcost j+a k. (6.268)

VET®
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The torsion is determined from

from which

- a? + b2
————

db

.

ds ’

dt

bcost i+sint j
a® + b2

)

(—cost i—sint j),

(6.269)

(6.270)

(6.271)

(6.272)

Further identities which can be proved relate directly to the time parameterization of r:

where v = ds/dt.

dr  d?
d—;xd—t;u = kb,
Pe\T Pr 5 6
a“ar) as T T
VIS [[F[E = 7 -8)2
[1E]13

6.5 Line and surface integrals

If r is a position vector,

r =€,

then ¢(r) is a scalar field, and u(r) is a vector field.

6.5.1 Line integrals

A line integral is of the form

[:/uT-dr,
c

(6.273)

(6.274)

(6.275)

(6.276)

(6.277)

where u is a vector field, and dr is an element of curve C. If u = u;, and dr = dx;, then we

can write

C
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X
55 -2.5 0
2.5 2.5
Y 5 5
-2.5
-5
T
20
—
_//
Z ’\
10
-—/
N\
0

Figure 6.5: Three-dimensional curve parameterized by z(t) = acost, y(t) = asint, z(t) = bt,
with a =5, b =1, for ¢ € [0, 25].
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Figure 6.6: The vector field u = yzi+xyj+ 22k and the curves a) x = y?* = 2; b) z = y = 2.

[
Example 6.12
Find

I:/uT~dr,
c

u=yzi+axyj+zzk,

if

and C' goes from (0,0,0) to (1,1,1) along

(a) the curve z = y? = 2,
(b) the straight line z = y = z.

The vector field and two paths are sketched in Fig. We have
/ uT-drz/(yz dox + xy dy + xz dz).
c c

(a) Substituting x = y? = 2, and thus do = 2ydy, dr = dz, we get

1
I = / v* 2y dy) + v dy + y*(2y dy),
0

Pyt
- 5 ta T
_
607
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1
/ (2y* +y* + 2y°)dy,
0

1
)
0

(6.279)

(6.280)

(6.281)

(6.282)
(6.283)

(6.284)

(6.285)
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We can achieve the same result in an alternative way that is often more useful for more curves
whose representation is more complicated. Let us parameterize C' by taking z = t, y = t2, z = t. Thus
dx = dt, dy = 2tdt, dz = dt. The end points of C' are at t = 0 and ¢t = 1. So the integral is

1
I = /(tQtdt+tt2(2t) dt +t(t) dt, (6.286)
0
1
= /(t3+2t4+t2) dt, (6.287)
0
o2 )|
- o v 2
1t T3 R (6.288)
59
_ 2 6.289
50 ( )

(b) Substituting * =y = z, and thus dx = dy = dz, we get
1 1
I = / (z%dx + 2?dx + 22dx) = / 3x?dr = 23|} = 1. (6.290)
0 0

Note a different value for I was obtained on path (b) relative to that found on path (a); thus, the
integral here is path-dependent.

In general the value of a line integral depends on the path. If, however, we have the
special case in which we can form u = V¢ in Eq. (€277), where ¢ is a scalar field, then

I = /C (v;) - dr, (6.201)
¢
= ; 8—;L*ZdIZ’ (6.292)
= /d¢, (6.293)
C
= ¢(b) — ¢(a), (6.294)

where a and b are the beginning and end of curve C'. The integral [ is then independent of
path. u is then called a conservative field, and ¢ is its potential.

6.5.2 Surface integrals

A surface integral is of the form

I= / u’ -ndS = /u,n, as (6.295)
s s

where u (or u;) is a vector field, S is an open or closed surface, dS is an element of this
surface, and n (or n;) is a unit vector normal to the surface element.
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6.6 Differential operators

Surface integrals can be used for coordinate-independent definitions of differential operators.
Beginning with some well-known theorems: the divergence theorem for a scalar, the diver-
gence theorem, and a little known theorem, which is possible to demonstrate, we have, where
S is a surface enclosing volume V',

/Vgﬁ av = /n¢ ds, (6.296)
S

/ vT.u — / n? - uds, (6.297)
S

(Vxu)dV = /n x u dS. (6.298)
\%4 S

Now we invoke the mean value theorem, which asserts that somewhere within the limits of
integration, the integrand takes on its mean value, which we denote with an overline, so
that, for example, [, a dV =aV. Thus, we get

o)V — / no ds, (6.299)
S
(VT -u)V = / n’ -uds, (6.300)
S
(Vxu)V = /n x u dS. (6.301)
5
As we let V' — 0, mean values approach local values, so we get
.1
V¢ =grad ¢ = ‘l/lino v /an5 s, (6.302)
1
Viiu=divu = lim — / n’ - uds, (6.303)
v—oV Jg
Vxu=curlu = limi/nxudS, (6.304)
v—oV Jg

where ¢(r) is a scalar field, and u(r) is a vector field. V is the region enclosed within a
closed surface S, and n is the unit normal to an element of the surface dS. Here “grad” is
the gradient operator, “div” is the divergence operator, and “curl” is the curl operator.

Consider the element of volume in Cartesian coordinates shown in Fig. [6.7 The differ-
ential operations in this coordinate system can be deduced from the definitions and written
in terms of the vector operator V:

0 %, %, a1 0
V= a 1 + 828 + 8301'3 % = al’Z (6305)
Oz3
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dx,

o

><V
N

dx, /
e

X, dX2

Figure 6.7: Element of volume.

We also adopt the unconventional, row vector operator

vi=(2 2 2, (6.306)

dz1  Owy Oz

The operator V7 is well-defined for Cartesian coordinate systems, but does not extend to
non-orthogonal systems.

6.6.1 Gradient of a scalar

Let’s evaluate the gradient of a scalar function of a vector

grad (6(z;)). (6.307)

We take the reference value of ¢ to be at the origin O. Consider first the x; variation. At
O, x1 = 0, and our function takes the value of ¢. At the faces a distance z; = + dx1/2 away
from O in the z;-direction, our function takes a value of
0o d
4 00 dny

o (6.308)

Writing V' = dzydzades, Eq. (6302) gives

grad ¢ = liml ¢+%@ e drodrs — qﬁ—%@ ejdrodrs  (6.309)
81’1 2 833‘1 2

+ similar terms from the xy and x3 faces),

_ 09 99 99

= 81’1 e + 81’2 ey + 01'3 €3, (6310)
_ 99 09

= ST (6.311)
= V. (6.312)
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The derivative of ¢ on a particular path is called the directional derivative. If the path
has a unit tangent t , the derivative in this direction is

d¢
T . — .
(Vo) -t tlaxi. (6.313)
If ¢(x,y, z) = constant is a surface, then d¢ = 0 on this surface. Also
do 8—¢d:):,-, (6.314)
825‘2'
= (Vo)" - dr. (6.315)

Since dr is tangent to the surface, V¢ must be normal to it. The tangent plane at r = rq is
defined by the position vector r such that

(V)" - (r —ro) = 0. (6.316)

I
Example 6.13
At the point (1,1,1), find the unit normal to the surface

22 4 az = 2% 92 (6.317)
Define
oz, y,2) =2 +zz — 2> —y* = 0. (6.318)
A normal at (1,1,1) is
Vo = (z—2z)i—-2yj+(32°+2)k, (6.319)
= —1i-2j+4k (6.320)
The unit normal is
Vo
n = , (6.321)
Vel
1
= —(-1i—-2j+4k). 6.322
\/ﬁ( J ) (6.322)
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'

=

Figure 6.8: Plot of surface 2z + zz = 22 + y? and normal vector at (1,1,1).

6.6.2 Divergence
6.6.2.1 Vectors

Equation (6.303) becomes

) 1 Ouy dx Ouy dx
divu = lim — ((ul -+ 8—:(:171) dl’gdl’g — (Ul — 8—1’171) dl’gdl’g (6323)

+ similar terms from the x5 and 3 faces),

8u1 8uz 0U3

- 6.324
81’1 + 81’2 + 81’37 ( )
8ui
= 6.325
01',- ' ( )
Uy
= Viiu=(% & &) mw|. (6.326)
us
6.6.2.2 Tensors
The extension to tensors is straightforward
divlT = V'.T, (6.327)
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ot
_ X 32
o (6.328)

Notice that this yields a vector quantity.

6.6.3 Curl of a vector

The application of Eq. (6:304]) is not obvious here. Consider just one of the faces: the face
whose outer normal is e;. For that face, one needs to evaluate

/n X u dS. (6.329)
S
On this face, one has n = ey, and
0 0 0
u=(u + ﬂalml e+ | us + ﬂalml e+ | us+ ﬂdxl e;. (6.330)
81’1 81’1 825'1
So, on this face the integrand is
€1 €2 €3
nxu = 1 0 0 : (6.331)
(Ul + g—xdﬂlﬁ) <UQ -+ g—gdej) (U3 -+ g—g?dlj)
ou ou
= <UQ + 8—:17?0[931) €3 — (Ug + a—;dl'l) €9. (6332)

Two similar terms appear on the opposite face, whose unit vector points in the —e; direction.
Carrying out the integration then for equation (6.304)), one gets

1 Ougy dx Ousz dx
curlu = ‘1/11_% V ((UQ + 8—;71) egdl’gd.ﬁl]g — (Ug + 8—1’:1371) egdl'gdl'g (6333)
Ougy dx Ousz dx
— (U2 — 8—;71) egdl’gd%’g + (Ug — 8—1‘?71) egdl'gdl'g

+ similar terms from the xy and x3 faces),

€ € €3

= | = 2 2 (6.334)

= | Oz1 Oz Oxs |0
U1l Us Uus
8uk

Cijk >
825']‘

= Vxu (6.336)

(6.335)

The curl of a tensor does not arise often in practice.
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6.6.4 Laplacian
6.6.4.1 Scalar

The Laplacianﬁ is simply div grad, and can be written, when operating on ¢, as

D*¢
1 — T . — 2 —
div grad ¢ = V" - (V¢) = V=9 T (6.337)
6.6.4.2 Vector
Equation (6:340) is used to evaluate the Laplacian of a vector:
Viu=V"'.-Vu=vV(V' - u) -V x (Vxu). (6.338)
6.6.5 Identities
V x (Vg) = 0, (6.339)
Vi (Vxu) = 0 (6.340)
Vi (pu) = oV -u+ (Vo) (6.341)
V X (pu) = qbV xu+ Vo xu, (6.342)
Vii(uxv) = v (Vxu)—u’ - (Vxv), (6.343)
Vx(uxv) = (VT Vu— (ul - V)v+u(Vh - v) —v(V! - u), (6.344)
V' -v) = - V)v+ (v - Viutux (Vxv)+vx(Vxu), (6.345)
V-Viu = V(V' 1) -V x (Vxu). (6.346)
|
Ezxample 6.1
Show that Eq. (6:340])
V-Viu=v(V!' . u) -V x (V xu). (6.347)
is true.
Going from right to left
: L ooy 0 (o,
V(V -u) —V x (V X u) = 8:01 axj €ijk 8Ij (eklm 8:171 ) s (6348)
0 3uj 0 [ Oupn,
= axl ax7 EliEklma ( 8,@[ > (6349)
= DU i — Gy 2t (6.350)

811-8%- 8:cj8xl ’

3Pierre-Simon Laplace, 1749-1827, Normandy-born French mathematician.
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82’U,j 82’U,j 62’(1,1'

= — 6.351
8$i8$j 8$j8171 + 8Ijaxj7 ( )
0 6ui

_ 9 352
Oz; (39@7‘) ’ (6:352)

= V. vu (6.353)

6.6.6 Curvature revisited

If a curve in two-dimensional space is given implicitly by the function

oz, y) =0, (6.354)

it can be shown that the curvature is given by the formula

o (Vo
RV <||v¢||2)’ (6:355)

provided one takes precautions to preserve the sign as will be demonstrated in the following
example. Note that V¢ is a gradient vector which must be normal to any so-called level set
curve for which ¢ is constant; moreover, it points in the direction of most rapid change of ¢.
The corresponding vector V¢/||V¢||; must be a unit normal vector to level sets of ¢.

I
Example 6.15
Show Eq. ([€359) is equivalent to Eq. (6227) if y = f(x).

Let us take
¢(z,y) = f(x) —y =0. (6.356)
Then, with / denoting a derivative with respect to x, we get
_ 09, 09,
Vo = e + a—y_], (6.357)
= fl(x)i-]. (6.358)

We then see that

IVoll2 = v f'(2)* + 1, (6.359)

so that

Vo  flx)i—]
Vol ~ Viifar (6.360)
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Then we see that by applying Eq. ([G.353]), we get

_ o (Vo
eV <||v¢||2>’ (6.361)
v. <7f’(~’”)i‘j ) (6.362)
1+ f/(x)?

B 696( 1+f’(96)2>+5y<m>’ (6.363)

=0

L+ f(2)2f" () — f'(2)f'(2)f" () (1 + f'(2)°)

—1/2

_ T PP , (6.364)
(L f(@)?) [ () = (@) f () f ()

- (1+ f(2)2)*? ’ 10509
= & (6.366)

(L4 f(@)2)*?

Equation (6360) is fully equivalent to the earlier developed Eq. ([G2227)). Note however that if we had
chosen ¢(z,y) =y — f(x) = 0, we would have recovered a formula for curvature with the opposite sign.

Considering now surfaces embedded in a three dimensional space described parametrically
by

o(x,y,2) =0. (6.367)
It can be shown that the so-called mean curvature of the surface ky; is given by Eq. (6.353]):
Vo
ky =V - ( ) (6.368)
IVl

Note that their are many other measures of curvature of surfaces.
Lastly, let us return to consider one-dimensional curves embedded within a high dimen-
sional space. The curves may be considered to be defined as solutions to the differential

equations of the form
d
d—’; = v(x). (6.369)

We can consider v(x) to be a velocity field which is dependent on position x, but independent
of time. A particle with a known initial condition will move through the field, acquiring a
new velocity at each new spatial point it encounters, and thus tracing a non-trivial trajectory.
We now take the velocity gradient tensor to be F, with

F=vv’ (6.370)
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With this, it can then be shown after detailed analysis that the curvature of the trajectory
is given by

VT -F-FT.v)(vT . v) — (vT - FT . v)2
= o (6.371)
In terms of the unit tangent vector, t = v/||v||2, Eq. (6371 reduces to

VT -F-FT . t) — (t7 - FT - t)2

K = (6.372)
[1vIl2
I
Example 6.16
Find the curvature of the curve given by
dx
= - 0)=0 6.373
~ = -y a(0)=0, (6.373)
dy
—= = 0)=2. 6.374
o z,  y(0) (6.374)
We can of course solve this exactly by first dividing one equation by the other to get
dy x
&y _ L —0) = 2. 6.375
e y(z =0) (6.375)
Separating variables, we get
ydy = —xdx, (6.376)
2 2
Y x
= = —+C 6.377
5 5 +C (6.377)
22 02
- = ——+C 6.378
5 5 +C. (6.378)
c = 2 (6.379)
Thus,
2 +y? =4, (6.380)

is the curve of interest. It is a circle whose radius is 2 and thus whose radius of curvature p = 2; thus,
its curvature k = 1/p = 1/2.

Let us reproduce this result using Eq. (6371)). We can think of the two-dimensional velocity vector
as

v = <ZE;”§;> = ( xy) . (6.381)
The velocity gradient is then
. 92 du  Jv 0 1
F=Vv —<%)(u(:c,y) v(x,y))-(% %)-(_1 O)' (6.382)
Oy dy Oy

Now, let us use Eq. (6371)) to directly compute the curvature. The simple nature of our velocity field
induces several simplifications. First, because the velocity gradient tensor here is antisymmetric, we
have

T

VIET oy = (—y :c)<(1) _01><_y>—(—y :c)<:§>—xy—xy—0. (6.383)
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Second, we see that

F-FT_(_Ol (1))((1) _01>_((1) (1’>_1. (6.384)

So for this problem, Eq. (G371]) reduces to

vT-F-FL v)(vT -v) — (v - FT .v)2

&

I =0
K = I — , (6.385)
vI.v)(vT v
_ ((vT.i()?’/? ) (6.386)
VT'V
_ W (6.387)
_ VJ‘F.V, (6.388)
- (6.389)
[[v]|2
1
- = (6.390)
1
- - (6.391)
1
= 5 (6.392)

6.7 Special theorems

6.7.1 Green’s theorem

Let u = u, i +u, j be a vector field, C' a closed curve, and D the region enclosed by C, all
in the z-y plane. Then
ou ou
uT-dr:// (—y— x) dz dy. 6.393
ji p \ Ox oy ( )
[
Example 6.17

Show that Green’s theorem is valid if u =y i+ 22y j, and C consists of the straight lines (0,0) to

(1,0) to (1,1) to (0,0).
%uT-dr:/ uT-dr+/ uT-dr—i—/ ul - dr, (6.394)
C Cl Cz CS
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Figure 6.9: Sketch of vector field u = yi + 2xyj and closed contour integral C'.

where C1, Co, and C5 are the straight lines (0,0) to (1,0), (1,0) to (1,1), and (1,1) to (0,0), respectively.

This is sketched in Figure

For this problem we have

C: y =0, dy =0, z € [0,1], u
Cs : =1, dx =0, y €10,1], u =
Cs - T =1, dr = dy, x € [1,0], y € [1,0], u = zi+22?j.

Thus,

0i+0]j,
yi+2yj,

(6.395)
(6.396)
(6.397)

1 1 0
?{u-dr = /(Oi+0j)-(d:ci)+/(yi+2yj)-(dyj)+/(a:i+2a:2j)-(da:i+d:cj),(6.398)
C 0 0 1

C1 C2

1 0
= /2ydy+/(x+2:v2)dx,

0 1

0

o (1, 2 1 2
= - z —1--_2

‘”‘O‘L(2”C+3I)1 2 3
_ 1
= -5

On the other hand,
Duy Buw) /1 /I
//D ( O y o Jo ( )
1
_ 2 _ x
= /0 (W*=w)ly) da.

= /01(1:2 — ) du,
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x3 x2>
= (o)), (6.405)
( 32/
1 1
1
- = (6.407)

6.7.2 Divergence theorem

Let us consider Eq. (6.300) in more detail. Let S be a closed surface, and V' the region
enclosed within it, then the divergence theorem is

/uT-ndS = /VT-udV, (6.408)
S \%4
8ui
T = - 4
/SumzdS ; Oz)sidv’ (6.409)

where dV an element of volume, dS is an element of the surface, and n (or n;) is the outward
unit normal to it. The divergence theorem is also known as Gauss’s theorem. It extends to

tensors of arbitrary order:
IT;
/ Lk nidS = / a;k V. (6.410)

Note if T}j;... = C, then we get

/nidS — 0. (6.411)
S

The divergence theorem can be thought of as an extension of the familiar one-dimensional
scalar result:

o(b) — b(a) = / © dn (6.412)

Here the end points play the role of the surface integral, and the integral on x plays the role
of the volume integral.

|
Example 6.18

Show that the divergence theorem is valid if
u=zi+yj+ 0k, (6.413)

and S is the closed surface which consists of a circular base and the hemisphere of unit radius with
center at the origin and z > 0, that is,

Py 22 =1 (6.414)
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Figure 6.10: Sketch depicting 2? + y? + 2! = 1, 2 > 0 and vector field u = zi + yj + Ok.

In spherical coordinates, defined by

x = rsinfcos o, (6.415)
= rsinfsin ¢, (6.416)
z = rcosb, (6.417)

the hemispherical surface is described by
r=1. (6.418)

A sketch of the surface of interest along with the vector field is shown in Figure [6.10
We split the surface integral into two parts

/uT-ndS:/uT-ndS—i—/uT-ndS, (6.419)
s B H
where B is the base and H the curved surface of the hemisphere.

The first term on the right is zero since n = —k, and u” -n = 0 on B. In general, the unit normal

pointing in the r direction can be shown to be
e, = 1n = sinf cos ¢i + sin sin ¢j + cos k. (6.420)

This is in fact the unit normal on H. Thus, on H, where r = 1, we have

u’-n = (2i+yj+0k)" - (sindcos @i+ sin 0 sin ¢j + cos Ok), (6.421)
= (rsinfcos i+ rsin@sin ¢j + 0k)” - (sin 6 cos ¢i + sin @ sin ¢j + cos Ok), (6.422)
= 7 sin*fAcos’¢p+ _r sin®@sin? ¢, (6.423)
1 1
= sin? 6 cos?® ¢ + sin? O sin? ¢, (6.424)
= sin?#, (6.425)
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27 /2
/HuT ‘ndS = /O /0 sirj@ (sin 6 df de), (6.426)
27 /2
= / / sin® 0 d do, (6.427)
0 0
2n /2 3 1
= /0 /0 (Z sinf — 1 sin 36’) do do, (6.428)
/2
= 27r/0 (Z sinf — isin?ﬁ) de, (6.429)
3 1
= %W. (6.431)
On the other hand, if we use the divergence theorem, we find that
s 0 0 o
vl ou= %(:c)—l—a—y(y)—i-&(o) =2, (6.432)
so that 5 A
T _ — 9" =
/Vv -udV—2/VdV—237T—37T, (6.433)
since the volume of the hemisphere is (2/3).
6.7.3 Green’s identities
Applying the divergence theorem, Eq. ([€.409), to the vector u = ¢V, we get
/ (V)T -ndS = / v (oY) dV, (6.434)
S 1%
o 0 oY
—n; dS = dv. 6.435
From this, we get Green’s first identity
[owomas = [ (@97 + (Vo) Vo) av (6.436)
S 1%
oY O 9¢ I
. — . A4
Interchanging ¢ and v in Eq. (6:430]), we get
[uve mas = [ Wi+ (vu) - vo) av (6.438)
s v
0 P¢  O0Y 9¢
—n; d av. A4

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

222 CHAPTER 6. VECTORS AND TENSORS

Subtracting Eq. (6438)) from Eq. (6.430), we get Green’s second identity
J@ve—uvornas = [(vie-vvie)av, (6.440)
s v
oy 09 _ 1) ¢

6.7.4 Stokes’ theorem

Consider Stokes!] theorem. Let S be an open surface, and the curve C' its boundary. Then

/(V xu)! -ndS = 7{ u’ - dr, (6.442)
S c
8uk
Rl — dr. 44
/Se,]kaxj n; dS j{Cuz dr;, (6.443)

where n is the unit vector normal to the element dS, and dr an element of curve C.

|
Example 6.19

Evaluate
I= /(v xu)! -nds, (6.444)
S

using Stokes’s theorem, where
u=2%j—(z+1)Kk, (6.445)

and S is the surface z = 4 — 422 — y? for z > 0.

Using Stokes’s theorem, the surface integral can be converted to a line integral along the boundary
C which is the curve 4 — 422 — y? = 0.

_ o - dr .
I j{c dr. (6.446)
— 7{(:53j—(2+1) k) (dz i+dyj), (6.447)
ul dr
C

C can be represented by the parametric equations © = cost, y = 2sint. This is easily seen by direct
substitution on C":

4 —42? —y? =4 —4cos®t — (2sint)? = 4 — 4(cos’ t +sin*t) =4 —4 = 0. (6.449)
Thus, dy = 2 cost dt, so that
2
I = / cos® t (2 cost dt), (6.450)
0 W—/

~————
3 dy

4George Gabriel Stokes, 1819-1903, Irish-born English mathematician.
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Figure 6.11: Sketch depicting z = 4 — 422 — y? and vector field u = 2%j — (2 + 1)k.

27
= 2 / cost dt, (6.451)
0
= 2/27T 1cos4t—|—lcos2t—i—§ dt (6.452)
B 0 \8 2 8 ' ’
1 1 3\ |*"
= 2 (5 sin 4t + 1 sin 2t + §t> L (6.453)
3
= 5 (6.454)

A sketch of the surface of interest along with the vector field is shown in Figure [6.111 The curve C is
on the boundary z = 0.

6.7.5 Leibniz’s rule

If we consider an arbitrary moving volume V() with a corresponding surface area S(t) with
surface volume elements moving at velocity wy, Leibniz’s rule, extended from the earlier
Eq. (C293), gives us a means to calculate the time derivatives of integrated quantities. For
an arbitrary order tensor, it is

d T (2,1
—/ T (z;,t) dV =/ M dV+/ N Wi T (i, 1) dS. (6.455)
dt Jy v Ot s(t)
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Note if T (x;,t) = 1, we get

T ayav = 9 dV+/ nmtom (1) dS, (6.456)
dt Jy ) vy Ot S(t)
d
v / N Wy, dS. (6.457)
dt S(t)

Here the volume changes due to the net surface motion. In one dimension Ty, (z;,t) = f(z,1)
we get

d[r=b® z=b(t) 5 f db da
% 2=a(t) f(l', t) dr = /g;:a(t) E dz + %f(b(t), t) — % (a(t)’ t)‘ (6458)
Problems

1. Find the angle between the planes

3r—y+2z = 2
r—2y =

2. Find the curve of intersection of the cylinders 2 + 42 = 1 and y? 4+ 22 = 1. Determine also the radius
of curvature of this curve at the points (0,1,0) and (1,0,1).

3. Show that for a curve r(t)

o7 dt  d*t 5
P— x —_
ds = ds?
v’ d’r d’r
ds " ds2 X ds8
d?r?”  d2r

dsZz " ds?

where t is the unit tangent, s is the length along the curve, x is the curvature, and 7 is the torsion.

4. Find the equation for the tangent to the curve of intersection of x = 2 and y = 1 + zzsiny?z at the
point (2,1, 7).

5. Find the curvature and torsion of the curve r(t) = 2t + t2j + 2%k at the point (2,1, 2).

6. Apply Stokes’s theorem to the plane vector field u(x,y) = u,i+ u,j and a closed curve enclosing a
plane region. What is the result called? Use this result to find fc u” - dr, where u = —yi+ zj and the
integration is counterclockwise along the sides C' of the trapezoid with corners at (0,0), (2,0), (2,1),
and (1,1).

7. Orthogonal bipolar coordinates (u, v, w) are defined by

«asinh v
r = —
coshv — cosu
asinu
coshv — cosu’
z = w.

For a = 1, plot some of the surfaces of constant z and y in the u — v plane.
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8. Using Cartesian index notation, show that
Vxuxv)=Hw -Viu- @’ - V)v+uV? v)-v(V! u),
where u and v are vector fields.
9. Consider two Cartesian coordinate systems: S with unit vectors (i, j, k), and S with (i, j’, k"), where
i'=1,j =({—k)/v2, k' = (j+k)/v2. The tensor T has the following components in S:
1 0 0
0 -1 0
0 0 2
Find its components in S’.

10. Find the matrix A that operates on any vector of unit length in the z-y plane and turns it through
an angle # around the z-axis without changing its length. Show that A is orthogonal; that is that all
of its columns are mutually orthogonal vectors of unit magnitude.

11. What is the unit vector normal to the plane passing through the points (1,0,0), (0,1,0) and (0,0,2)?

12. Prove the following identities using Cartesian index notation:

(a) (axb)T-c=a’-(bxc),
(b) ax (bxc)=b(a"-c)-c(a"-b),
(©) (axb)T-(cxd)=(axb)xc)' -d.

13. The position of a point is given by r = iacoswt + jbsinwt. Show that the path of the point is an
ellipse. Find its velocity v and show that r x v = constant. Show also that the acceleration of the
point is directed towards the origin and its magnitude is proportional to the distance from the origin.

14. System S is defined by the unit vectors e, e2, and e3. Another Cartesian system S’ is defined by
unit vectors €}, e}, and ej in directions a, b, and ¢ where

a = e,

b = €y — es.
(a) Find €], €5, e}, (b) find the transformation array A,;, (c) show that d;; = Ay; Ay, is satisfied, and
(d) find the components of the vector e; + ez + e3 in S’.

15. Use Green’s theorem to calculate 3% u’ . dr, where u = 22%i + 2zyj, and C is the counterclockwise
path around a rectangle with vertices at (0,0), (2,0), (0,4) and (2,4).

16. Derive an expression for the gradient, divergence, curl, and Laplacian operators in orthogonal para-

boloidal coordinates

xr = wuvcosh,
= wuwsinb,
1
z = —(u* =%
2

Determine the scale factors. Find V¢, VT -u, V x u, and V2¢ in this coordinate system.
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17. Derive an expression for the gradient, divergence, curl and Laplacian operators in orthogonal parabolic
cylindrical coordinates (u,v,w) where
T = uv,
o= g0
2 )
z = w,
where u € [0,00), v € (—00,00), and w € (—00, x0).
18. Consider orthogonal elliptic cylindrical coordinates (u, v, z) which are related to Cartesian coordinates
(z,y,2) by
x = acoshucosv
= asinhusinwv
z = z
where u € [0,00), v € [0,27) and 2z € (—00,0). Determine V£, VT -u, V x u and V2f in this system,
where f is a scalar field and u is a vector field.
19. Determine a unit vector in the plane of the vectors i — j and j + k and perpendicular to the vector
i-j+k
20. Determine a unit vector perpendicular to the plane of the vectors a =i+ 2j — k, b = 2i + j 4 Ok.
21. Find the curvature and the radius of curvature of y = asinx at the peaks and valleys.
22. Determine the unit vector normal to the surface 2 — 22yz + 2% = 0 at the point (1,1,1).
23. Show using indicial notation that
VxV¢y = =0,
VIi.Vxu = 0
Vu? -v) Wl - V)v+ (v - Viu+ux (Vxv)+vx(Vxu),
1
Vil -u) = @l -V)iut+ux(Vxu),
T (uxv) = vI.Vxu—u’-Vxv,
Vx(Vxu) = V(! u) -V,
X (uxv) v Vu— (u” - V)v+u(V' - v) —v(VT u).
24. Show that the Laplacian operator 3 - has the same form in S and S’.
25. If

xlxg 3rs  T1— To

Tij=| w221 za23 23+1 |,
0 4 219 — T3
a) Evaluate T;; at P : (3,1,2),
b) find T(;;) and Tj;; at P,
¢) find the associated dual vector d;,

d) find the principal values and the orientations of each associated normal vector for the symmetric
part of T;; evaluated at P,

e) evaluate the divergence of T;; at P,

f) evaluate the curl of the divergence of T;; at P.
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26. Consider the tensor
2 -1 2
Ti;=(3 1 0],
0 1 4
defined in a Cartesian coordinate system. Consider the vector associated with the plane whose normal
points in the direction (2,5, —1). What is the magnitude of the component of the associated vector
that is aligned with the normal to the plane?
27. Find the invariants of the tensor
T 1 2
LV 2 92/°
28.

Find the tangent to the curve of intersection of the surfaces y?> = z and y = 2y at (z,y,2) = (1,1,1).
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Chapter 7

Linear analysis

see Kaplan, Chapter 1,

see Friedman, Chapter 1, 2,

see Riley, Hobson, and Bence, Chapters 7, 10, 15,
see Lopez, Chapters 15, 31,

see Greenberg, Chapters 17 and 18,

see Wylie and Barrett, Chapter 13,

see Michel and Herget,

see Zeidler,

see Riesz and Nagy,

see Debnath and Mikusinsks.

This chapter will introduce some more formal notions of what is known as linear analysis.
We will generalize our notion of a vector; in addition to traditional vectors which exist within
a space of finite dimension, we will see how what is known as function space can be thought
of a vector space of infinite dimension. This chapter will also introduce some of the more
formal notation of modern mathematics.

7.1 Sets
Consider two sets A and B. We use the following notation
x €A x is an element of A,
x & A, x is not an element of A,
A =DB, A and B have the same elements,
A C B, the elements of A also belong to B,
AUB, set of elements that belong to A or B,
ANB, set of elements that belong to A and B, and
A — B, set of elements that belong to A but not to B.

If A C B, then B — A is the complement of A in B.

229
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Some sets that are commonly used are:

set of all integers,

set of all positive integers,

set of all rational numbers,

set of all real numbers,

T set of all non-negative real numbers, and
set of all complex numbers.

AEEOZN

e An interval is a portion of the real line.

e An open interval (a,b) does not include the end points, so that if x € (a,b), then
a < x < b. In set notation this is {z € R: a <z < b} if z is real.

e A closed interval [a,b] includes the end points. If = € [a,b], then a < 2 < b. In set
notation this is {x € R: a <z < b} if x is real.

e The complement of any open subset of [a, b] is a closed set.

e A set A C R is bounded from above if there exists a real number, called the upper
bound, such that every x € A is less than or equal to that number.

e The least upper bound or supremum is the minimum of all upper bounds.

e In a similar fashion, a set A C R can be bounded from below, in which case it will
have a greatest lower bound or infimum.

e A set which has no elements is the empty set {}, also known as the null set (). Note
the set with 0 as the only element, 0, is not empty.

e A set that is either finite, or for which each element can be associated with a member
of N is said to be countable. Otherwise the set is uncountable.

e An ordered pair is P = (x,y), where z € A, and y € B. Then P € A x B, where the

symbol x represents a Cartesian product. If x € A and y € A also, then we write
P = (z,y) € A%

e A real function of a single variable can be written as f : X — Y or y = f(z) where f
maps ¢ € X C R toy € Y C R. For each z, there is only one y, though there may be
more than one x that maps to a given y. The set X is called the domain of f, y the
image of x, and the range the set of all images.
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f(t)

Figure 7.1: Riemann integration process.
7.2 Differentiation and integration

7.2.1 Fréchet derivative

An example of a Fréchetl] derivative is the Jacobian derivative. It is a generalization of the
ordinary derivative.

7.2.2 Riemann integral
Consider a function f(t) defined in the interval [a, b]. Choose ti,ts, -, ty_1 such that
a=ty <t <ty <---<ty_1 <ty =b. (7.1)
Let &, € [tn_1,tn], and
In = f(&)(tr = to) + [(&)(ta — t1) + -+ + [(En) (En — tn-1)- (7.2)

Also let max,, |t, — t,—1] — 0 as N — oo. Then Iy — I, where
b
[ / £(t) dt. (7.3)

If I exists and is independent of the manner of subdivision, then f(t) is Riemantfl integrable
in [a,b]. The Riemann integration process is sketched in Fig. [[1]

[
Ezxample 7.1

Determine if the function f(¢) is Riemann integrable in [0, 1] where
0, if ¢ is rational,
1) = { 1, if ¢ is irrational. (7.4)

Maurice René Fréchet], 1878-1973, French mathematician.
2Georg Friedrich Bernhard Riemann|, 1826-1866, Hanover-born German mathematician.
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On choosing &, rational, I = 0, but if &, is irrational, then I = 1. So f(t) is not Riemann integrable.

7.2.3 Lebesgue integral

Let us consider sets belonging to the interval [a,b] where a and b are real scalars. The
covering of a set is an open set which contains the given set; the covering will have a certain
length. The outer measure of a set is the length of the smallest covering possible. The inner
measure of the set is (b — a) minus the outer measure of the complement of the set. If the
two measures are the same, then the value is the measure and the set is measurable.

For the set I = (a,b), the measure is m(I) = |b — a|. If there are two disjoint intervals
I = (a,b) and I, = (¢,d). Then the measure of I = I, U lyis m(I) = |b—a| + |c —d|.

Consider again a function f(t) defined in the interval [a, b]. Let the set

€n = {t D Yp—1 < f(t) < yn}a (75)

(e, is the set of all t’s for which f(t) is bounded between two values, y, 1 and y,,). Also let
the sum I be defined as

In = yim(er) +yam(ea) + -+ ynmlen). (7.6)
Let max,, |y, — Yn_1| — 0 as N — oo. Then Iy — I, where

[= / ’ F(2) dt. (7.7)

Here [ is said to be the Lebesgucﬁ integral of f(t). The Lebesgue integration process is
sketched in Fig. [[.2l

|
Example 7.2
To integrate the function in the previous example, we observe first that the set of rational and

irrational numbers in [0,1] has measure zero and 1 respectively. Thus, from Eq. ([G]) the Lebesgue
integral exists, and is equal to 1. Loosely speaking, the reason is that the rationals are not dense in
[0, 1] while the irrationals are dense in [0,1]. That is to say every rational number exists in isolation
from other rational numbers and surrounded by irrationals. Thus, the rationals exist as isolated points
on the real line; these points have measure 0; The irrationals have measure 1 over the same interval;
hence the integral is Iy = yim(e1) + yam(e2) = 1(1) + 0(0) = 1.

3Henri Léon Lebesgue, 1875-1941, French mathematician.

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://en.wikipedia.org/wiki/Henri_Lebesgue
http://creativecommons.org/licenses/by-nc-nd/3.0/

7.3. VECTOR SPACES 233

>

Figure 7.2: Lebesgue integration process.

The Riemann integral is based on the concept of the length of an interval, and the
Lebesgue integral on the measure of a set. When both integrals exist, their values are the
same. If the Riemann integral exists, the Lebesgue integral also exists. The converse is not
necessarily true.

The importance of the distinction is subtle. It can be shown that certain integral oper-
ators which operate on Lebesgue integrable functions are guaranteed to generate a function
which is also Lebesgue integrable. In contrast, certain operators operating on functions which
are at most Riemann integrable can generate functions which are not Riemann integrable.

7.2.4 Cauchy principal value

If the integrand f(x) of a definite integral contains a singularity at x = x, with x, € (a,b),
then the Cauchy principal value is

][ f(2)dz = PV / () = lim < / T f@)de + b+ f(x)dm). (7.8)

7.3 Vector spaces

A field F is typically a set of numbers which contains the sum, difference, product, and
quotient (excluding division by zero) of any two numbers in the ﬁeldH Examples are the sets
of rational numbers Q, real numbers, R, or complex numbers, C. We will usually use only
R or C. Note the integers Z are not a field as the quotient of two integers is not necessarily
an integer.

Consider a set S with two operations defined: addition of two elements (denoted by +)
both belonging to the set, and multiplication of a member of the set by a scalar belonging

4More formally a field is what is known as a commutative ring with some special properties, not discussed
here. What is known as function fields can also be defined.

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

234 CHAPTER 7. LINEAR ANALYSIS

to a field F (indicated by juxtaposition). Let us also require the set to be closed under the
operations of addition and multiplication by a scalar, i.e. if x € S, y € S, and « € F then
x4y €S, and axr € S. Furthermore:

1.Vx,yeS: x+y =y+x. For all elements x and y in S, the addition operator on
such elements is commutative.

2.Vz,y,2€S: (r+y)+2z=x+(y+ 2). For all elements z and y in S, the addition
operator on such elements is associative.

3. 30 €S| Va €S, x40 =x: there exists a 0, which is an element of S, such that for
all x in S when the addition operator is applied to 0 and z, the original element x is

yielded.

4. VzeS, d—zx €S| x+ (—x)=0. For all x in S there exists an element —z, also in
S, such that when added to z, yields the 0 element.

5. 31 € F|VxzeS, lx =x. There exists an element 1 in F such that for all z in S;1
multiplying the element z yields the element z.

6. VabeFVresS, (a+bx=ar+ br. Forall a and b which are in F and for all x
which are in S, the addition operator distributes onto multiplication.

7.YaeFVz,yeSs, a(zx+y)=ax+ ay.
8. VabeFVzxes, albr)= (ab)x.

Such a set is called a linear space or vector space over the field F, and its elements are
called vectors. We will see that our definition is inclusive enough to include elements which
are traditionally thought of as vectors (in the sense of a directed line segment), and some
which are outside of this tradition. Note that typical vector elements x and y are no longer
indicated in bold. However, they are in general not scalars, though in special cases, they can
be.

The element 0 € S is called the null vector. Examples of vector spaces S over the field of
real numbers (i.e. F : R) are:

1. S: R Set of real numbers, = x;, with addition and scalar multiplication defined as
usual; also known as S : R.

2. S:R% Set of ordered pairs of real numbers, z = (21, 25)”, with addition and scalar
multiplication defined as:

r4y= <x1+y1) :(a:1+y1,a:2+y2)T, (7.9)

ax = (‘”1) = (o, azs)T, (7.10)
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where
T = (:)51) = (21, 72)" € R?, Y= (yl) = (y1,92)" € R? acRY(7.11)
T2 Y2
Note R? = R! x R!, where the symbol x represents a Cartesian product.

3. S: RN, Set of N real numbers, x = (z1,---,zy)7, with addition and scalar multipli-
cation defined similar to that just defined in R2.

4. S :R*®. Set of an infinite number of real numbers, x = (z1, x5, - - -)T, with addition and
scalar multiplication defined similar to those defined for RY. Note, one can interpret
functions, e.g. x = 3t +t,t € R! to generate vectors x € R>,

5. S: C. Set of all complex numbers z = z;, with z; = a; + iby; a1, b; € R

6. S: C2% Set of all ordered pairs of complex numbers z = (21, 20)7, with z; = a;+iby, 2o =
as + ibg; ai, as, bl, by € R!.

7. S:C¥. Set of N complex numbers, z = (21, -, zy)".

8. S : C*®. Set of an infinite number of complex numbers, z = (21, 20,---)7. Scalar
complex functions give rise to sets in C*.

9. S: M. Set of all M x N matrices with addition and multiplication by a scalar defined
as usual, and M € N, N € N.

10. S: Cla, b] Set of real-valued continuous functions, x(t) for t € [a,b] € R* with addition
and scalar multiplication defined as usual.

11. S: CNla, b] Set of real-valued functions z(t) for t € [a, b] with continuous N th qerivative
with addition and scalar multiplication defined as usual; N € N.

12. S : Lya,b] Set of real-valued functions z(t) such that x(¢)? is Lebesgue integrable in
t € [a,b] € R a < b, with addition and multiplication by a scalar defined as usual.
Note that the integral must be finite.

13. S : L,[a, b] Set of real-valued functions x(¢) such that |z(¢)|”, p € [1,00), is Lebesgue
integrable in ¢ € [a,b] € R', a < b, with addition and multiplication by a scalar defined
as usual. Note that the integral must be finite.

14. S : Lyla, b] Set of complex-valued functions x(t) such that |z(¢)|?, p € [1,00) € R, is

Lebesgue integrable in ¢t € [a,b] € R, a < b, with addition and multiplication by a
scalar defined as usual.
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15.

16.

S : W(@), Set of real-valued functions u(x) such that u(x)? and 3> (Qu/dx,)* are
Lebesgue integrable in G, where z € G € RN, N € N. This is an example of a Sobolo
space, which is useful in variational calculus and the finite element method. Sobolov
space W3 (G) is to Lebesgue space Ly[a, b] as the real space R! is to the rational space
Q!. That is Sobolov space allows a broader class of functions to be solutions to physical
problems. See Zeidler.

S: PV Set of all polynomials of degree < N with addition and multiplication by a
scalar defined as usual; N € N.

Some examples of sets that are not vector spaces are Z and N over the field R for the same
reason that they do not form a field, namely that they are not closed over the multiplication
operation.

S’ is a subspace of S if ' C S, and §' is itself a vector space. For example R? is a
subspace of R3.

If S; and Sy are subspaces of S, then S; NS, is also a subspace. The set S; + S, of all
r1 + w9 with 21 € S; and x5 € S5 is also a subspace of S.

If S1+S; =8, and S; NSy = {0}, then S is the direct sum of S; and Sy, written as
S=8®S,.

If x1,x9,- -+, xy are elements of a vector space S and «y, as, - -+, ay belong to the field
F, then x = 11 + oo + - - - + ayxry € S is a linear combination.

Vectors x1,xa, -+, xy for which it is possible to have ayx1 + asxs + -+ + ayry = 0
where the scalars a,, are not all zero, are said to be linearly dependent. Otherwise they
are linearly independent.

For M < N, the set of all linear combinations of M vectors {x1,xs, -,z } of a vector
space constitute a subspace of an N-dimensional vector space.

A set of N linearly independent vectors in an N-dimensional vector space is said to
span the space.

If the vector space S contains a set of IV linearly independent vectors, and any set
with (N + 1) elements is linearly dependent, then the space is said to be finite dimen-
sional, and N is the dimension of the space. If N does not exist, the space is infinite
dimensional.

A basis of a finite dimensional space of dimension N is a set of N linearly independent
vectors {uy, us, ..., uy}. All elements of the vector space can be represented as linear
combinations of the basis vectors.

9Sergei Lvovich Sobolev, 1908-1989, St. Petersburg-born Russian physicist and mathematician.
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e A set of vectors in a linear space S is conver iff Vo,y € S and a € [0,1] € R! implies
ar + (1 — a)y € S. For example if we consider S to be a subspace of R?, that is a
region of the x,y plane, S is convex if for any two points in S, all points on the line
segment between them also lie in S. Spaces with lobes are not convex. Functions f
are convex iff the space on which they operate are convex and if f(az + (1 — a)y) <
af(zx)+ (1—a)f(y)Vz,y €S,a €0,1] € R.

7.3.1 Normed spaces

The norm ||x|| of a vector x € S is a real number that satisfies the following properties:

L] = 0,

2. ||z|| = 0 if and only if z = 0,

3. ||az|| = |a| ||z||, « € C!, and

4. |z +y|| < ||z|| + ||y]|, (triangle or Minkowskid inequality).

The norm is a natural generalization of the length of a vector. All properties of a norm can
be cast in terms of ordinary finite dimensional Euclidean vectors, and thus have geometrical
interpretations. The first property says length is greater than or equal to zero. The second
says the only vector with zero length is the zero vector. The third says the length of a scalar
multiple of a vector is equal to the magnitude of the scalar times the length of the original
vector. The Minkowski inequality is easily understood in terms of vector addition. If we add
vectorially two vectors x and y, we will get a third vector whose length is less than or equal
to the sum of the lengths of the original two vectors. We will get equality when = and y
point in the same direction. The interesting generalization is that these properties hold for
the norms of functions as well as ordinary geometric vectors.
Examples of norms are:

1. z € R, ||z|| = |z|. This space is also written as ¢;(R') or in abbreviated form ¢;. The
subscript on ¢ in either case denotes the type of norm; the superscript in the second
form denotes the dimension of the space. Another way to denote this norm is ||z|l;.

2. v € R% 2 = (x1,29)7, the Euclidean norm ||z|| = ||z||s = +/2? + 23 = +VaTz. We
can call this normed space E?, or f5(R?), or /3.

3. x € RN, = (zy, 29, an)T, ||z]| = ||7]]2 = +/22 + 22+ - + 2% = +VaTz. We
can call this norm the Euclidean norm and the normed space Euclidean EY, or £5(RY)
or .

4. v € RNz = (zy,29,- -, 2zn)T, ||2]] = ||z|l1 = |71| + |22| + -+ + |zn]. This is also

01 (RY) or £V,

SHermann Minkowski, 1864-1909, Russian/Lithuanian-born German-based mathematician and physicist.
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b.x € RN, & = (wr,29,--,an)", |zl = [Jzlly = (21" + |@af? + - + [an[?)!/P, where
1 < p < oo. This space is called or £,(RY) or £
6. r € RN 2 = (z1,29, -, 2n)T, ||2]| = ||7]|cc = maxi<,<n |z,|. This space is called
loo (RY) o1 (Y.
.o € CV o = (z,2, -, an), |lzl] = llzlls = +V/|niP+ 22+ + |2n] =
+v 'z, This space is described as £5(C").
8. x € Cla,b], ||z|| = max,<;<p |x(t)]; t € [a,b] € R
9. x € Cla,b], ||z|| = max,<;<p |2(t)| + max,<i<p |2/ (t)]; t € [a,b] € R
10. = € Loa,b], ||z]] = [Jz|la = +1/ [T x(t)? dt; t € [a,b] € R".
b 1/p 1
11. = € Lyfa, 8], ||z]| = []2]], = + (fa 2z (t)[P dt) . tea,b] €R
12. z € Lya,b], ||z]| = ||z|]2 = +\/f; |z(t)|? dt = +\/ffmx(t) dt; t € [a,b] € R
— b 1/p b [(—~ p/2 1/p
13. z € LJa,b], ||z|| = |Jz], = + (fa 2 (t)[? dt) —+(/ (:c(t)x(t)) dt) te
[a,b] € R
4. u € Wi(Q),||u]| = ||ull12 = —I—\/fG (u(x)u(m) +Zf:1(au/axn)(au/axn)> dr; = €

G € RY u € Ly(G), Ou/dx, € LLy(G). This is an example of a Sobolov space which is
useful in variational calculus and the finite element method.

Some additional notes on properties of norms include

A vector space in which a norm is defined is called a normed vector space.

The metric or distance between = and y is defined by d(z,y) = || —y||. This a natural
metric induced by the norm. Thus, ||z|| is the distance between x and the null vector.

The diameter of a set of vectors is the supremum (i.e. least upper bound) of the distance
between any two vectors of the set.

Let S; and S, be subsets of a normed vector space S such that S; C S,. Then S;
is dense in S, if for every (?) € S, and every € > 0, there is a (¥ € S; for which
|2 — 2W|| < e.

A sequence x| 23 ... €S, where S is a normed vector space, is a Cauchgﬂ sequence
if for every ¢ > 0 there exists a number N, such that ||2(™ — 2™|| < ¢ for every m
and n greater than N,.

TAugustin-Louis Cauchyl 1789-1857, French mathematician and physicist.
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The sequence 21,2 ... € S, where S is a normed vector space, converges if there
exists an x € S such that lim, ., ||z — z|| = 0. Then z is the limit point of the
sequence, and we write lim,_. 2™ =z or (™ — z.

Every convergent sequence is a Cauchy sequence, but the converse is not true.

A normed vector space S is complete if every Cauchy sequence in S is convergent, i.e.
if S contains all the limit points.

A complete normed vector space is also called a Banach space.

It can be shown that every finite dimensional normed vector space is complete.

Norms || - ||, and || - ||, in S are equivalent if there exist a,b > 0 such that, for any
x €S,

al|z||m < [Jz]ln < bl |m. (7.12)
In a finite dimensional vector space, any norm is equivalent to any other norm. So,

the convergence of a sequence in such a space does not depend on the choice of norm.

We recall that if z € C!, then we can represent z as z = a + ib where a € R, b € R';
further, the complex conjugate of z is represented as Z = a — ¢b. It can be easily shown for
21 € Cl, 25 € C! that

(21 + 22) = 71 + %2,
(21 — 29) =71 — 72,

Z17; = 71 22, and

(2)=

S

We also recall that the modulus of z, |z| has the following properties:

|z = 27,
= (a+ib)(a —ib),
a® +iab — iab — i*b?,
a4+ v > 0.

[
Example 7.3

Consider z € R3 and take

1
z= (-4) . (7.17)
2

8Stefan Banach, 1892-1945, Polish mathematician.
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Find the norm if x € £3 (absolute value norm), x € £3 (Euclidean norm), if z = ¢3 (another norm), and
if z € £3, (maximum norm).

By the definition of the absolute value norm for x € £3,
2]l = [lz[ls = |z1] + |z2| + |2s], (7.18)

we get
e[ =1+ | —4]+[2/=1+44+2=T7. (7.19)

Now consider the Euclidean norm for = € £3. By the definition of the Euclidean norm,

lzl] = [lzll2 + /27 + 23 + 3, (7.20)

lz|l2 = +v/12 + (=4)2+22 = VI + 16 + 4 = +V/21 ~ 4.583. (7.21)

Since the norm is Euclidean, this is the ordinary length of the vector.

we get

For the norm, = € £3, we have

1/3

|l = llells = + (jea]® + o + |25 ?)°, (7.22)

SO 13
zlls = + (11 + | =4 + 2°)" = (1 + 64 + 8)"/* ~ 4.179 (7.23)

For the maximum norm, x € £3_, we have
l[z|] = ||z|lec = p{lgj (Jz1 P + |zal? + |23 |P)'/P, (7.24)
SO

l2lloo = Tim + (|17 +] = 47 + |27)/7 = 4. (7.25)

This selects the magnitude of the component of z whose magnitude is maximum. Note that as p
increases the norm of the vector decreases.

[
Example 7.4

For z € 5(C?), find the norm of
i\ (041
()= (011) o2
The definition of the space defines the norm is a 2 norm (“Euclidean”):

|| = |lz]l2 = +VZ 2 = +VFrz1 + Taws = Va1 2 + 222, (7.27)

SO

||:v||2—+\/(0+1z 1+OZ)(1+0@')’ (7.28)
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[|z]|2 = +\/(0 + 13)(0 + 14) + (1 + 0d)(1 + 0i) = ++/(0 — 1) (0 + 1) + (1 — 04)(1 + 0i), (7.29)
|z]]a = +v/—i2 +1 = +V2. (7.30)

Note that if we were negligent in the use of the conjugate and defined the norm as ||z|]s = +VzTx,
we would obtain

2|2 = +VaTz = +4/ (i 1)<i>—+\/i2+ — I+ 1=0 (7.31)

This violates the property of the norm that ||z|| > 0 if z # 0!

|
Example 7.5
Consider = € 1L1[0, 1] where z(t) = 2t; t €[0,1] € RL. Find ||z]|.

By the definition of the norm for this space, we have

1
2l = lalls =+ / 2(1) dr, (7.32)
0
1 1 1 ENL
2|2 = /x(t):v(t) dt:/ (26)(20) dt:4/ 2 dt:4<—) , (7.33)
0 0 0 3 0
13 03 4
A e 7.34
i 0= (7.34)
2
lz|l. = $~1.1547. (7.35)

I
Example 7.6 _
Consider x € L3[—2, 3] where z(t) = 1 + 2it;t € [-2,3] € R!. Find ||z]|.

By the definition of the norm we have

3 1/3
llz]| = llz|ls =+ (/2 |1+ 2it]? dt) : (7.36)
N T

lzlls = +(/_2 ((1+2n) (1+2n)) dt) , (7.37)
3 2

2l = / (T+zm) (1+2it))3/ dt, (7.38)
-2

2]} = /3 (1 —2it) (1 + 2it))*? dt, (7.39)
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3 3/2
= [ (e (7.10)
-2
5 S (5t 3 .. 3
llz|l3 = (V1+4t s Esmh (2t) : (7.41)
-2
|
TEE 37? + 3smil6 O 1—36 (154\/ﬁ+ sinh*l(G)) ~ 214.638, 7.42)
l[z|[3 ~ 5.98737. (7.43)
|
Example 7.7
Consider z € Ly[a,b] where z(t) = ¢; t € [a,b] € R, c € C'. Find ||z|.
Let us take the complex constant ¢ = a + i3, a € R!, 3 € R!. Then
] = (% + 52) 2. (7.44)
Now
b 1/p
llzll = llzllp = (/ |(t)[” dt) : (7.45)
b 1/17
llzll, = </ (a® + %)™ dt) , (7.46)
b 1/17
llll, = <(0<2+62)p/2/ dt) : (7.47)
1/p
lefl, = ((0®+8%)"(b-a) " (7.48)
lall, = (a®+8%) " (b —a)/7, (7.49)
lzll, = lel(b—a)'/™. (7.50)

Note the norm is proportional to the magnitude of the complex constant c. For finite p, it also increases
with the extent of the domain b — a. For infinite p, it is independent of the length of the domain, and
simply selects the value |¢|. This is consistent with the norm in L., selecting the maximum value of

the function.

[
Example 7.8

Consider z € L,[0,b] where z(t) = 2t%; ¢ € [0,b] € R'. Find ||z||.
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Now

|||

2]l = (/ o (t |”dt> , (7.51)

/p

</ |2t [P dt) : (7.52)

|E41

b /p

llzllp = </ 2P1%P dt) ; (7.53)
0

1/p

2pt2p+1

llll, = < o1 1 ) ; (7.54)
oprp2p+1

el = (QPH) , (7.55)
2p+1

lzlly = —7 (7.56)

(2p+ 1)
Note as p — oo that (2p + 1)1/p — 1,and 2p+1)/p — 2, so

lim ||z|| = 2b% (7.57)
p— 00

This is the maximum value of z(t) = 2t? in ¢ € [0, b], as expected.

|
Example 7.9
Consider v € W3(G) with u(z) = 2z%; x € [0,3] € RL. Find ||u]|.

Here we require u € L2[0,3] and Ju/0x € L]0, 3], which for our choice of w, is satisfied. The
formula for the norm in Wi[0, 3] is

3
hll = ||u||1,2—+\/ [ (st + 25) (7.58)
3
lolhz = +\/ | (@t + ) ) do. (7.59)
3
[lulli2 = +\//0 (428 + 6425) dx, (7.60)

429 6427\ |’ 69
lullh2 = +\/<% + 7:” ) = 54/ = ~ 169.530. (7.61)
0
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[
Ezxample 7.10

Consider the sequence of vectors {z (1), #(2),...} € @3, where Q3 is the space of rational numbers

over the field of rational numbers, and

zay = (1,3,0)= (zm)1, a2, 1)3) .

1 1
T = <m5370>_ —73,0),

L) =

T4y = (1+27370
3
o

for n > 2. Does this sequence have a limit point in Q3? Is this a Cauchy sequence?

(7.62)

(7.63)
(7.64)
(7.65)

(7.66)

(7.67)

Consider the first term only; the other two are trivial. The series has converged when the n** term

is equal to the (n — 1) term:
1

L(n—-1)1 = Ttz T I(n_l)l'

Rearranging, it is found that
x%’n—l)l + x(nfl)l —1=0.

Solving, one finds that

—1++5

T(n-1)1 = 2
We find from numerical experimentation that it is the “4” root to which x; converges:

. V5 —1
lim z(,_1) = .

n—oo 2

V-1
—F.3,0 .
x(n)_>< 9 y 9y

As n — oo,

(7.68)

(7.69)

(7.70)

(7.71)

(7.72)

Thus, the limit point for this sequence is not in Q3; hence the sequence is not convergent. Had the set

been defined in R?, it would have been convergent.

However, the sequence is a Cauchy sequence. Consider, say € = .01. If we choose, we then find by
numerical experimentation that N. = 4. Choosing, for example m =5 > N, and n = 21 > N, we get

5

L)y = (57370>7
10946

T1) = (mu?)a())u

987
|z — zEnllz = H(m 0, 0) = 0.00696 < 0.01.

2

(7.73)
(7.74)

(7.75)

This could be generalized for arbitrary €, so the sequence can be shown to be a Cauchy sequence.
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[
Ezxample 7.11

Does the infinite sequence of functions

v ={v1(t),v2(t), -, vn(t), -} = {t(t), t(t?), t(t?), - -, t(t™), -}, (7.76)

converge in L]0, 1]? Does the sequence converge in C[0,1]?

First, check if the sequence is a Cauchy sequence:

1
1 2 1

li n(t) —vm ()|, = rtl — gm+1)? gt = \/ — =0. 7.7
i lon (t) = v (8], \//O ( ) m+3 mAnts 2m+3 (7.77)
As this norm approaches zero, it will be possible for any ¢ > 0 to find an integer N, such that
[lon(t) — vm (t)|]2 < €. So, the sequence is a Cauchy sequence. We also have

. [0, te]0,1),
Am vn(t) = { 1, t=1. (7.78)
The function given in Eq. (Z78)), the “limit point” to which the sequence converges, is in 1[0, 1], which
is sufficient condition for convergence of the sequence of functions in L [0, 1]. However the “limit point”
is not a continuous function, so despite the fact that the sequence is a Cauchy sequence and elements
of the sequence are in C[0, 1], the sequence does not converge in C0, 1].

[
Example 7.12

Analyze the sequence of functions
v=Av1,v2,...,Vp,...} = {\/isin(wt), V2sin(2nt), ..., V2sin(nxt), .. } , (7.79)
in L, [0, 1].
This is simply a set of sine functions, which can be shown to form a basis; such a proof will not be

given here. Each element of the set is orthonormal to other elements:

1/2

lon(®)][s = ( /0 1 (\/§sm(mns))2 dt) —1 (7.80)

It is also easy to show that fol Un (t) 0y, (t) dt = 0, so the basis is orthonormal. As n — oo, the norm of
the basis function remains bounded, and is, in fact, unity.
Consider the norm of the difference of the m!* and n'”* functions:

1
2

[|vn () = v (B)]|2 = (/01 (\/isin(mrt) - \/isin(mwt))2 dt) =2 (7.81)

This is valid for all m and n. Since we can find a value of € > 0 which violates the conditions for a
Cauchy sequence, this series of functions is not a Cauchy sequence.
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7.3.2 Inner product spaces

The inner product <z,y> is, in general, a complex scalar (<z,y> € C!) associated with
two elements x and y of a normed vector space satisfying the following rules. For z,y,2 € S
and «, § € C,

1. <z x> >0if x #0,

2. <x,x> =0 if and only if x = 0,

3. <z, ay + B> = a<z,y> + <z, 2>, acCHp3eCl and

4. <x,y> = <y, x>, where <-> indicates the complex conjugate of the inner product.
Inner product spaces are subspaces of linear vector spaces and are sometimes called pre-

Hilberzﬁ spaces. A pre-Hilbert space is not necessarily complete, so it may or may not form
a Banach space.

[
Example 7.13
Show

<ox,y> = a<z,y>. (7.82)

Using the properties of the inner product and the complex conjugate we have

<ax,y> = <y,ar>, (7.83)
- =S, (7.84)
= a<y,r>, (7.85)
= a<xz,y>. (7.86)
Note that in a real vector space we have
<z,ay> = <azx,y> = a<z,y>, and also that, (7.87)
<z, y> = <y,r>, (7.88)

since every scalar is equal to its complex conjugate.

Note that some authors use <ay + Gz, x> = a<y,r> + <z, x> instead of Property 3
that we have chosen.

9David Hilbert, 1862-1943, German mathematician of great influence.
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7.3.2.1 Hilbert space

A Banach space (i.e. a complete normed vector space) on which an inner product is defined
is also called a Hilbert space. While Banach spaces allow for the definition of several types
of norms, Hilbert spaces are more restrictive: we must define the norm such that

|2]| = [|2]l2 = +v/<z,2>. (7.89)

As a counterexample if € R?, and we take ||z|| = ||z||s = (Jz1|* + |22]?)/? (thus z € 2
which is a Banach space), we cannot find a definition of the inner product which satisfies all
its properties. Thus, the space /2 cannot be a Hilbert space! Unless specified otherwise the
unsubscripted norm ||-|| can be taken to represent the Hilbert space norm ||-||2. It is common
for both sub-scripted and unscripted versions of the norm to appear in the literature.

The Cauchy-SchwarE inequality is embodied in the following:

Theorem
For x and y which are elements of a Hilbert space,

2 [lyll2 = [<a, y>]. (7.90)

If y = 0, both sides are zero and the equality holds. Let us take y # 0. Then, we have

|x —ayll5 = <x—ay,z—ay>, where a is any scalar,
= <z, x> — <r,qy> — <ay,r>+ <ay, ay>,
= <z, x> —a<z,y> —a <y,r>+ aa <y, y>,
<y, x>  <r,y>
<y y> <y, y>

on choosing a =

<, y>

= <r, x> — <z,y>
<y, y>
<z, y> <y, r><x,Y>
- <y, x>+ <y, y>, 7.95
Y= o <y, y>? ny (795)
=0
<z, y>[?
= |2l = —=— (7.96)
[yl
|z —ayll3 vl = |3 [Iyll3 — |<z,y>]*. (7.97)
Since ||z —ayl|3 |ly|[3 > 0,
2[5 [lyll5 — |<z,y>* > 0, (7.98)
=13 1lyllz > <z, y>]% (7.99)
lzlla flylle > |<z,y>|,  QED. (7.100)

10K arl Hermann Amandus Schwarz, 1843-1921, Silesia-born German mathematician, deeply influenced by
Weierstrass, on the faculty at Berlin, captain of the local volunteer fire brigade, and assistant to railway
stationmaster.
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Note that this effectively defines the angle between two vectors. Because of the inequality,
we have

lell Il 10
|<z,y>|
< >
A=wy>l g (7.102)
[|]]2 [yl

Defining « to be the angle between the vectors x and y, we recover the familiar result from

vector analysis
< >
cosa = —Y” (7.103)
[|z[l2 Tyll2

This reduces to the ordinary relationship we find in Euclidean geometry when z,y € R3.
The Cauchy-Schwarz inequality is actually a special case of the so-called Holded"] inequality:

. 1 1
l2llpllylly = [<zy>,  with 4 =1. (7.104)

The Holder inequality reduces to the Cauchy-Schwarz inequality when p = ¢ = 2.
Examples of Hilbert spaces include

e Finite dimensional vector spaces

— 2 € R3 y € R with <z, y> = 2Ty = 2191 + 222 + 23y3, where x = (21, 79, 23)7,
and y = (y1,%9,93)". This is the ordinary dot product for three-dimensional

Cartesian vectors. With this definition of the inner product <z,z> = ||z||* =
7% 4 13 + 23, so the space is the Euclidean space, E®. The space is also £5(R3) or
0.

— 1z € RN,y € RN with <a,y> = 27y = 21y1 + 2292 + - -+ + Tyyn, Where z =
(v, 29, -, 2n)T, and y = (y1, Y2, - -, yn)?. This is the ordinary dot product for
N-dimensional Cartesian vectors; the space is the Euclidean space, EV, or fo(RY),
or /5.

—x € CN,y € CN with <z,y> = Tly = T1y1 + Tays + -+ + Tyyn, where z =
(1,29, -, zn)T, and y = (y1,%2, -+, yn)T. This space is also £5(C"). Note that

% <T,T> =TT + Tolg + -+ Tyry = |21 + |22 + ..+ |zn]? = ||z] 3

¥ <X, Y>=T1Y1 +TaYa + ... + TNYN.

« It is easily shown that this definition guarantees ||z|| > 0 and <z,y> =
<y, 7> .

e Lebesgue spaces

— & € Lyfa,b], y € Lya,b], t € [a,b] € R' with <z, y> = [ z(t)y(t) dt.

HOtto Holder, 1859-1937, Stuttgart-born German mathematician.
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1
¢,(1) complex
scalars
A N) n-dimensional

Minkowski complex vectors

space

, Lebesgue integrable
function space

wi
, Sobolov space

Hilbert space
(normed, complete, inner product)

Banach space
(normed, complete)

Figure 7.3: Venn diagram showing relationship between various classes of spaces.

— € Lyla,b], y € Lya,b], t € [a,b] € R" with <z, y> = [ z(t)y(t) dt.
e Sobolov spaces

—u € Wi(GQ),v € WiG),z € G € RY,N € N,u € Ly(GQ),0u/0x, € Ly(G),v €
Lo(G), 0v/0x,, € Ly(G) with

<u,v> :/G (u(z)v(z) + Z 88;1 aa;n> dx. (7.105)

A Venn? diagram of some of the common spaces is shown in Fig. [[.3]

7.3.2.2 Non-commutation of the inner product

By the fourth property of inner products, we see that the inner product operation is not
commutative in general. Specifically when the vectors are complex, <z, y> # <y, x>. When
the vectors x and y are real, the inner product is real, and the inner product commutes,
e.g. Vr € RN,y € RN, <x,y> = <y, x>. At first glance one may wonder why one would
define a non-commutative operation. It is done to preserve the positive definite character
of the norm. If, for example, we had instead defined the inner product to commute for
complex vectors, we might have taken <z,y> = zTy. Then if we had taken = = (i, 1)
and y = (1,1)7, we would have <z,y> = <y,z> = 1 + i. However, we would also have
<z, x> = ||z]|2 = (4,1)(i,1)T = 0! Obviously, this would violate the property of the norm
since we must have ||z||3 > 0 for = # 0.

12John Vennl, 1834-1923, English mathematician.
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Interestingly, one can interpret the Heisenber uncertainty principle to be entirely con-
sistent with our definition of an inner product which does not commute in a complex space.
In quantum mechanics, the superposition of physical states of a system is defined by a
complex-valued vector field. Position is determined by application of a position operator,
and momentum is determined by application of a momentum operator. If one wants to know
both position and momentum, both operators are applied. However, they do not commute,
and application of them in different orders leads to a result which varies by a factor related
to Planck’d"] constant.

Matrix multiplication is another example of an inner product that does not commute,
in general. Such topics are considered in the more general group theory. Operators that
commute are known as Abelia and those that do not are known as non-Abelian.

7.3.2.3 Minkowski space

While non-relativistic quantum mechanics, as well as classical mechanics, works well in com-
plex Hilbert spaces, the situation becomes more difficult when one considers Einstein’s theo-
ries of special and general relativity. In those theories, which are developed to be consistent
with experimental observations of 1) systems moving at velocities near the speed of light,
2) systems involving vast distances and gravitation, or 3) systems involving minute length
scales, the relevant linear vector space is known as Minkowski space. The vectors have four
components, describing the three space-like and one time-like location of an event in space-
time, given for example by = = (g, 21, 72, 23)T, where xy = ct, with ¢ as the speed of light.
Unlike Hilbert or Banach spaces, however, norms and inner products in the sense that we
have defined do not exist! While so-called Minkowski norms and Minkowski inner products
are defined in Minkowski space, they are defined in such a fashion that the inner product of a
space-time vector with itself can be negative! From the theory of special relativity, the inner
product which renders the equations invariant under a Lorent4'd transformation (necessar
so that the speed of light measures the same in all frames and, moreover, not the Galilea
transformation of Newtonian theory) is

<x,T> =128 — 17 — T3 — T3. (7.106)

Obviously, this inner product can take on negative values. The theory goes on to show that
when relativistic effects are important, ordinary concepts of Euclidean geometry become
meaningless, and a variety of non-intuitive results can be obtained. In the Venn diagram,
we see that Minkowski spaces certainly are not Banach, but there are also linear spaces that
are not Minkowski, so it occupies an island in the diagram.

3Werner Karl Heisenberg, 1901-1976, German physicist.

1Max Karl Ernst Ludwig Planck, 1858-1947, German physicist.

15Niels Henrick Abel, 1802-1829, Norwegian mathematician, considered solution of quintic equations by
elliptic functions, proved impossibility of solving quintic equations with radicals, gave first solution of an
integral equation, famously ignored by Gauss.

16Hendrik Antoon Lorentz, 1853-1928, Dutch physicist.

after [Galileo Galilei, 1564-1642, Italian polymath.
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[
Ezxample 7.14

For x and y belonging to a Hilbert space, prove the parallelogram equality:

[z +yl13 + llz — yl13 = 21|=]13 + 2[lyl13. (7.107)

The left side is

<rty,xty>+<r—yr—y> = (<z, >+ <z,y>+ <y, >+ <y,y>), (7.108)
+(<zyx> — <z,y> — <y, x>+ <Y, y>), (7.109)

= 2<x;, x>+ 2<y,y>, (7.110)

2||[[3 + 2/lyll3- (7.111)

[
Example 7.15
For z,y € l2(R?), find <x,y> if

x-(é) y—(_22). (7.112)

The solution is
T 2
<z,y>=z'y=(1 3) (_2) =(1)(2) + (3)(-2) = —4. (7.113)

Note that the inner product yields a real scalar, but in contrast to the norm, it can be negative. Note
also that the Cauchy-Schwarz inequality holds as ||z[|2 ||y|ls = V10v/8 ~ 8.944 > | — 4|. Also the
Minkowski inequality holds as ||z + y|[2 = ||(3, 1)T||2 = +V10 < ||z|]2 + ||y[|2 = V10 + V8.

|
Example 7.16
For z,y € £5(C?), find <x,y> if

v = <gl_gf) y = (1:22i>. (7.114)

The solution is

— 2

<vy>=T'y=(-1-—i 3+2z’)(1_2

) =(=1—14i)(1—2i)+ (3+2i)(—2) = -9 — 3i. (7.115)
Note that the inner product is a complex scalar which has negative components. It is easily shown that
[|z]]2 = 3.870 and ||y||2 = 3 and ||z + y||2 = 2.4495. Also |<z,y>| = 9.4868. The Cauchy-Schwarz
inequality holds as (3.870)(3) = 11.61 > 9.4868. The Minkowski inequality holds as 2.4495 < 3.870+3 =
6.870.
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[
Example 7.17
For z,y € 1[0, 1], find <z, y> if

o(t) =3t+4,  y(t)=—t—1. (7.116)

The solution is

1

1 2
Tt
<z,y> = / (3t +4)(—t —1) dt = (—4t -y t3) —8.5. (7.117)
0

0

Once more the inner product is a negative scalar. It is easily shown that ||z||2 = 5.56776 and ||y||]2 =
1.52753 and ||z + y||o = 4.04145. Also |<z,y>| = 8.5. It is easily seen that the Cauchy-Schwarz
inequality holds as (5.56776)(1.52753) = 8.505 > 8.5. The Minkowski inequality holds as 4.04145 <
5.56776 4 1.52753 = 7.095.

I
Example 7.18
For z,y € 1[0, 1], find <z, y> if

2(t) =it,  y(t) =t+i. (7.118)

We recall that L
<x,y>= / x(t)y(t) dt. (7.119)
0

! 2 it?
<z,y>= / (—it)(t +1i) dt = (— - —>
0 2 3

The inner product is a complex scalar. It is easily shown that ||z||2 = 0.5776 and ||y||2 = 1.1547 and
[|z+yll2 = 1.6330. Also |<z,y>| = 0.601. The Cauchy-Schwarz inequality holds as (0.57735)(1.1547) =
0.6667 > 0.601. The Minkowski inequality holds as 1.63299 < 0.57735 + 1.1547 = 1.7321.

The solution is

- (7.120)

|
Example 7.19
For u,v € W} (QG)), find <u,v> if

u(x) =z +22,  v(r) = —2172, (7.121)

and G is the square region in the x1, 22 plane z; € [0, 1], 22 € [0, 1].
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We recall that

ou Ov ou Ov
<u,v> = /G (u(x)v(x) + 8—11718—{E1 + 8—11728—:E2) dx, (7122)
1,1
4
<u,v> = / / ((x1 + @) (—x122) + (1) (—22) + (1)(—21)) d1 dae = —3= —1.33333. (7.123)
o Jo

The inner product here is negative real scalar. It is easily shown that ||u||12 = 1.77951 and ||v|[12 =
0.881917 and ||u + v||1 2 = 1.13039. Also |<u,v>| = 1.33333. The Cauchy-Schwarz inequality holds
as (1.77951)(0.881917) = 1.56938 > 1.33333. The Minkowski inequality holds as 1.13039 < 1.77951 +
0.881917 = 2.66143.

7.3.2.4 Orthogonality

One of the primary advantages of working in Hilbert spaces is that the inner product allows
one to utilize of the useful concept of orthogonality:

e 1z and y are said to be orthogonal to each other if
<x,y>=0. (7.124)

e In an orthogonal set of vectors {vy, vs,- -} the elements of the set are all orthogonal
to each other, so that <v,,,v,,> =0 if n # m.

o Ifaset {1, o, -} exists such that <@, ¥,,> = dum, then the elements of the set are
orthonormal.

e A basis {vy,vq,--+,vn} of a finite-dimensional space that is also orthogonal is an
orthogonal basis. On dividing each vector by its norm we get
Un

n= S ——, 7.125
14 NETR TS ( )
to give us an orthonormal basis {1, po, -, N}

[
Example 7.20

If elements x and y of an inner product space are orthogonal to each other, prove the Pythagorean

theorem
llzll3 + 119113 = llz +yl[3- (7.126)
The right side is
<zr+y,x+y> = <z, x>+ <z, y>+<y,r>+<y,y>, (7.127)
—— =
=0 =0
= <w,x>+ <y,y>, (7.128)
= |zl +1lyll3,  QED. (7.129)
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[
Example 7.21

Show that an orthogonal set of vectors in an inner product space is linearly independent.

Let {v1,v2, -+, Un,...,vn} be an orthogonal set of vectors. Then consider
ov1 F aovy + ...+ apv, + ... Fayoy = 0. (7.130)
Taking the inner product with v,,, we get
<Up, (@101 + a2 + ...+ Qv + ... Fanoy)> = <vp, 0>, (7.131)
o <Up, V1> +g <Up, 02>+ ...+ Qp <Up,UVp>+ ...+ ay <vp,on> = 0, (7.132)
3 5 v
O <vp,vp,> = 0, (7.133)
since all the other inner products are zero. Thus, o, = 0, indicating that the set {v1, v, -, vn,...,on}

is linearly independent.

7.3.2.5 Gram-Schmidt procedure

In a given inner product space, the Gram-Schmid{d procedure can be used to find an or-
thonormal set using a linearly independent set of vectors.

[
Example 7.22

Find an orthonormal set of vectors {1, @2, ...} in La[—1, 1] using linear combinations of the linearly
independent set of vectors {1,¢,#2,#3,...} where —1 <t < 1.

Choose
vy (t) = 1. (7.134)
Now choose the second vector linearly independent of vy as
va(t) = a + bt. (7.135)
This should be orthogonal to vy, so that
1
/ n()valt) dt = 0, (7.136)
-1
1
/ (1) (a+0bt) dt = 0, (7.137)
1~ ——
=v1 (t) :’Ug(t)
b2\ |!
(at + —) = 0, (7.138)
2 )14
b o 2
a(l—(-1))+ 5(1 —(-1* = o, (7.139)

18Jgrgen Pedersen Gram| 1850-1916, Danish actuary and mathematician, and [Erhard Schmidt), 1876-1959,
German/Estonian-born Berlin mathematician, studied under David Hilbert, founder of modern functional
analysis. The Gram-Schmidt procedure was actually first introduced by Laplace.
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from which
a=0. (7.140)

Taking b = 1 arbitrarily, since orthogonality does not depend on the magnitude of v (t), we have
vy =t. (7.141)
Choose the third vector linearly independent of vy (t) and va(t), i.e.
v3(t) = a+ bt + ct?. (7.142)

For this to be orthogonal to vy (t) and vy (¢), we get the conditions

/ (a+0bt+ct?) dt = 0, (7.143)
1 v _\/—/
=v1(t) =vs(t)
/ (a+bt+ ct2) a = 0. (7.144)
_Ug(t —’Ug(t)
The first of these gives ¢ = —3a. Taking a = 1 arbitrarily, we have ¢ = —3. The second relation gives
b=0. Thus
v =1 — 3t% (7.145)

In this manner we can find as many orthogonal vectors as we want. We can make them orthonormal
by dividing each by its norm, so that we have

1
3
o 2
ps = /3 (=30, (7.148)

Scalar multiples of these functions, with the functions set to unity at ¢ = 1, are the Legendre poly-
nomials: Py(t) = 1, Pi(t) =t, Pa(t) = (1/2)(3t> — 1)... As studied earlier in Chapter Bl some other
common orthonormal sets can be formed on the foundation of several eigenfunctions to Sturm-Liouville
differential equations.

7.3.2.6 Projection of a vector onto a new basis

Here we consider how to project N-dimensional vectors x, first onto general non-orthogonal
bases of dimension M < N, and then specialize for orthogonal bases of dimension M < N.
For ordinary vectors in Euclidean space, N and M will be integers. When M < N, we will
usually lose information in projecting the N-dimensional x onto a lower M-dimensional basis.
When M = N, we will lose no information, and the projection can be better characterized
as a new representation. While much of our discussion is most easily digested when M and
N take on finite values, the analysis will be easily extended to infinite dimension, which is
appropriate for a space of vectors which are functions.
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7.3.2.6.1 Non-orthogonal basis We are given M linearly independent non-orthogonal
basis vectors {uy, ug, - -+, ups} on which to project the N-dimensional z, with M < N. Each
of the M basis vectors, u,,, is taken for convenience to be a vector of length N; we must
realize that both x and u,, could be functions as well, in which case saying they have length
N would be meaningless.

The general task here is to find expressions for the coefficients «,,, m = 1,2,... M, to
best represent x in the linear combination

M
Uy + Qolly + -+ + apupy = Z O Uy, ™ T. (7.149)

m=1

We use the notation for an approximation, ~, because for M < N, x most likely will not
be exactly equal to the linear combination of basis vectors. Since u € CV, we can define U
as the NV x M matrix whose M columns are populated by the M basis vectors of length NV,
Uy, Usg, . .., upr. We can thus rewrite Eq. (C.149) as

U -a~x. (7.150)

If M = N, the approximation would become an equality; thus, we could invert Eq. (ZI50)
and find simply that o = U~ - x. However, if M < N, U~! does not exist, and we cannot
use this approach to find a. We need another strategy.

To get the values of «a, in the most general of cases, we begin by taking inner products

of Eq. (T.I149) with u; to get
<Up, U1 > + <Up, QUe> + ... + <up, dpupy > = <Up, T>. (7151)

Using the properties of an inner product and performing the procedure for all u,,,m =
1,..., M, we get

Q1<up, U1> + Qo<uy, Us> + ... + ay<ui,upy> = <up,T>, (7.152)
Q1<Ug, U1> + Qo<Ug, Us> + ... + apyy<ug, Up> = <Ug,T>, (7.153)
r<uUps, 1> + a<tpr, Ug> + ...+ apyr<upn, Up> = <Upp, T>. (7.154)

Knowing = and uy, us, - -+, up, all the inner products can be determined, and Eqs. (152
[CI54]) can be posed as the linear algebraic system:

<ui,ur> <uyp,us> ... <U,Up> Qaq <ui,r>
<Ug, U1> <Ug,U> ... <Ug,Upr> Q2 <Ug, T>
. . ; T = ; (7.155)
<Upr, 1> <Upg,U2> ... <Upp,Upr> Qo <Upr, T>
~ ~~ 7 ——
T'u @ T’ x
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Equation (T.I5H) can also be written compactly as
LUy Uy > Oy = <Uy, T>. (7.156)

In either case, Cramer’s rule or Gaussian elimination can be used to determine the unknown
coefficients, a,,.

We can understand this in another way by considering an approach using Gibbs notation,
valid when each of the M basis vectors u,, € CV. Note that the Gibbs notation does not
suffice for other classes of basis vectors, e.g. when the vectors are functions, u,, € L. Operate

on Eq. (TI50) with T to get

(ﬁT - U) a=T"-x (7.157)

This is the Gibbs notation equivalent of Eq. (ZI55). We cannot expect U™! to always exist;
however, as long as the M < N basis vectors are linearly independent, we can expect the

. 1
M x M matrix (UT . U) to exist. We can then solve for the coefficients a via

o= (ﬁT-U)_l-ﬁT-x, M < N. (7.158)

In this case, one is projecting x onto a basis of equal or lower dimension than itself, and
we recover the M x 1 vector a.. If one then operates on both sides of Eq. (.I58) with the
N x M operator U, one gets

s -1 __
U~a:U-<UT-U> T x=x,. (7.159)

7

P
Here we have defined the N x N projection matriz P as

=T

P:U-(ﬁT-U>_1-U . (7.160)

We have also defined x, = P - x as the projection of x onto the basis U. These topics will
be considered later in a strictly linear algebraic context in Sec. 89 When there are M = N
linearly independent basis vectors, Eq. ((.I60) can be reduced to show P = I. In this case
U~ exists, and we get

—7r—1 7

P=U.-U'U .U =1 (7.161)
I I

So with M = N linearly independent basis vectors, we have U - a = x, and recover the much
simpler
a=U" x, M = N. (7.162)

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

258 CHAPTER 7. LINEAR ANALYSIS

[
Example 7.23

Project the vector x = ( _63> onto the non-orthogonal basis composed of u; = (i) , Uy = ( _11 ) .

Here we have the length of x as N = 2, and we have M = N = 2 linearly independent basis vectors.
When the basis vectors are combined into a set of column vectors, they form the matrix

U= <f _11) . (7.163)

Because we have a sufficient number of basis vectors to span the space, to get a, we can simply apply

Eq. (TI62) to get

a = U'x (7.164)
_ G _11>1.<_63), (7.165)
- (4
= (i) (7.167)

Thus

x—alul—l—aqu—l(?)—l—Zl(_ll)—(_63). (7.168)

The projection matrix P = I, and x, = x. Thus, the projection is actually a representation, with no
lost information.

[
Example 7.24
Project the vector x = <_63> on the basis composed of 1 = (%)

Here we have a vector x with N = 2 and an M = 1 linearly independent basis vector which, when

cast into columns, forms
U= (f) . (7.169)

This vector does not span the space, so to get the projection, we must use the more general Eq. (C.I58)),
which reduces to

—1

= %ﬁ(f) -%})-@45)%%4%» (7.170)

So the projection is
2 18
Xp—alul—(%)<1)—<§>. (7.171)
5
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Note that the projection is not obtained by simply setting s = 0 from the previous example. This is
because the component of x aligned with us itself has a projection onto u;. Had u; been orthogonal
to ug, one could have obtained the projection onto w; by setting as = 0.

The projection matrix is

—1

P-()en()] en-(1) i
S\ %)

It is easily verified that x, =P - x.

|
Example 7.25
Project the function x(t) = t*, t € [0,1] onto the space spanned by the non-orthogonal basis
functions uy = t, ue = sin(4t).

This is an unusual projection. The M = 2 basis functions are not orthogonal. In fact they bear no
clear relation to each other. The success in finding approximations to the original function which are
accurate depends on how well the chosen basis functions approximate the original function.

The appropriateness of the basis functions notwithstanding, it is not difficult to calculate the
projection. Equation (ZI53) reduces to

(fol ((;in 4t)(t) dt }01 sin? 4t dt > <Ozz) N (fol ((;in 4t)(t3) dt> ‘ (7.173)

Evaluating the integrals gives
0.333333 0.116111Y\ [ar) _ 0.2 (7.174)
0.116111 0.438165 as )\ —0.0220311 / ° '

Inverting and solving gives
a1 [ 0.680311
<a2> o (—0.230558) ' (7.175)

So our projection of x(t) = t* onto the basis functions yields the approximation z,(t):
z(t) = t* ~ x,(t) = arus + agug = 0.680311¢ — 0.230558 sin 4. (7.176)

Figure [[4] shows the original function and its two-term approximation. It seems the approximation is
not bad; however, there is no clear path to improvement by adding more basis functions. So one might
imagine in a very specialized problem that the ability to project onto an unusual basis could be useful.
But in general this is not the approach taken.

[
Example 7.26

Project the function z = e, t € [0,1] onto the space spanned by the functions u,, = t™ 1, m =
1,..., M, for M = 4.
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1.0)f x=13
osl Xp =0.68 t-0.23 sin 4t
06f
044}
0.2
S T v R e a—
Figure 7.4: Projection of z(t) = t* onto a two-term non-orthogonal basis composed of

functions uy = t, uy = sin 4t.

Similar to the previous example, the basis functions are non-orthogonal. Unlike the previous
example, there is a clear way to improve the approximation by increasing M. For M = 4, Eq. (ZI53])
reduces to

1 1 1 1 1
fol(l)(l) dt fol(l)(t) dt fol(l)(t2) 01(1)(t3) a 01(1)(6t) dt
oW fowa [ne)  foe) | e | Foea r177)
fol(t2)(1) dt fol (*)(t) dt fol (£2)(#) 0 (*)(t%) 3 ol(tz)(et) dt
Jo @) @) dt - [y@)@) dt [y (#)(E%) [y #)(E) i o (t)(e") dt
Evaluating the integrals, this becomes
1 211 o —-1+e
O i a; 1
I O DV e (7.178)
BB VRV
Solving for a,, and composing the approximation gives
z,(t) = 0.999060 + 1.01830¢ + 0.421246t* 4 0.278625¢°. (7.179)
We can compare this to x7(t), the four-term Taylor series approximation of e’ about t = 0:
2
rr(t) = 1+t+5+€:et, (7.180)
= 1.00000 + 1.00000¢ — 0.500000¢* + 0.166667t>. (7.181)

Obviously, the Taylor series approximation is very close to the M = 4 projection. The Taylor approxi-
mation, z7(t), gains accuracy as t — 0, while our x,(t) is better suited to the entire domain ¢ € [0, 1].
We can expect as M — oo for the value of each «,, to approach those given by the independent Taylor
series approximation. Figure shows the original function against its M = 1,2, 3, 4-term approxima-
tions, as well as the error. Clearly the approximation improves as M increases; for M = 4, the graphs
of the original function and its approximation are indistinguishable at this scale.

Also we note that the so-called root-mean-square (rms) error, Es, is lower for our approximation
relative to the Taylor series approximation about ¢t = 0. We define rms errors, F5, EX| in terms of a
norm, for both our projection and the Taylor approximation, respectively, and find

E? = ||z, (t) — 2(t)|]2 = \//Ol(arp(t) —et)2dt = 0.000331, (7.182)
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Figure 7.5: The original function z(t) = €', ¢ € [0, 1], its projection onto various polynomial
basis functions x(t) ~ z,(t) = fozl ant™ 1 and the error, x — x,, for M =1,2,3, 4.
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0.0004

0.0000

-0.0004

ET = |jar(t) — x(t)]]2 = \//OI(IT(t) —eh)2dt = 0.016827. (7.183)

Our M = 4 approximation is better, when averaged over the entire domain, than the M = 4 Taylor
series approximation. For larger M, the differences become more dramatic. For example, for M = 10,
we find EY =5.39 x 10713 and EI = 6.58 x 1075,

7.3.2.6.2 Orthogonal basis The process is simpler if the basis vectors are orthogonal.

If orthogonal,
<LUjy Uy > = 0, i #m, (7.184)

and substituting this into Eq. (ZI55), we get

<ui,ur> 0 0 aq <ui,Tr>
0 <Usg,Us> ... 0 Qo <Ug, T>
. . Sl = ; (7.185)
0 0 oo <upg, up> o <Upg, T>
Equation (ZI8H) can be solved directly for the coefficients:
<Upp, T>
Ay = U 22 (7.186)
Uy, Uy >
So, if the basis vectors are orthogonal, we can write Eq. (Z149) as
<uy, x> <Ug, T> <upg, x>
L Uy 2 Uy oo T~ x, (7.187)
<ui,ur> <Ug, Ug> <Upr, Upg>
l U, T> al
mo
— Uy = Uy, ~ T 7.188
m=1 m=1
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If we use an orthonormal basis {¢1, 2, ..., @}, then the projection is even more efficient.
We get the generalization of Eq. (0.222)):

U = <P, T>, (7.189)
which yields
M
> <P > om (7.190)
m=1
In all cases, if M = N, we can replace the “~” by an “=", and the approximation becomes

in fact a representation.

Similar expansions apply to vectors in infinite-dimensional spaces, except that one must
be careful that the orthonormal set is complete. Only then is there any guarantee that any
vector can be represented as linear combinations of this orthonormal set. If {1, ¢, ...} isa
complete orthonormal set of vectors in some domain €2, then any vector x can be represented
as

T = Z P, (7.191)
n=1
where
ap = <p, T>. (7.192)

This is a Fourier series representation, as previously studied in Chapter [l and the values of
a,, are the Fourier coefficients. It is a representation and not just a projection because the
summation runs to infinity.

I
Example 7.27
Expand the top hat function x(t) = H(t — 1/4) — H(t — 3/4) in a Fourier sine series in the domain
te0,1].

Here, the function z(t) is discontinuous at ¢ = 1/4 and ¢t = 3/4. While z(¢) is not a member of
C10,1], it is a member of L3[0, 1]. Here we will see that the Fourier sine series projection, composed of
functions which are continuous in [0, 1], converges to the discontinuous function z(t).

Building on previous work, we know from Eq. (554]) that the functions

©n(t) = V2sin(nmt), n=1,...,00, (7.193)

form an orthonormal set for ¢ € [0,1]. We then find for the Fourier coefficients

1 3/4
1 3
= \/5/ (H (t - —) - H (t - —)) sin(nnt) dt = \/5/ sin(nmt) dt. (7.194)
0 4 4 1/4
Performing the integration for the first nine terms, we find
2 1 1 1 1

n=—1,10,—-,0,—=,0,=,0,—,... ). 7.195

- < 3 5T > (7.195)
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Figure 7.6: Expansion of top hat function z(t) = H(t — 1/4) — H(t — 3/4) in terms of
sinusoidal basis functions for two levels of approximation, N =9, N = 36 along with a plot
of how the error converges as the number of terms increases.

Forming an approximation from these nine terms, we find

H (t - i) —H (t - §> - 27‘/5 (sin(wt) _ sin@3nt) _ sin(6at) | sin(frt) | sin(Ont) ) . (7.196)

4 3 ) 7 9

Generalizing, we get

" (t_ 3) oy (t_ Z) _ 2—\/52(—1)’“—1 (sin((4k —3)mt)  sin((4k — 1)m)> ' (7.197)

4 m 4k —3 4k -1

The discontinuous function z(t), two continuous approximations to it, and a plot revealing how the
error decreases as the number of terms in the approximation increase are shown in Fig. Note that as
more terms are added, the approximation gets better at most points. But there is always a persistently
large error at the discontinuities ¢t = 1/4, t = 3/4. We say this function is convergent in 1[0, 1], but is
not convergent in Lo [0,1]. This simply says that the rms error norm converges, while the maximum
error norm does not. This is an example of the well-known Gibbs phenomenon. Convergence in L0, 1]
is shown in Fig. The achieved convergence rate is ||2,(t) — z(t)||2 ~ 0.474088N ~9-512. This suggests
that

. 1
ey (1) — 2(t)]ls ~ . (7.198)

where N is the number of terms retained in the projection.

The previous example showed one could use continuous functions to approximate a dis-
continuous function. The converse is also true: discontinuous functions can be used to
approximate continuous functions.

I
Example 7.28
Show that the functions ¢1(¢), ¢2(t),. .., pn(t) are orthonormal in Lo (0, 1], where

(7.199)

VN, 2lot<n
_ ) N > N
on(t) { 0, otherwise.

Expand x(t) = t? in terms of these functions, and find the error for a finite N.
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We note that the basis functions are a set of “top hat” functions whose amplitude increases and
width decreases as IV increases. For fixed N, the basis functions are a series of top hats that fills the
domain [0, 1]. The area enclosed by a single basis function is 1/v/N. If n # m, the inner product

1
<Pn, Pm> = / on(t)om(t) dt =0, (7.200)
0

because the integrand is zero everywhere. If n = m, the inner product is

1 n-i n 1
/ on(t)n(t) dt = / " (0)(0) dt + /N VNVN adt +/ (0)(0) dt, (7.201)
0 0 = %
n n-—1
= N|—=-— 7.202
(5-). (7.202)
= 1. (7.203)
So, {®1,¢2,...,oN} is an orthonormal set. We can expand the function f(t) = ? in the form
N
2= anpn. (7.204)
n=1

Taking the inner product of both sides with ¢,,(t), we get

1 1 N
/ om (O dt = / Pm(t) Y ompn(t) dt, (7.205)
0 0 n=1
1 N 1
[ ente i = S an [ pnen) d (7.206)
0 o 0
= (Snm
1 N
/ em(O dt = > apdum, (7.207)
0 n=1
1
/ om(O2 dt = ap, (7.208)
0
1
/ o dt = . (7.209)
0
Thus,
=0+ /N 12/N dt + 0. (7.210)
%
Thus,
1 2

The functions ¢? and the partial sums fx(t) = 27]:,:1 ann(t) for N =5 and N = 10 are shown in
Fig. [[71l Detailed analysis not shown here reveals the Ly error for the partial sums can be calculated
as Ay, where

A% 1) = fn @I, (7.212)

1 N 2
/ <t2 -3 an%(t)) dt, (7.213)
0 n=1
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Figure 7.7: Expansion of z(t) = t* in terms of “top hat” basis functions for two levels of
approximation, N =5, N = 10.

1 1
1 1

which vanishes as N — oo at a rate of convergence proportional to 1/N.

I
Example 7.29
Demonstrate the Fourier sine series for x(t) = 2t converges at a rate proportional to 1/v/ N, where
N is the number of terms used to approximate z(t), in Lz[0, 1].

Consider the sequence of functions

on(t) = {\/5 sin(rt), V2sin(27t), . . ., /2 sin(nrt), .. } . (7.216)
It is easy to show linear independence for these functions. They are orthonormal in the Hilbert space
L»[0,1], e.g.
1
<2, 03> = / (\/ism(zwt)) (\/ism(?m)) dt =0, (7.217)
0
1
<3, 03> = / (\/isin(?,ms)) (\/isin(?m)) dt =1. (7.218)
0

Note that while the basis functions evaluate to 0 at both t = 0 and ¢ = 1, that the function itself
only has value 0 at t = 0. We must tolerate a large error at ¢ = 1, but hope that this error is confined
to an ever collapsing neighborhood around ¢ = 1 as more terms are included in the approximation.

The Fourier coefficients are

1 n+1
2V2(—1)
= <2, o (t)> = / (2t)V/2sin(nrt) dt = 2V (7.219)
0

nm
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[[x(0) - x(1)]], ~ 0.841 N 048"
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Figure 7.8: Behavior of the error norm of the Fourier sine series approximation to z(t) = 2t
on t € [0,1] with the number N of terms included in the series.

The approximation then is

N n+1
OE> % sin(nrt). (7.220)
n=1

The norm of the error is then

1 N 1\n 2
l2(t) — 2p(D)]], = /0 <2t— (Z%m(m))) dt. (7.221)

This is difficult to evaluate analytically. It is straightforward to examine this with symbolic calculational
software.

A plot of the norm of the error as a function of the number of terms in the approximation, N,
is given in the log-log plot of Fig. A weighted least squares curve fit, with a weighting factor
proportional to N? so that priority is given to data as N — oo, shows that the function

|z (t) — zp(t)]|, ~ 0.841 N 0481, (7.222)
approximates the convergence performance well. In the log-log plot the exponent on N is the slope. It
appears from the graph that the slope may be approaching a limit, in which it is likely that

1

~
This indicates convergence of this series. Note that the series converges even though the norm of the
n" basis function does not approach zero as n — oo:

l[z(t) = zp()]ly ~ (7.223)

lim [Jgnll, = 1, (7.224)

since the basis functions are orthonormal. Also note that the behavior of the norm of the final term in
the series,

llanen ()|, = A(%ﬁmmm) dt:%, (7.225)

does not tell us how the series actually converges.
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[
Example 7.50

Show the Fourier sine series for z(t) = t — t? converges at a rate proportional to 1/N°/2 where N
is the number of terms used to approximate x(t), in Ly[0, 1].

Again, consider the sequence of functions
on(t) = {\/5 sin(rt), V2sin(27t), . . ., V2 sin(nrt), .. } . (7.226)

which are as before, linearly independent and moreover, orthonormal. Note that in this case, as opposed

to the previous example, both the basis functions and the function to be approximated vanish identically

at both t = 0 and ¢t = 1. Consequently, there will be no error in the approximation at either end point.
The Fourier coefficients are

_2vV2(1+ (=)

n =

3 (7.227)

Note that a,, = 0 for even values of n. Taking this into account and retaining only the necessary basis
functions, we can write the Fourier sine series as

N
w(t) =t —t) ~ap(t) = Y —— G 1 — sin((2m — )rt). (7.228)

m:l

The norm of the error is then

1 N 2
|z (t) — 2 (8)]], = /0 (t(l 1) — (Z %sin(@m - 1)ms)>> dt. (7.229)
m=1

Again this is difficult to address analytically, but symbolic computation allows computation of the error
norm as a function of N.

A plot of the norm of the error as a function of the number of terms in the approximation, N,
is given in the log-log plot of Fig. A weighted least squares curve fit, with a weighting factor
proportional to N? so that priority is given to data as N — oo, shows that the function

||z(t) — zp(t)[|, ~ 0.00995 N ~492, (7.230)

approximates the convergence performance well. Thus, we might suspect that

. 1
Jim [Ja(t) = 2t ~ 5575 (7.231)

Note that the convergence is much more rapid than in the previous example! This can be critically
important in numerical calculations and demonstrates that a judicious selection of basis functions can
have fruitful consequences.
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Figure 7.9: Behavior of the error norm of the Fourier sine series approximation to x(t) =
t(1 —t) on t € [0, 1] with the number N of terms included in the series.

7.3.2.7 Parseval’s equation, convergence, and completeness

We consider Parseval’d equation and associated issues here. For a basis to be complete, we require
that the norm of the difference of the series representation of all functions and the functions themselves
converge to zero in Lo as the number of terms in the series approaches infinity. For an orthonormal
basis ¢, (t), this is

lim
N—oo

=0. (7.232)

N
x(t) - Z QnPn (1)

2
Now for the orthonormal basis, we can show this reduces to a particularly simple form. Consider for
instance the error for a one-term Fourier expansion

||z — acp||§ = <z —ap,r— ap>, (7.233)
= <z, x> — <p,ap> — <ap, >+ <ap, ap>, (7.234)
= ||2]|3 — a<z, o> —a<p, r> + @a<p, >, (7.235)
= ||z]|3 — <@, TS — a<p, x> + aa<p, >, (7.236)
= ||lz|3 — a@ — @a +@a(1), (7.237)
= ||lz|3 - a@, (7.238)
= lzll3 — lof*. (7.239)

Here we have used the definition of the Fourier coeflicient <¢, x> = «, and orthonormality <y, p> = 1.
This is easily extended to multi-term expansions to give

2 N

=z =D _ lowa*. (7.240)

2 n=1

N
I(t) - Z an‘Pn(t)
n=1

So convergence, and thus completeness of the basis, is equivalent to requiring that

N
le(®)I3 = lim > fonl?, (7.241)
n=1

19Marc-Antoine Parseval des Chénes, 1755-1835, French mathematician.
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for all functions z(t). Note that this requirement is stronger than just requiring that the last Fourier
coeflicient vanish for large N; also note that it does not address the important question of the rate of
convergence, which can be different for different functions x(t), for the same basis.

7.3.3 Reciprocal bases

Let {u1,---,un} be a basis of a finite-dimensional inner product space. Also let {uft,--- ul} be
elements of the same space such that

LUy U > = Sy (7.242)
Then {uft,--- ul} is called the reciprocal (or dual) basis of {uy, -, ux}. Of course an orthonormal
basis is its own reciprocal. Since {u1,---,un} is a basis, we can write any vector x as
N
r= " (7.243)
m=1

Taking the inner product of both sides with uf, we get

N
<ufl x> = <uf, Z Qo U, >, (7.244)
m=1
N
= > <ufl amum>, (7.245)
m=1
N
= > am<ullup>, (7.246)
m=1
N
=Y b, (7.247)
m=1
= an, (7.248)
so that
N
x = Z <ul' 2> u,. (7.249)
—l ——~—

=0Qn

The transformation of the representation of a vector x from a basis to a dual basis is a type of alias
transformation.

|
FEzxample 7.31
3

5 ) . The vectors

A vector v resides in R?. Its representation in Cartesian coordinates is v = & = <

uy = ((2)) and ug = (;}) span the space R? and thus can be used as a basis on which to represent v.

Find the reciprocal basis uft, uf, and use Eq. (Z249) to represent v in terms of both the basis uy,us
and then the reciprocal basis uf, uff.

We adopt the dot product as our inner product. Let’s get a1, as. To do this we first need the
reciprocal basis vectors which are defined by the inner product:

CUp,ul> = G (7.250)
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We take

R _ [ Q11 R a2
uyt = (a21>’ uyt = (a22>' (7.251)

Expanding Eq. ([.250), we get,

<up,uft> =ufug = (Z;) 2)ar1 + (0)az1 = 1, (7.252)
<up, ubt> = ufull = (Z; ) 2)ai2 + (0)age =0, (7.253)
<ug, u{%> = u2 ul = < > CL11 + (3)&21 =0, (7254)
<ug, u§> = u2 u2 = < > Daia + (3)age = 1. (7.255)
Solving, we get
! ! 0 ! (7.256)
a; = = ag = —= a1z = agy = = .
=g, 21 6’ 12 =0, 227 3,

so substituting into Eq. ([25]]), we get expressions for the reciprocal base vectors:

i 0
uf—(_?l>, u§—<l). (7.257)
6 3

We can now get the coefficients «;:

11\ (3\ 3 5 2
o = <“{%’5>_<§"6>'<5>_§_6_§’ (7.258)

1 5 5
P— <u§,§>_<o,§>-<§)_o+§_§. (7.259)

So on the new basis, v can be represented as

2 5
vV=—-1u + - us. 7.260
3 1737 (7.260)
The representation is shown geometrically in Fig. Note that u¥ is orthogonal to uy and that uf
is orthogonal to uy. Further since ||uq||2 > 1, ||uQ||2 > 1 we get |[uff||s < 1 and |[uff||2 < 1 in order to
have <u;, u; B> =6,
In a snmlar manner it is easily shown that v can be represented in terms of the reciprocal basis as

N
v=> Buuf = puf + fouf, (7.261)
where
B = <tun,§>. (7.262)
For this problem, this yields
v = 6ull + 18uf. (7.263)

Thus, we see for the non-orthogonal basis that two natural representations of the same vector exist.
One of these is actually a covariant representation; the other is contravariant.
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5

2/3u,

5/3u,

5

R
6u,

Figure 7.10: Representation of a vector x on a non-orthogonal contravariant basis uy, us

and its reciprocal covariant basis uft, uZ.

Let us show this is consistent with the earlier described notions using “upstairs-downstairs” notation
of Sec. Note that our non-orthogonal coordinate system is a transformation of the form
og .
—x 7.264
57 (7.264)
where £ is the Cartesian representation, and 27 is the contravariant representation in the transformed
system. In Gibbs form, this is

&=

E=J-x (7.265)
Inverting, we also have
x=J1'. ¢ (7.266)
For this problem, we have
¢! 2 1 -
@_J_<O 3>_ u.1 u.2 , (7.267)

so that

(E:;) B ((2) ;) ' (i;> (7.268)

Note that the unit vector in the transformed space

(i;) = ((1)) (7.269)

has representation in Cartesian space of (2,0)7, and the other unit vector in the transformed space

<§) _ ((1)) (7.270)
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has representation in Cartesian space of (1,3)7.
Now the metric tensor is

T 7 (2 0\ (2 1\_ (4 2
wmaeam - (20).(2 1) (4 2), amy

The Cartesian vector £ = (3,5)7, has a contravariant representation in the transformed space of

e (i) Q)

3 2 .
5 (2)-(3) = (7.272)
3 5 3
This is consistent with our earlier finding.

This vector has a covariant representation as well by the formula

;= gija’ = (;L 120) @) = (168>. (7.273)

Once again, this is consistent with our earlier finding.
Note further that
(5 )= () (72m)

The rows of this matrix describe the reciprocal basis vectors, and is also consistent with our earlier
finding. So if we think of the columns of any matrix as forming a basis, the rows of the inverse of that
matrix form the reciprocal basis:

[eINI[E
=y

......... Nwy ouy | =L (7.275)
J-1
J
Lastly note that detJ = 6, so the transformation is orientation-preserving, but not volume-

preserving. A unit volume element in &-space is larger than one in x-space. Moreover the mapping
£ = J - x can be shown to involve both stretching and rotation.

[
Example 7.52

For the previous example problem, consider the tensor A, whose representation in the Cartesian

space is
3 4
A_<1 2). (7.276)

Demonstrate the invariance of the scalar €7 - A - ¢ in the non-Cartesian space.

First, in the Cartesian space we have
¢7 A €= (3 5)-<i1)’ ‘21)-@)_152. (7.277)
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Now A has a different representation, A’, in the transformed coordinate system via the definition
of a tensor, Eq. (III]), which for this linear alias transformation, reduces toé

A=J1A-J (7.278)

v EE

So

J-1 A J
S )
- (3 %), (7.280)
3 3
(7.281)
We also see by inversion that
A = J-A-JL (7.282)
Since & = J - x, our tensor invariant becomes in the transformed space
A = TxT-T-ATH T x), (7.283)
= xI.JT.J.A" - x, (7.284)
———
G
= xI'-G -A-x, (7.285)
—
covariant x
4 2 8 19 2
=G (s n) (1 1)(2) (7.256)
P00 \2 10 3 3 3
g8 1 2
- e (1 1) (8) (7.257)
— 3 3 3
covariant x SN——
A’ contravariant x
= 152. (7.288)

Note that x” - G gives the covariant representation of x.

I
Example 7.33

Given a space spanned by the functions uy = 1, ug = t, uz = t2, for t € [0, 1] find a reciprocal basis

wlt, ull, uft within this space.
We insist that
1
<Up,ult> = / wy, ()ul () dt = 6,1 (7.289)
0

20If J had been a rotation matrix Q, for which Q7 = Q' and detQ = 1, then A’ = Q7 - A - Q from
Eq. (6€80). Here our linear transformation has both stretching and rotation associated with it.
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If we assume that

ul' = a1 + ast + ast?, (7.290)
ufl = by + bot + bst?, (7.291)
ull = ¢ + cot + cst?, (7.292)

and substitute directly into Eq. [Z.289)), it is easy to find that

ult = 936t + 302, (7.293)
uf = —36+ 192t — 1802, (7.294)
ull = 30— 180t + 180¢°. (7.295)

7.4 Operators

For two sets X and Y, an operator (or mapping, or transformation) f is a rule that

associates every x € X with an image y € Y. We can write f : X — Y, X LY or
x +— y. X is the domain of the operator, and Y is the range.

If every element of Y is not necessarily an image, then X is mapped into Y; this map
is called an injection.

If, on the other hand, every element of Y is an image of some element of X, then X is
mapped onto Y and the map is a surjection.

If, Vo € X there is a unique y € Y, and for every y € Y there is a unique x € X, the
operator is one-to-one or invertible; it is a bijection.

f and g are inverses of each other, when X L Yand Y S X

f X — Y is continuous at zy € X if, for every € > 0, there is a 6 > 0, such that
|| f(z) — f(xo)|| < €V x satistying ||z — || < 0.

If for every bounded sequence x, in a Hilbert space the sequence f(x,) contains a
convergent subsequence, then f is said to be compact.

A Venn diagram showing various classes of operators is given in Fig. [[L1Il Examples of
continuous operators are:

1.

2.

(xlux%”'va) =, where Y= f(xlvx%”'ax]\/')-

f + g, where g = df /dt.
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Domain

Injection: Inverse may not exist Range

Figure 7.11: Venn diagram showing classes of operators.

3. f — g, where g(t) = ffK(s,t)f(s) ds. K(s,t) is called the kernel of the integral
transformation. If fab fab |K(s,t)]* ds dt is finite, then f belongs to Ly if g does.

4. (w1, 29, 200)T — (Y1, 92, yn)T, where y = Ax with y, A, and 2 being N x 1,
N x M, and M x 1 matrices, respectively (ynx1 = AnxamZax1), and the usual matrix
multiplication is assumed. Here A is a left operator, and is the most common type of
matrix operator.

5. (z1,x9, -, xN) — (Y1,Y2, ", Ynm), where y = xA with y,z, and A being 1 x M,
1 x N, and N x M matrices, respectively (y1xn = T1xnAnxar), and the usual matrix
multiplication is assumed. Here A is a right operator.

7.4.1 Linear operators

e A linear operator L is one that satisfies

L(zr+vy) = Lxz+ Ly, (7.296)
L(ar) = alLx. (7.297)

e An operator L is bounded if Vo € X3 a constant ¢ such that
||Lz|| < cl|z]. (7.298)

A derivative is an example of an unbounded linear operator.
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A special operator is the identity I, which is defined by Iz = z.

The null space or kernel of an operator L is the set of all  such that Lz = 0. The null
space is a vector space.

e The norm of an operator L can be defined as

L
L] = sup 122l (7.290)
Tl

An operator L is

positive definite if <Lx,z> >0,
positive semi-definite if <Lx,z> >0,
negative definite if <Lz, x> <0,
negative semi-definite if <Lx, x> <0,

YV ax #£0.

e For a matrix A, C™ — CV, the spectral norm ||A||, is defined as

A
1A, = sup 71

ST (7.300)

This can be shown to reduce to

A2 = VEmaz (7.301)

where K. is the largest eigenvalue of the matrix KT - A. Tt will soon be shown in

Sec. [[.4.4] that because A As symmetric, that all of its eigenvalues are guaranteed
real. Moreover, it can be shown that they are also all greater than or equal to zero.
Hence, the definition will satisfy all properties of the norm. This holds only for Hilbert
spaces and not for arbitrary Banach spaces. There are also other valid definitions of
norms for matrix operators. For example, the p-norm of a matrix A is

A
|A[l, = sup l[Aztl, (7.302)
=20 ||zl
7.4.2 Adjoint operators
The operator L* is the adjoint of the operator L, if
<Lx,y> = <x,L*y>. (7.303)

If L* = L, the operator is self-adjoint.
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I
Ezxample 7.34
Find the adjoint of the real matrix A : R? — R?, where
A= < a2 > (7.304)
az1  a22
We assume aq1, a2, as1, a2 are known constants.
Let the adjoint of A be
A* = ( 1 912 ) . (7.305)
(g1 Qa2
Here the starred quantities are to be determined. We also have for x and y:
_ 1
r = ( . ), (7.306)
y = ( o ) . (7.307)
Y2
We take Eq. (C303) and expand:
<Ax,y> = <x,A"y>, (7.308)
T T N .
air a2\ (21 ny _ (™ i1 012 ) (W1 (7.309)
a1 a2 T2 Y2 T2 a3 Gy Y2 ’ '
T T
1171 + a12%2 Y1 _ Z1 aiiy1 + aiy2 (7.310)
G211 + 42222 Y2 T2 a3 y1 +asy2 )’ '
1 atiyi +ajoy2
+ + = ! 1 , 7.311
(@111 + a12x2 a2171 + a2272) (y2> (v1 22) (a21y1 +a22y2) ( )
(a1 + a12w2)yr + (a2121 + azox2)y2 =  wi(aj y1 + ajaye) + x2(a5y1 + asey2). (7.312)
Rearrange and get
(a11 — ajy)ziys + (a21 — afp)z1ye + (a12 — ady)ways + (a22 — agy)w2yz = 0. (7.313)
Since this must hold for any x1, 2, y1, y2, we have
a’{l = aii, (7314)
CLTQ = a2, (7315)
G;l = a2, (7316)
a§2 = ao2. (7317)
Thus,
A = < a1 az, > 7 (7.318)
a2 a2
= AT, (7.319)

Thus, a symmetric matrix is self-adjoint. This result is easily extended to complex matrices A : CV —

cm. o
A*=A".

(7.320)
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I
Example 7.35
Find the adjoint of the differential operator L : X — X, where

2 d
L=—5+— (7.321)

and X is the subspace of L2[0, 1] with z(0) = z(1) =0 if z € X.

Using integration by parts on the inner product

<Lz,y> = /O(x”(s)—i—:v'(s)) y(s) ds, (7.322)
1 1
= /x"(s)y(s) ds—i—/ 2'(s)y(s) ds, (7.323)
0 0
- (w’<1>y<1>—w’<o>y<o>— IR ds)+ S(1(1) = 20000 - [ 2l () as |
=0 =0
(7.324)
= L ()y(1) — 2 (0)y(0) - / 2 (s)y/(s) ds - / 2(s)y/(s) ds, (7.325)
1 1
= (1) = 2 0)(0) = | 2y (V) = 205’ O) ~ [ sl (s)ds | = [ a(o/ ()i,
:6’ :6’ 0 0
(7.326)
= W) = OO0+ [ ey (s) ds = [ as)y'(s) s (7.327)
1
= S (Wy(1) - O)(0) + / 2(s) (4" (s) — ' (s)) ds. (7.328)

This maintains the form of an inner product in Ly[0, 1] if we require y(0) = y(1) = 0; doing this, we get

1
<Lz,y> = /0 z(s) (v (s) —y'(s)) ds = <x,L*y>. (7.329)

We see by inspection that the adjoint operator is

.2 d

Because the adjoint operator is not equal to the operator itself, the operator is not self-adjoint.

[
Example 7.56
Find the adjoint of the differential operator L : X — X, where L = d?/ds?, and X is the subspace
of Ls[0, 1] with 2(0) = z(1) = 0 if z € X.
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Using integration by parts on the inner product

<Lz,y> = /0 2" (s)y(s) ds, (7.331)
— 2 )y(1) — 2 (0)y(0) — /0 2(s)y (s) ds, (7.332)
= 2'(1)y(1) — 2 (0)y(0) — (I(l)y/(l) —(0)y'(0) —/ z(s)y" (s) ds) , o (7.333)
i g °
1
= W) = OO + [ sy (s) ds (7.334)

If we require y(0) = y(1) = 0, then
1
<Lzx,y> = / x(s)y" (s) dt = <x,L*y>. (7.335)
0

In this case, we see that L = L*, so the operator is self-adjoint.

I
Example 7.37
Find the adjoint of the integral operator L : La[a, b] — La[a, b], where

Lz = /b K(s,t)z(s) ds. (7.336)
The inner product

<Lz,y> = /b </bK(s,t)x(s) ds) y(t) dt, (7.337)
= /b /bK(s,t)x(s)y(t) ds dt, (7.338)

)
= / / x(s)K (s, t)y(t) dt ds, (7.339)

b b

_ / 2(s) < / K(s,)y(t) dt ) ds, (7.340)
= <z,L*y, > (7.341)

where .
L*y :/ K(s,t)y(t) dt, (7.342)

or equivalently \
L*y :/ K(t,s)y(s) ds. (7.343)
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Note in the definition of Lz, the second argument of K is a free variable, while in the consequent
definition of L*y, the first argument of K is a free argument. So in general, the operator and its adjoint

are different. Note however, that

it K(s,t)=K(t,s),

That is, a symmetric kernel yields a self-adjoint operator.

Properties:
1L = L],
(L1 +Ly)* = Lj+L3,
(aL)* = aL”,
(LnL)* = LiLj,
(L) = L
(L™H* = (L), if L7 exists.

7.4.3 Inverse operators

Let

Lz =uy.

If an inverse of L exists, which we will call L™!, then

r=L"1y.

Using Eq. (352) to eliminate x in favor of y in Eq. (Z351), we get

so that

LL 'y =y,
—
LL'=1.

A property of the inverse operator is

Let’s show this. Say

Then

(L Ly)™' = L,'L;!

a

Yy = LaLbSL’.

L'y = Ly,
L,'L)'y = =
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Consequently, we see that
(L,Ly) ' =L 'L; . (7.359)

I
Example 7.58
Let L be the operator defined by

2
Lz = <% + k2) z(t) = f(t), (7.360)

where z belongs to the subspace of Lo[0, 7] with 2(0) = a and z(7) = b. Show that the inverse operator
L~ is given by

#(t) = L7 0) = 022 (. 1) — a2 (0,1) + /Oﬁg(f, Hf(r) dr, (7.361)

where g(7,t) is the Green’s function.

From the definition of L and L™ in Eqs. (Z360[7.361), we get

_ dg
1 — h—=
L7 (Lz) = b or or dr2

=f(r)

9g " d*ax(7) 2
(m,t) —a==(0,%) —i—/o g(7,t) ( +k x(7)> dr. (7.362)

Using integration by parts and the property that g(0,t¢) = g(m,t) = 0, the integral on the right side of
Eq. (7362 can be simplified as

" d®x(7) 2 _ 99 g
/O g(T,if)( 2D x(T)) dr = —a(m) 22 (m ) +2(0) 220,1)
=b =a
=f(7)
T 629 9
+/0 x(T) (W +k g) dr. (7.363)

— ——

=6(t—7)

Since z(0) = a, (7)) = b, and
— +kPg=6(t—1), (7.364)
-

we have

L Y(Lz) = / ! z(7)8(t — 1) dr, (7.365)
0
= x(t). (7.366)

Thus, L~'L = I, proving the proposition.
Note, it is easily shown for this problem that the Green’s function is

_ sin(k(r — 7)) sin(k?)

g(7,t) Fesin () t<, (7.367)
—Sin(lez Ssllz((:g “0) oy (7.368)
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so that we can write x(¢) explicitly in terms of the forcing function f(¢) including the inhomogeneous
boundary conditions as follows:
bsin(kt) asin(k( —t))

z(t) = Sm(lm) + 3 (7.369)

Sln
sm (mr—1)) sin(kt) ™ .
" ksin(kr) / f(r)sin(kr) dr — Josin (ke )/t f(r)sin(k(r — 7)) dr. (7.370)

For linear algebraic systems, the reciprocal or dual basis can be easily formulated in
terms of operator notation and is closely related to the inverse operator. If we define U to
be a N x N matrix which has the N basis vectors u,, each of length N, which span the
N-dimensional space, we seek U%, the N x N matrix which has as its columns the vectors
ull which form the reciprocal or dual basis. The reciprocal basis is found by enforcing the
equivalent of <u,, uﬁ> = Opm.:

U -Uf=1 (7.371)
Solving for U%,
—_- - _
U Ur = 1 (7.372)
Ul Tt = 1, (7.373)
. T
(UT-UR) - 17, (7.374)
rT
U U =1 (7.375)
w=RT -1 -1
U’ U.U! = 1.UY, (7.376)
—RT _ -1
- U, (7.377)
Ut = T, (7.378)

we see that the set of reciprocal basis vectors is given by the conjugate transpose of the inverse
of the original matrix of basis vectors. Then the expression for the amplitudes modulating
the basis vectors, a,, = <uf, >, is

a=TUFE .x. (7.379)

Substituting for U in terms of its definition, we can also say

T
a=U"T1 .x=U"l-x (7.380)

Then the expansion for the vector z = SN aju, = SN <uf x>u, is written in the
alternate notation as
x=U.a=U-U'.x=x. (7.381)
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I
Example 7.59
Consider the problem of a previous example with x = (g) and with basis vectors uy = ((2)) and

1 . . . . .
Uy = (3 ) , find the reciprocal basis vectors and an expansion of x in terms of the basis vectors.

Using the alternate vector and matrix notation, we define the matrix of basis vectors as

U= ((2) ;)) (7.382)

Since this matrix is real, the complex conjugation process is not important, but it will be retained for
completeness. Using standard techniques, we find that the inverse is

11
U= ((2) lﬁ) : (7.383)
3

Thus, the matrix with the reciprocal basis vectors in its columns is

(SIS

UR=T 1 = ( ?) . (7.384)

3

=

This agrees with the earlier analysis. For x = (3,5)7, we find the coefficients & to be

a:WT-x=<% ?)(‘;’):(@ (7.385)

We see that we do indeed recover x upon taking the product

con G000 o

7.4.4 Eigenvalues and eigenvectors

Let us consider here in a more formal fashion topics that have been previously introduced
in Secs. B and 6251 If L is a linear operator, its eigenvalue problem consists of finding a
nontrivial solution of the equation

Le = Je, (7.387)
where e is called an eigenvector, and \ an eigenvalue.

Theorem
The eigenvalues of an operator and its adjoint are complex conjugates of each other.

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

284 CHAPTER 7. LINEAR ANALYSIS

Proof: Let A and \* be the eigenvalues of L and L*, respectively, and let e and e* be the
corresponding eigenvectors. Consider then,

<Le,e*> = <e,L¥e">, (7.388)
<Xe,ef> = <e, Ne">, (7.389)
A<e, > = N<e, >, (7.390)
A= A\ (7.391)
This holds for <e, e*> # 0, which will hold in general.
Theorem
The eigenvalues of a self-adjoint operator are real.
Proof:
Since the operator is self-adjoint, we have
<Le,e> = <e,Le>, (7.392)
<de,e> = <e, le>, (7.393)
A<e,e> = A<e,e>, (7.394)
A= )\ (7.395)
AR —iA; = Ag+iAp A, A € R?, (7.396)
AR = Mg, (7.397)
-1 = Ap, (7.398)
A = 0. (7.399)

Here we note that for non-trivial eigenvectors <e,e> > 0, so the division can be performed.
The only way a complex number can equal its conjugate is if its imaginary part is zero;
consequently, the eigenvalue must be strictly real.

Theorem
The eigenvectors of a self-adjoint operator corresponding to distinct eigenvalues are or-
thogonal.

Proof: Let \; and \; be two distinct, \; # \;, real, A\, \; € R!, eigenvalues of the self-adjoint
operator L, and let e; and e; be the corresponding eigenvectors. Then,

<Le;,e;> = <e;, Lej>, (7.400)

<N e;> = <ejAjej>, (7.401)
Ai<eie;> = \j<e;,e;>, (7.402)
<ee;>(N—X) = 0, (7.403)
<e;e;> = 0, (7.404)

since \; # A;j.
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Theorem

The eigenvectors of any self-adjoint operator on vectors of a finite-dimensional vector
space constitute a basis for the space.

As discussed by Friedman, the following conditions are sufficient for the eigenvectors in
an infinite-dimensional Hilbert space to be form a complete basis:

e the operator must be self-adjoint,
e the operator is defined on a finite domain, and

e the operator has no singularities in its domain.

If the operator is not self-adjoint, Friedman (p. 204) discusses how the eigenfunctions of
the adjoint operator can be used to obtain the coefficients a4 on the eigenfunctions of the
operator.

[
Example 7.40

For x € R?2, A : R? — R?, Find the eigenvalues and eigenvectors of

2 1
A-( 1 9 ) (7.405)
The eigenvalue problem is
Az = Az, (7.406)
which can be written as
Azr = )z, (7.407)
(A—-XD)z = 0, (7.408)
where the identity matrix is
1 0
I-( 01 ) (7.409)

If we write

z = ( 1 ) , (7.410)

then

8 > . (7.411)

By Cramer’s rule we could say

0 1
det<o 2—)\> - 0

2-\ 1 N 2-x 1 Y\’
det( 1 2_/\) det( 1 2_)\>
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det (2 1 ! 8) 0
Ty = = . (7.413)
det<2_/\ 1 > det<2_/\ 1 )
1 2—A 1 2—A
An obvious, but uninteresting solution is the trivial solution z; = 0, x5 = 0. Nontrivial solutions of x;
and x2 can be obtained only if

o= (7.414)

2 -\ 1‘

which gives the characteristic equation
(2—-N2—-1=0. (7.415)

Solutions are Ay = 1 and Ao = 3. The eigenvector corresponding to each eigenvalue is found in the
following manner. The eigenvalue is substituted in Eq. (411]). A dependent set of equations in z; and
2o is obtained. The eigenvector solution is thus not unique.

For A =1, Eq. (C4I1) gives

2-1 1 x\ (11 x1\ (0
(a5 () -G ()= () 0
which are the two identical equations,

r1 +xo = 0. (7417)

If we choose z1 = 7, then x5 = —~. So the eigenvector corresponding to A =1 is

o1 =~ ( _11 > . (7.418)

Since the magnitude of an eigenvector is arbitrary, we will take v = 1 and thus

o1 = <_11> . (7.419)
For \ = 3, the equations are

2—-3 1 x\ (-1 1 z1\ (0
(7 h) () -0 4)(2)-(0) 0
which yield the two identical equations,

— 1+ 29 =0. (7.421)

This yields an eigenvector of

— ( | > . (7.422)

er = G) : (7.423)

e Since the real matrix is symmetric (thus, self-adjoint), the eigenvalues are real, and the eigenvectors
are orthogonal.

We take § =1, so that

Comments:
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e We have actually solved for the right eigenvectors. This is the usual set of eigenvectors. The left
eigenvectors can be found from ' A = TTI\. Since here A is equal to its conjugate transpose,
T A = Az, so the left eigenvectors are the same as the right eigenvectors. More generally, we can

say the left eigenvectors of an operator are the right eigenvectors of the adjoint of that operator, A

e Multiplication of an eigenvector by any scalar is also an eigenvector.

L 1
61_<@>7 ez_(@). (7.424)
V2 V2

e A natural way to express a vector is on orthonormal basis as given here

1 1
-7 7 —
—_——

ii ) (g; ) . (7.425)
-qQ

e The normalized eigenvectors are

Sl
[}
)

Sl
V)
1)

e The set of orthonormalized eigenvectors forms an orthogonal matrix Q; see p. [I83 or the upcoming
Sec. Note that it has determinant of unity, so it is a rotation. As suggested by Eq. ([G54), the
angle of rotation here is a = sin™'(—1/v/2) = -7 /4.

[
Ezxample 7.41

For x € C?, A : C? — C?, find the eigenvalues and eigenvectors of
0 -2
A= < 2 0 > (7.426)

This matrix is anti-symmetric. We find the eigensystem by solving
(A=X)e=0. (7.427)

The characteristic equation which results is

N 4+4=0, (7.428)
which has two imaginary roots which are complex conjugates: A\; = 2i, Ao = —2i. The corresponding
eigenvectors are

i —1i
61:a<1>, egzﬁ(1>, (7.429)
where a and [ are arbitrary scalars. Let us take a = —i, § =1, so

61—(_1i>, 62_<_1i>. (7.430)

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

288 CHAPTER 7. LINEAR ANALYSIS

Note that

<epea>=¢erlea=(1 i) <_11> =(—i)+i=0, (7.431)

so this is an orthogonal set of vectors, even though the generating matrix was not self-adjoint. We can
render it orthonormal by scaling by the magnitude of each eigenvector. The orthonormal eigenvector

set is ) _
:(f> :(‘_7> (1.432)
V2 V2

These two orthonormalized vectors can form a matrix Q:

1 i
Q= (_Vi 2 ) . (7.433)
Vi V2

It is easy to check that ||Q||2 = 1 and det Q = 1, so it is a rotation. However, for the complex basis
vectors, it is difficult to define an angle of rotation in the traditional sense. Our special choices of «
and [ were actually made to ensure det Q = 1.

[
Example 7.42

For x € C?, A : C? — C?, find the eigenvalues and eigenvectors of
1 -1
A= < 0 1 > (7.434)

This matrix is asymmetric. We find the eigensystem by solving
(A=X)e=0. (7.435)
The characteristic equation which results is
(1-X)?2=0, (7.436)

which has repeated roots A =1, A = 1. For this eigenvalue, there is only one ordinary eigenvector

e:a( ! ) (7.437)

o — <(1)) , (7.438)

We can however find a generalized eigenvector g such that

We take arbitrarily a = 1 so that

(A —MN)g=e. (7.439)

Note then that
(A = AI)(A — AXI)g = (A — A, (7.440)
(A = AI)%g =0. (7.441)
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Now

(A~ D) = (8 _01) . (7.442)

So with g = (3,7)7, take from Eq. (T.239)

(8 _01) (3> N ((1)> (7.443)

——" =
A—-)I g e

We get a solution if 3 € R!,y = —1. That is

g = (-61) _ (7.444)

Take 3 = 0 to give an orthogonal generalized eigenvector. So

= (_01) ' (7.445)

Note that the ordinary eigenvector and the generalized eigenvector combine to form a basis, in this case
an orthonormal basis.

More properly, we should distinguish the generalized eigenvector we have found as a generalized
eigenvector in the first sense. There is another common, unrelated generalization in usage which we
will study later in Sec.

[
Example 7.43

For x € C?, A : C? — C?, find the eigenvalues, right eigenvectors, and left eigenvectors if
1 2
A= <_3 1> . (7.446)

The right eigenvector problem is the usual
AeR = )\I@R. (7447)

The characteristic polynomial is
(1-XN)?+6=0, (7.448)

which has complex roots. The eigensystem is
2 -
A = 1—V6i, €1R=<\/1;Z>, X2 =1+ V6i, €2R=<_

Note as the operator is not self-adjoint, we are not guaranteed real eigenvalues. The right eigenvectors
are not orthogonal as 1z~ eag = 1/3.
For the left eigenvectors, we have

—_
win

’) . (7.449)

efA =2l I\ (7.450)
We can put this in a slightly more standard form by taking the conjugate transpose of both sides:
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T —T
-T _ T
etA = eI,

(7.451)
Ale, = Dy, (7.452)
Ale, = Dy, (7.453)
A¥er, = INer. (7.454)

So the left eigenvectors of A are the right eigenvectors of the adjoint of A. Now we have

A= <§ _13> . (7.455)

The resulting eigensystem is
3 .
AT:1+\/617 elL_<\/1;Z>7 )‘;:1_\/67/; 62L—<_1

Note that in addition to being complex conjugates of themselves, which does not hold for general
complex matrices, the eigenvalues of the adjoint are complex conjugates of those of the original matrix,
which does hold for general complex matrices. That is A* = X. The left eigenvectors are not orthogonal
as e ear, = —%. It is easily shown by taking the conjugate transpose of the adjoint eigenvalue problem
however that

[N][SY)

Z) . (7.456)

eFA =2l ), (7.457)

as desired. Note that the eigenvalues for both the left and right eigensystems are the same.

[
Example 7.44

Consider a small change from the previous example. For z € C?, A : C2 — C?, find the eigenvalues,
right eigenvectors, and left eigenvectors if

A:(_13 111) (7.458)

The right eigenvector problem is the usual
Aer = Meg. (7.459)
The characteristic polynomial is
M- 2+)A+(7T+i)=0, (7.460)

which has complex roots. The eigensystem is

A =1 2i, elR—<i), Ao =1+ 3i, 623_<_322). (7.461)

Note as the operator is not self-adjoint, we are not guaranteed real eigenvalues. The right eigenvectors
are not orthogonal as 1’ ear = 1 # 0
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For the left eigenvectors, we solve the corresponding right eigensystem for the adjoint of A which

T
—T 1 -3
A = (2 1_2.). (7.462)

is A*=A".
The eigenvalue problem is XTe . = A*er. The eigensystem is

=1+ 2i, elL_<?;Z); Mo=1- 3, BQL_<_1@). (7.463)

Note that here, the eigenvalues A7, A3 have no relation to each other, but they are complex conjugates
of the eigenvalues, A1, A2, of the right eigenvalue problem of the original matrix. The left eigenvectors
are not orthogonal as einlesr = —1. It is easily shown however that

eFA =2l (7.464)

as desired.

[
Example 7.45

For x € R3, A : R3 — R3, find the eigenvalues and eigenvectors of

2 00
A= 0 1 1 |. (7.465)
0 1 1
From
2—A 0 0
0 1-A 1 =0, (7.466)
0 1 1-A
the characteristic equation is
2-XN(1-Xx>=1)=0. (7.467)
The solutions are A = 0, 2, 2. The second eigenvalue is of multiplicity two. Next, we find the eigenvectors
Z1
e=| z2 |. (7.468)
x3

For A = 0, the equations for the components of the eigenvectors are

2 0 0 X 0
0 1 1 To = 0], (7.469)
0 1 1 T3 0
21 = 0, (7.470)
To+x3 = 0, (7471)
from which
0
e1=a 1 (7.472)
-1
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For A = 2, we have

0 0 0 1 0
0 -1 1 o | =(0]. (7.473)
o 1 -1 x3 0
This yields only
—x9+x3 =0. (7474)

We then see that the following eigenvector,

e=1~v], (7.475)

satisfies Eq. (C4T4). Here, we have two free parameters, 3 and ; we can thus extract two independent
eigenvectors from this. For e; we arbitrarily take § =0 and v =1 to get

0
eo=11]. (7.476)
1
For e3 we arbitrarily take 3 =1 and v =0 to get
1
es=| 0 |. (7.477)
0

In this case eq, €2, €3 are orthogonal even though es and e3 correspond to the same eigenvalue.

I
Example 7.46
For y € IL»[0, 1], find the eigenvalues and eigenvectors of L = —d?/dt?, operating on functions which
vanish at 0 and 1. Also find ||L]|.

The eigenvalue problem is

d?y
Ly=-2Y =) w0)=y1)=0 (7.478)
or
d*y

The solution of this differential equation is
y(t) = asin A2t + beos A2t (7.480)

The boundary condition 3(0) = 0 gives b = 0. The other condition y(1) = 0 gives asin \'/? = 0. A
nontrivial solution can only be obtained if

sin \1/2 = 0. (7.481)
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There are an infinite but countable number of values of A for which this can be satisfied. These are

A\ = n?7%, n =1,2,---. The eigenvectors (also called eigenfunctions in this case) y,(t), n = 1,2, -
are

yn(t) = sinnwt. (7.482)
The differential operator is self-adjoint so that the eigenvalues are real and the eigenfunctions are
orthogonal.

Consider [|L||2. Referring to the definition of Eq. ([C299]), we see ||L||2 = oo, since by allowing y to
be any eigenfunction, we have

oll: _ Dole 1)
[lyll2 lyll2 ~
Al -
[lyll2
— A (7.485)
And since A = n?7%, n =1,2,...,00, the largest value that can be achieved by ||Ly||2/||y||2 is infinite.

I
Example 7.47
For z € 11[0,1], and L = d?/ds® + d/ds with z(0) = z(1) = 0, find the Fourier expansion of an
arbitrary function f(s) in terms of the eigenfunctions of L. Find the series representation of the “top

hat” function
f(s)—H<s—%> —H(s—g) . (7.486)

We seek expressions for «,, in
N
F(s) =" anwn(s). (7.487)
n=1

Here z,(s) is an eigenfunction of L.
The eigenvalue problem is

d’z  dx
It is easily shown that the eigenvalues of L are given by
1
)\n:—z—n27r2, n=1,2,3,... (7.489)
where n is a positive integer, and the unnormalized eigenfunctions of L are
Zn(s) = e/ %sin (nrs) n=123,... (7.490)

Although the eigenvalues are real, the eigenfunctions are not orthogonal. We see this, for example,
by forming <z, xo>:

1
<Ty,x2> = / e*/?sin (ms) e~*/? sin (27s) ds, (7.491)
0

=z1(s) =x2(s)
4(1 + e)7?
= 0. 7.492
<$1,$2> e(l +7T2)(1 —|—97T2) # ( )
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By using integration by parts, we calculate the adjoint operator to be

.y dy
Ly = T2 ds Ay, y(0) = y(1) = 0. (7.493)

We then find the eigenvalues of the adjoint operator to be the same as those of the operator (this is
true because the eigenvalues are real; in general they are complex conjugates of one another).

— 1
A;:Am:—z—m%{ m=1,273,... (7.494)
where m is a positive integer.
The unnormalized eigenfunctions of the adjoint are
Ym(s) = e*/?sin (mms) m=1,2,3,... (7.495)
Now, since by definition <y, Lx,> = <L*y,, x,>, we have
<Ym, Lwpn> — <L*ym7 Ty >
Yy AT > — <A Y, Tp> =
)\n<ymaxn>_m<ym7xn> -
()\n - Am)<y7nv:pn>

o o o o
N N /N /S
NN T

=

©

~J
S— N N

So, for m = n, we get <y, x,> # 0, and for m # n, we get <y, z,> = 0. Thus, we must have the
so-called bi-orthogonality condition

<Ym Tn> = Dpp, (7.500)

Dy =0 it m#n. (7.501)

Here D,,,, is a diagonal matrix which can be reduced to the identity matrix with proper normalization.
Now consider the following series of operations on the original form of the expansion we seek

N
fs) = > anaa(s), (7.502)
n=1

N
<y;(s), f(s)> = <yj(s),2anxn(s)>, (7.503)
N n=1
<y;(s), f(s)> = Zan<yj(s),xn(s)>, (7.504)
<y;(s), f(s)> = a;j<y;(s),z;(s)>, (7.505)
S <Yj (S)v f(8)>
YT @6 (7:200)
ay = S F)> o (7.507)

<yn($), Tn(s)>

Now in the case at hand, it is easily shown that
1
<Yn(8),xp(s)> = 2 n=123,..., (7.508)

so we have

= 2<yn(s), f(s)>. (7.509)
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0v2 0.4 0.6 ))¥%:] 1

Figure 7.12: Twenty-term Fourier series approximation to a top hat function in terms of a
non-orthogonal basis.

The N-term approximate representation of f(s) is thus given by

Z( / Sln(mt)f()dt> */% sin (nrs), (7.510)

— %#
= — =x,(s)
1 N
~ 2/ (t=)/2 1t Zsm nrt) sin(nws) dt, (7.511)
0 n=1
N
~ / =912 1 (1) Z (cos(nm(s —t)) — cos(nm(s +t))) dt. (7.512)
0 it

For the top hat function, a two-term expansion yields

2v2e!/8 (=1 + 21 + e'/4(1 + 27)) s AP+ e38)

f(s) ~ T sin(ms) T iee & sin(27s) +.... (7.513)
— =z1(s) — =x2(s)
=1 =2

A plot of a twenty-term series expansion of the top hat function is shown in Fig.

In this exercise, the eigenfunctions of the adjoint are closely related to the reciprocal basis functions.
In fact, we could have easily adjusted the constants on the eigenfunctions to obtain a true reciprocal
basis. Taking

T V2e*/%sin(nms), (7.514)
Ym = V2e?sin(mns), (7.515)

gives <Ym,Tn> = Omn, as desired for a set of reciprocal basis functions. We see that getting the
Fourier coefficients for eigenfunctions of a non-self-adjoint operator requires consideration of the adjoint
operator. We also note that it is often a difficult exercise in problems with practical significance to
actually find the adjoint operator and its eigenfunctions.
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7.5 Equations
The existence and uniqueness of the solution x of the equation
Lz =y, (7.516)

for given linear operator L and y is governed by the following theorems.

Theorem
If the range of L is closed, Lx = y has a solution if and only if y is orthogonal to every
solution of the adjoint homogeneous equation L*z = 0.

Theorem

The solution of Lx = y is non-unique if the solution of the homogeneous equation Lz = 0
is also non-unique, and conversely.

There are two basic ways in which the equation can be solved.

e Inverse: If an inverse of L exists then

r=L"1y. (7.517)

e Eigenvector expansion: Assume that z,y belong to a vector space S and the eigenvec-
tors (ep,es,--+) of L span S. Then we can write

y o= Y auen (7.518)
o= Buen, (7.519)

where the a’s are known and the (3’s are unknown. We get

Lz = v, (7.520)
L(Zﬁnen> = W, (7.521)
N N

menen = Z;en (7.522)
iﬁnLen = ianen, (7.523)
Znﬂnknen - ianen, (7.524)
Z(@M: — o) e, = OT (7.525)

n -0
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where the \s are the eigenvalues of L. Since the e, are linearly independent, we must
demand for all n that

If all A, # 0, then 3, = a,, /A, and we have the unique solution

A

T = —e,.
An
n

(7.527)

If, however, one of the \’'s, A, say, is zero, we still have 5, = «,/\, for n # k. For
n = k, there are two possibilities:

— If ap # 0, no solution is possible since equation (I.520) is not satisfied for n = k.

— If a, = 0, we have the non-unique solution

Qp
r = Z e + ey, (7.528)
ntk ="

where v is an arbitrary scalar. Equation (Z520) is satisfied Vn.

I
Example 7.48
Solve for z in La = y if L = d?/dt?, with side conditions x(0) = x(1) = 0, and y(t) = 2¢, via an
eigenfunction expansion.

This problem of course has an exact solution via straightforward integration:

PI_ o a(0) = o) =0 (7.529)
dt? ’ ’
integrates to yield
#(t) = 5(2 - 1), (7.530)

However, let’s use the series expansion technique. This can be more useful in other problems in
which exact solutions do not exist. First, find the eigenvalues and eigenfunctions of the operator:

d2_:v = \z; 2(0)==2(1)=0 (7.531)
a2 7 N - '
This has general solution
x(t) = Asin (\/ —/\t) + Bcos (\/ —/\t) . (7.532)
To satisfy the boundary conditions, we require that B = 0 and A = —n?7?%, so
x(t) = Asin (nnt) . (7.533)

This suggests that we expand y(t) = 2¢ in a Fourier sine series. We know from Eq. ((220) that the
Fourier sine series for y(t) = 2t is

2t = i 4(%)7#1 sin(nwt). (7.534)
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¢ error
0.2 0.4 0.6 0.8
0,02 0. 004
0,04 0. 002
-0.06 0.2 /0.4 0.6 \0.8 '
0.08 0. 002
o1 -0.004
0 12 -0.006
-0.008

Figure 7.13: Approximate and exact solution z(¢); Error in solution z,(t) — z(t).

For z(t) then we have

2(t) = nz::l O‘;j" = nz::l % sin(nrt). (7.535)
Substituting in for A, = —n?7?, we get
x(t) = i %2:;1 sin(nwt). (7.536)
Retaining only two terms in the expansion for xz(t),
x(t) ~ —ig sin(mt) + L sin(2mt), (7.537)
T 273

gives a very good approximation for the solution, which as shown in Fig.[Z.I3], has a peak error of about
0.008.

[
Example 7.49

Solve Az = y using the eigenvector expansion technique when

A:(i ;) y:(i). (7.538)

We already know from an earlier example, p. B85 that for A

Al = 1, €1 = (_11) 5 (7539)
1
)\2 = 3, €2 = (1> . (7540)
We want to express y as
Yy = aier + azea. (7.541)
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Since the eigenvectors are orthogonal, we have from Eq. (ZI86])
<ey,y> 3—4 1
a1 <e1,€e1> 1+1 2’ ( )
<eg,y> 3+4 7
= = == 7.543
BT > 1412 (7.543)
SO .
Y= —581 + 562. (7544)
Then
xr = C))f_iel + %62, (7545)
11 71
- - L .54
x 2)\1614—2/\62, (7.546)
11 71
_ Lz .54
x 2161+23€2, (7.547)
11/ 1 71 /1
r = —21(_1>+§§<1>, (7548)
2
r = (g) (7.549)
3
|
Example 7.50
Solve Az = y using the eigenvector expansion technique when
2 1 3 3
A=Y o=(0) u=(2). s
We first note that the two column space vectors,
2 1
). () -
are linearly dependent. They span R', but not R2.
It is easily shown that for A
1
/\1 = 4, €1 = (2) s (7552)
-1
)\2 = 0, €9 = ( 2 ) . (7553)
. . 3
First consider y = ( 4>. We want to express y as
Yy = aier + azea. (7.554)
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For this non-symmetric matrix, the eigenvectors are linearly independent, so they form a basis. However
they are not orthogonal, so there is not a direct way to compute oy and ay. Matrix inversion shows
that a3 = 5/2 and s = —1/2, so

5 1

y=5€~ 56 (7.555)

Since the eigenvectors form a basis, y can be represented with an eigenvector expansion. However no
solution for x exists because Ay = 0 and «as # 0, hence the coefficient 82 = as/\s does not exist.

However, for y = (3

6)’ we can say that

y = 3e1 + Oes. (7.556)

We note that (3,6)7 is a scalar multiple of the so-called column space vector of A, (2,4)7. Consequently,

z = %el+i—zeg, (7.557)
N 759
- s
B )
_ <33//24;%), (7.561)

where v is an arbitrary constant. Note that the vector es = (—1,2)7 lies in the null space of A since

Aey = <i ;><_21> (7.562)
= (8) (7.563)

Since es lies in the null space, any scalar multiple of ez, say ves, also lies in the null space. We can
conclude that for arbitrary y, the inverse does not exist. For vectors y which lie in the column space of
A the inverse exists, but it is not unique; arbitrary vectors from the null space of A are admitted as
part of the solution.

7.6 Method of weighted residuals

The method of weighted residuals is a quite general technique to solve equations. Two
important methods which have widespread use in the engineering world, spectral methods
and the even more pervasive finite element method, are special types of weighted residual
methods.

Consider the differential equation

Ly = f(t), telab] (7.564)
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with homogeneous boundary conditions. Here, L is a differential operator that is not neces-
sarily linear. We will work with functions and inner products in Ls[a, b] space.
Approximate y(t) by

N
y(t) = yp(t) = Y andn(t), (7.565)

n=1
where ¢, (t), (n =1,---, N) are linearly independent functions (called trial functions) which

satisfy the boundary conditions. Forcing the trial functions to satisfy the boundary condi-
tions, in addition to having sesthetic appeal, makes it much more likely that if convergence
is obtained, the convergence will be to a solution which satisfies the differential equation
and boundary conditions. The trial functions can be orthogonal or non-orthogonallZ] The
constants a,, (n =1,---, N) are to be determined. Substituting into the equation, we get a
residual

r(t) = Lyy(t) — f(1). (7.566)
Note that the residual r(¢) is not the error in the solution, e(t), where

et) = y(t) — yp(t). (7.567)

The residual will almost always be non-zero for ¢ € [a, b]. However, if r(¢) = 0, then e(t) = 0.
We can choose «,, such that the residual, computed in a weighted average over the domain, is
zero. To achieve this, we select now a set of linearly independent weighting functions 1, (t),
(m=1,---,N) and make them orthogonal to the residual. Thus,

<Pm(t),r(t)>=0, m=1,---,N. (7.568)

These are N equations for the constants «,.
There are several special ways in which the weight functions can be selected.

o Galerkin®d : ¢;(t) = ¢;(t).
e Collocation: ¢, (t) = 6(t — t,,). Thus, r(t,,) = 0.
e Subdomain ,,(t) = 1 for ¢,,_; <t < t,, and zero everywhere else. Note that these

functions are orthogonal to each other. Also this method is easily shown to reduce to
the well known finite volume method.

21Tt is occasionally advantageous, especially in the context of what is known as wavelet-based methods, to
add extra functions which are linearly dependent into the set of trial functions. Such a basis is known as a
frame. We will not consider these here; some background is given by Daubechies.

22 Boris Gigorievich Galerkin, 1871-1945, Belarussian-born Russian-based engineer and mathematician, a
participant, witness, and victim of much political turbulence, did much of his early great work in the Czar’s
prisons, developed a finite element method in 1915, professor of structural mechanics at what was once, and
is now again, St. Petersburg (at one time known as Petrograd, and later Leningrad).

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://en.wikipedia.org/wiki/Boris_Galerkin
http://creativecommons.org/licenses/by-nc-nd/3.0/

302 CHAPTER 7. LINEAR ANALYSIS

e Least squares: Minimize ||r(¢)||. This gives

ar> 0 /bz
i ) re dt, (7.569)
b
or
= 2 dt. )
/a o (7.570)
———
:wm(t)

So this method corresponds to ), = 0r/0a,,.
e Moments: ¥, (t) =t™ 1 m=1,2,....

If the trial functions are orthogonal and the method is Galerkin, we will, following
Fletcher, who builds on the work of Finlayson, define the method to be a spectral method.
Other less restrictive definitions are in common usage in the present literature, and there is
no single consensus on what precisely constitutes a spectral method P9

[
Example 7.51

For x € L,[0, 1], find a one-term approximate solution of the equation

d2
CEtw=t-1, (7.571)

with z(0) = -1, z(1) = 1.
It is easy to show that the exact solution is

z(t) = =14t + csc(1) sin(t). (7.572)

23An important school in spectral methods, exemplified in the work of Gottlieb and [Orszag, Canuto,
et al., and Fornberg, uses a looser nomenclature, which is not always precisely defined. In these works,
spectral methods are distinguished from finite difference methods and finite element methods in that spectral
methods employ basis functions which have global rather than local support; that is spectral methods’ basis
functions have non-zero values throughout the entire domain. While orthogonality of the basis functions
within a Galerkin framework is often employed, it is not demanded that this be the distinguishing feature
by those authors. Within this school, less emphasis is placed on the framework of the method of weighted
residuals, and the spectral method is divided into subclasses known as Galerkin, tau, and collocation. The
collocation method this school defines is identical to that defined here, and is also called by this school the
“pseudospectral” method. In nearly all understandings of the word “spectral,” a convergence rate which is
more rapid than those exhibited by finite difference or finite element methods exists. In fact the accuracy of
a spectral method should grow exponentially with the number of nodes for a spectral method, as opposed
to that for a finite difference or finite element, whose accuracy grows only with the number of nodes raised
to some power.

Another concern which arises with methods of this type is how many terms are necessary to properly
model the desired frequency level. For example, take our equation to be d?u/dt?> = 1 + u?;u(0) = u(mw) = 0,

and take u = 25:1 an sin(nt). If N = 1, we get 7(t) = —a; sint — 1 — a? sin? t. Expanding the square of the
sin term, we see the error has higher order frequency content: r(t) = —ajsint — 1 —a3(1/2 — 1/2cos(2t)).
The result is that if we want to get things right at a given level, we may have to reach outside that level.

How far outside we have to reach will be problem dependent.
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Here we will see how well the method of weighted residuals can approximate this known solution. The
real value of the method is for problems in which exact solutions are not known.
Let y = — (2t — 1), so that y(0) = y(1) = 0. The transformed differential equation is

d2
ﬁg ty=—t. (7.573)

Let us consider a one-term approximation,

y = (1) = ag(t). (7.574)

There are many choices of basis functions ¢(t). Let’s try finite dimensional non-trivial polynomials
which match the boundary conditions. If we choose ¢(t) = a, a constant, we must take a = 0 to satisfy
the boundary conditions, so this does not work. If we choose ¢(t) = a + bt, we must take a = 0,0 =0
to satisfy both boundary conditions, so this also does not work. We can find a quadratic polynomial
which is non-trivial and satisfies both boundary conditions:

B(t) = t(1 —t). (7.575)

Then
Yp(t) = at(l —1). (7.576)

We have to determine a. Substituting into Eq. (C560]), the residual is found to be

d2
M) = Ly~ () = S5 v - S, (7.577)
= 2a +at(l—t)—(~t)=t—at* —t+2). (7.578)
~~~ —_——
d?y, /dt? Yp 10)

Then, we choose a such that

<(t),r(t)> = <), t — a(t?* —t +2)> = /1 Y(t) (t—a(t®> —t+2)) dt =0. (7.579)
0
=r(t)

The form of the weighting function () is dictated by the particular method we choose:

1. Galerkin: (t) = ¢(t) = ¢(1 —¢). The inner product gives & — o = 0, so that for non-trivial
solution, a = 1—58 = 0.277.
yp(t) = 0.277t(1 — t). (7.580)

() = 0.277¢(1 — t) + 2t — 1. (7.581)
2. Collocation: Choose 1(t) = §(t — 3) which gives —Za + 1 = 0, from which o = 2 = 0.286.

0.286t(1 — t), (7.582)
zp(t) = 0.286t(1—1) + 2t — 1. (7.583)

S

—~
~

~—
|

3. Subdomain: ¥(t) = 1, from which —%a + % =0, and a = % =0.273

yp(t) = 0.273t(1 1), (7.584)
zp(t) = 0.273t(1—1t) + 2t — 1. (7.585)
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1 Exact solution and e(t)=xp(t)-x(t) Error in Galerkin approximation

Galerkin approximation
05 0.005

t t
0.6 0.8 1 0.000 0.2 0.4 0.6 0.8

0.5 -0.005

4 X"+x=t-1; x(0)=-1,x(1) =1

Figure 7.14: One-term estimate z,(t) and exact solution x(t); Error in solution x,(t) — z(t).

4. Least squares: ¥(t) = 83((? = —t? +t—2. Thus, —13 + 45-a = 0, from which o = 2> = 0.273.
yp(t) = 0.273t(1—1), (7.586)
2,(t) = 0.273t(1—t)+2t — 1. (7.587)

5. Moments: t(t) = 1 which, for this case, is the same as the subdomain method previously reported.

yp(t) = 0.273t(1—1), (7.588)
zp(t) = 0.273t(1 —t) + 2t — 1. (7.589)

The approximate solution determined by the Galerkin method is overlaid against the exact solution in
Fig. [[14l Also shown is the error in the approximation. The approximation is surprisingly accurate.
Note that the error, e(t) = x,(t) — x(t), is available because in this case we have the exact solution.

Some simplification can arise through use of integration by parts. This has the result of
admitting basis functions which have less stringent requirements on the continuity of their
derivatives. It is also a commonly used strategy in the finite element technique.

[
Example 7.52

Consider a slight variant of the previous example problem, and employ integration by parts.

TV iy=f0. w0 =0, y1)=0. (7.590)

Yp(t) = a(t). (7.591)

At this point, we will only require ¢(t) to satisfy the boundary conditions, and will specify it later. The
residual in the approximation is

2

d? d
rt) = U 1y, 10) = 0 %2 00— (1), (7.592)
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Now set a weighted residual to zero. We will also require the weighting function v (t) to vanish at the

boundaries. . .
<, r>= /0 P(t) (aﬁ + co(t) — f(t)) dt = 0. (7.593)
=r(t)
Rearranging, we get
1 d2 1
o /0 <¢(t)d—t‘f " 1/;(t)¢(t)) at= [ wse) a (7.594)
Now integrate by parts to get
do|' ! dy dg [
: (w)% [ (v - 55 dt) = [ wora (7.595)
Since we have required 1(0) = ¥ (1) = 0, this simplifies to
1 dw d(b B 1
a/o <1/)(t)¢)(t) — E%) dt = /0 Y(t)f(t) dt. (7.596)

So, the basis function ¢ only needs an integrable first derivative rather than an integrable second
derivative. As an aside, we note that the term on the left hand side bears resemblance (but differs by

a sign) to an inner product in the Sobolov space W; [0,1] in which the Sobolov inner product <.,.>
(an extension of the inner product for Hilbert space) is <t)(t), p(t)>s = fol (w(t)qS(t) + %%) dt.

Taking now, as before, ¢ = (1 —t) and then choosing a Galerkin method so ¥ (t) = ¢(t) = t(1 —¢),
and f(t) = —t, we get

1 1
a/ (£2(1—t)* — (1 —2t)?) dt:/ t(1 —t)(—t) dt, (7.597)
0 0
which gives
3 1
SO
P (7.599)
18 '

as was found earlier. So 5
yp = —t(1 —1t), (7.600)

with the Galerkin method.

I
Example 7.53
For y € L»[0,1], find a two-term spectral approximation (which by our definition of “spectral”
mandates a Galerkin formulation) to the solution of

&y

S tViy=1 y(0)=0,  y(1)=0. (7.601)
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Let’s try polynomial basis functions. At a minimum, these basis functions must satisfy the boundary
conditions. Assumption of the first basis function to be a constant or linear gives rise to a trivial basis
function when the boundary conditions are enforced. The first non-trivial basis function is a quadratic:

gf)l (t) = Qo + alt + CLQtQ. (7602)

We need ¢1(0) = 0 and ¢1(1) = 0. The first condition gives ag = 0; the second gives a1 = —ag, so we
have ¢; = a;(t —t2). Since the magnitude of a basis function is arbitrary, a; can be set to unity to give

P1(t) =t(1 —1). (7.603)

Alternatively, we could have chosen the magnitude in such a fashion to guarantee an orthonormal basis
function, but that is a secondary concern for the purposes of this example.

We need a second linearly independent basis function for the two-term approximation. We try a
third order polynomial:

B2 (t) = by 4 byt + bot? + b3t>. (7.604)
Enforcing the boundary conditions as before gives by = 0 and by = — (b2 + b3), so
Ba(t) = —(ba + b3)t + bot® + b3t>. (7.605)

To achieve a spectral method (which in general is not necessary to achieve an approximate solution!),
we enforce <¢1, po> = 0:

1

/ t(1—t) (— (b2 + bs)t + bat® + b3t®) dt = 0, (7.606)

0 ——

=¢1(t) =¢2(t)
by by
5 = O (7.607)
3

by = —gbg. (7.608)

Substituting and factoring gives
bs
da(t) = - t(1—1t)(2t—1). (7.609)
Again, because ¢ is a basis function, the lead constant is arbitrary; we take for convenience b3 = 2 to

give
b =t(1—1t)(2t —1). (7.610)

Again, bs could alternatively have been chosen to yield an orthonormal basis function.
Now we want to choose a; and s so that our approximate solution

Yp(t) = a191(t) + a2 (1), (7.611)

has a zero weighted residual. With

L= (j—; +Vt > : (7.612)

we have the residual as

r(t) = Ly,(t) — f(t) = L (a1d1(t) + capa(t)) — 1 = a1 L1 () + coLigpa () — 1. (7.613)
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To drive the weighted residual to zero, take
<Pr,r> = 1 <1, L1 > 4+ aa<tpr, Lo > — <ipy, 1> =0, (7.614)
<o, r> = a1 <9, Lp1 > 4+ aa<thg, Lpa> — <Py, 1> = 0. (7.615)

This is easily cast in matrix form as a linear system of equations for the unknowns a; and as

<tp1,Lop1>  <apy, Lo> ar\ [ <, 1> (7.616)
<o, Lp1> <o, Lpo> as )\ <o, 1> )" :

We choose the Galerkin method, and thus set {1 = ¢ and ¥y = ¢2, so

<¢17L¢1> <¢1,L¢2> o . <¢1,1>
<<¢27L¢1> <(J52,L¢2>> <a2> o <<¢2,1>) : (7.617)

Each of the inner products represents a definite integral which is easily evaluated via computer algebra.
For example,

1
215
<¢1,Lp1> = / t(1—1t) (—2 + (1 - t)t3/2) dt = ———. (7.618)
0 —r 693
1 Loy
When each inner product is evaluated, the following system results
215 16 1
T693 9009 a1 6
= . (7.619)
16 197
05 1001/ \O2 0
Inverting the system, it is found that
760617 3432
a1 1415794 0.537, Qg 707897 0.00485 (7.620)
Thus, the estimate for the solution is
yp(t) = —0.537 ¢(1 — ¢) — 0.00485 t(1 —t)(2t — 1). (7.621)

The two-term approximate solution determined is overlaid against a more accurate solution obtained
by numerical integration of the full equation in Fig. Also shown is the error in the approximation.
The two-term solution is surprisingly accurate.

By normalizing the basis functions, we can find an orthonormal expansion. One finds that

1
ol = /chf dt, (7.622)
1
= /ﬂ(l—t)2 dt, (7.623)
0
- (7.624)
= o= |
1
loall: = [ et e (7.625)
1
- \/ £2(1— £)2(2t — 1)2 dt, (7.626)
0
1
= A (7.627)
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Numerical (~exact) solution overlaid Difference between numerical (~exact)

on two-term spectral (Galerkin) approximation and two-term spectral (Galerkin) approximation
0.2 0. 4 0.6 0.8 t y @ -y(t)

-0.02 p

-0.04 0.001

-0.06 0.0005

-0.08

0.0000 t
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012 -0.0005
y(t)

Figure 7.15: Two-term spectral (Galerkin) estimate y,(¢) and highly accurate numerical
solution y(t); Error in approximation y,(t) — y(t).

The approximate solution can then be rewritten as an orthonormal expansion:

y(t) = —%(\/@t(l —t)) — %ﬁm(\/ﬁta —t)(2t — 1)), (7.628)
= —0.981 (v/30t(1 — £)) —0.000335 (vV210t(1 — t)(2t — 1)). (7.629)
——————

Because the trial functions have been normalized, one can directly compare the coefficients’ magnitude.
It is seen that the bulk of the solution is captured by the first term.

[
Ezxample 7.5

For the equation of the previous example,
d*y
dt?

examine the convergence rates for a collocation method as the number of modes becomes large.

+Vty=1, y0)=0, y(1)=0, (7.630)

Let us consider a set of trial functions which do not happen to be orthogonal, but are, of course,
linearly independent. Take

On(t) =t"(t—1), n=1,...,N. (7.631)

So we seek to find a vector a = a,,,m = 1,..., N, such that for a given number of collocation points N
the approximation

yN(t) = o101 (f) +.. .Oén¢n(t) + ...+ aNqSN(t), (7632)

drives a weighted residual to zero. Obviously each these trial functions satisfies both boundary con-
ditions, and they have the advantage of being easy to program for an arbitrary number of modes, as
no Gram-Schmidt orthogonalization process is necessary. The details of the analysis are similar to
those of the previous example, except we perform it many times, varying the number of nodes in each
calculation. For the collocation method, we take the weighting functions to be

Un(t) =6(t—t,), n=1,...,N. (7.633)
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Figure 7.16: Error in solution yy(t) —yn,,..(f) as a function of number of collocation points
N demonstrating exponential convergence for the spectral-type collocation method.

Here we choose t, =n/(N +1), n=1,..., N, so that the collocation points are evenly distributed in
t € [0,1]. We then form the matrix

<1, Lg1>, <1, Lgo> ... <o, Lon>
<tho,Lp1>,  <tho,Lpa> ... <tpo,Lon>
A= . . . . , (7.634)
<1/)N7L¢1>7 <1/)N7L¢2> o <1/)N7L¢N>
and the vector
<¢1,1>
b= : , (7.635)
<’L/JN, 1>
and then solve for o in
A -oa=b. (7.636)
We then perform this calculation for N =1,..., Nya.- We consider N = N4, to give the most exact

solution and calculate an error by finding the norm of the difference of the solution for N < N4, and
that at N = Nyaz:

en = |lyn(t) = Ynpo )|z = \//O (yn(t) — yn,... (1) dt. (7.637)

A plot of the error ey is plotted as a function of N in Fig. We notice even on a logarithmic
plot that the error reduction is accelerating as the number of nodes IV increases. If the slope had
relaxed to a constant, then the convergence would be a power law convergence; which is characteristic
of finite difference and finite element methods. For this example of the method of weighted residuals,
we see that the rate of convergence increases as the number of nodes increases, which is characteristic
of exponential convergence. For exponential convergence, we have ey ~ exp(—alN), where a is some
positive constant; for power law convergence, we have ey ~ N~ where 3 is some positive constant.
At the highest value of N, N = N, = 10, we have a local convergence rate of O(N~2!9) which is
remarkably fast. In comparison, a second order finite difference technique will converge at a rate of
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O(N~2). In general and if possible one would choose a method with the fastest convergence rate, all
else being equal.

7.7 Uncertainty quantification via polynomial chaos

The methods of this chapter can be applied to account for how potential uncertainties present
in model parameters affect the solutions of differential equations. To study this, we will
introduce a stochastic nature into our parameters. There are many ways to deal with these
so-called stochastic differential equations. One important method is known variously as
“polynomial chaos,” “Wiene—Aske chaos,” as well as other names. The term “chaos”
in this context was introduced by Wiener; it is in no way connected to the more modern
interpretation of chaos from non-linear dynamics, as will be considered in Sec.
Polynomial chaos is relevant, for example, to a differential equation of the form

Yo fwR), w0 = (7.639)
where k is a parameter. For an individual calculation, £ is a fixed constant. But because k
is taken to possess an intrinsic uncertainty, it is allowed to take on a slightly different value
for the next calculation. We expect a solution of the form y = y(t; k); that is, the effect of
the parameter will be realized in the solution. One way to handle the uncertainty in & is to
examine a large number of solutions, each for a different value of k. The values chosen for &
are driven by its uncertainty distribution, assumed to be known. We thus see how uncertain
k is manifested in the solution y. This is known as the Monte Carlo method; it is an effective
strategy, although potentially expensive.

For many problems, we can more easily quantify the uncertainty of the output y by
propagating the known uncertainty of k via polynomial chaos, which has as its foundation
notions from linear analysis. The method has the advantage of being a fully deterministic
way to account for stochastic effects in differential equations. There are many variants on this
method; we shall focus only on one canonical linear example which illustrates key aspects of
the technique for ordinary differential equations. The method can be extended to algebraic
and partial differential equations, both for scalar equations as well as for systems.

[
Example 7.55

Given that
dy
a —ky, y(0) =1, (7.639)

24Norbert Wiener, 1894-1964, American mathematician.
25Richard Askey, 1933-, American mathematician.
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and that k& has an associated uncertainty, such that
k= pu+oé, (7.640)

where p and o are known constants, and £ € (—o0, 00) is a random variable with a Gaussian distribution
about a mean of zero with standard deviation of unity, find a two-term estimate of the behavior of y(t)
which accounts for the variation in k.

For our k = p+ o€, the mean value of k can be easily shown to be be p, and the standard deviation
of k is 0. The solution to to Eq. (T.639) is

y=e Ft = gmlntod)t, (7.641)

and will have different values, depending on the value k possess for that calculation. If there is no
uncertainty in k, i.e. ¢ = 0, the solution to Eq. (Z.639) is obviously

y=e M. (7.642)

Let us now try to account for the uncertainty in k in predicting the behavior of y when o # 0. Let
us imagine that k& has an N 4 1-term Fourier expansion of

N
k(&) = andn(8). (7.643)
n=0

where ¢,,(€) are a known set of basis functions. Now as the random input £ is varied, k will vary. And
we expect the output y(t) to vary, so we can imagine that we really seek y(t, k) = y(t, k(£)). Dispensing
with k in favor of &, we can actually seek y(t,£). Let us assume that y(¢,&) has a similar Fourier

expansion,
N
n=0
where we have also employed a separation of variables technique, with ¢,,(£), n =0,..., N as a set of

basis functions and y,(t) as the time-dependent amplitude of each basis function. Let us choose the
basis functions to be orthogonal:

<¢n(§)u ¢m(§)> =0, n# m. (7645)

Since the domain of € is doubly infinite, a good choice for the basis functions is the Hermite polynomials;
following standard practice, we choose the probabilists’ form, ¢, () = He, (&), Sec. BEI.A2] recalling
Heo(§) = 1, Hei(§) = &, Hea(§) = —1+ €2, ... Note that other non-Gaussian distributions of
parametric uncertainty can render other basis functions to be better choices.

When we equip the inner product with the weighting function

w(§) = \/%—6’52/2, (7.646)

we find our chosen basis functions are orthogonal:

<€), Im(€)> = / " (€ m(EulE)de, (7.647)
= h e e 1 6_52/2
_ /_  Hew(©Hen(§) e /g, (7.648)
= o (7.649)
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Let us first find the coefficients «;, in the Fourier-Hermite expansion of k(§):

N
EE) = ) anon(d), (7.650)
n=0
<Om(€),k(€)> = <m(€), D andn(€)>, (7.651)
n=0
= > an<om(&), dn(§)>, (7.652)
nj;()
= > annldmm, (7.653)
n=0
= mlayy, (7.654)
an = —<¢”(i’,k(§)>, (7.655)
= o [ HeO 0 g (r.657)

Because of the polynomial nature of k = p + ¢€ and the orthogonality of the polynomial functions,
there are only two non-zero terms in the expansion: ag = p and a3 = o; thus,

k(&) =p+ 0 =apHeo(§) + arHe1(€) = pHeo (&) + oHe (€). (7.658)

So for this simple distribution of k(&), the infinite Fourier series expansion of Eq. (Z.644) is a finite
two-term expansion. We actually could have seen this by inspection, but it was useful to go through
the formal exercise.

Now, substitute the expansions of Eqs. (LG43} [[.644)) into the governing Eq. ([(G39):

d N N N
n=0 n=1 m=0
Y k Yy

Equation (Z.659) forms N + 1 ordinary differential equations, still with an explicit dependency on &.
We need an initial condition for each of them. The initial condition y(0) = 1 can be recast as

N
y(0,6) = 1= 4 (0)60 (©)- (7.660)

n=0

Now we could go through the same formal exercise as for k to determine the Fourier expansion of
y(0) = 1. But since ¢¢(£) = 1, we see by inspection the set of N + 1 initial conditions are

yo(0) =1,  31(0)=0,  2(0)=0, oy yn(0)=0. (7.661)

Let us now rearrange Eq. (C.659) to get

N d N N
D6 = =20 D autn()9n(§)6m(©). (7.662)
n=0 n=1m=1
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We still need to remove the explicit dependency on the random variable £&. To achieve this, we will
take the inner product of Eq. (Z.662) with a set of functions, so as to simplify the system into a cleaner
system of ordinary differential equations. Let us choose to invoke a Galerkin procedure by taking the

inner product of Eq. (Z662) with ¢;(€):

N N N
<o, 26,05 = —<a©), 33 anym(6n(E)om(€)>, (7.663)

n=0 dt ! n=1m=1
N
> <o), 0n(©)> = - 33" <616, 6n (O, (7.664)
n=0 n=1m=1
dyl N N
2 <O, a©)> = =3 anym(D)<Ai(&), 6n(E)om(€)>, (7.665)
n=1m=1
dyi 1
o WZI Zlanym )<Ai(E), o (§)Pm (§)>, (7.666)
% - _%ZZanym(f)<¢z(§),¢n(§)¢m(§)>, 1=0,...,N. (7.667)

n=1m=1

Equation ([Z.667) forms N + 1 ordinary differential equations, with N + 1 initial conditions provided by
Eq. (CG6GT). All dependency on £ is removed by explicit evaluation of the inner products for all [, n,
and m. We could have arrived at an analogous system of ordinary differential equations had we chosen
any of the other standard set of functions for the inner product. For example, Dirac delta functions
would have led to a collocation method. Note the full expression of the unusual inner product which

appears in Eq. (C667) is

—€/24¢ (7.668)

<019 6,(O6n(©> = [ 61Oon©0m(©O =

This relation can be reduced further, but it is not straightforward.
When N = 1, we have a two-term series, with [ = 0,1. Detailed evaluation of all inner products
yields two ordinary differential equations:

d
L =m0y, wo(0) =1, (7.669)
d
% =—oyo — py1,  y1(0) =0. (7.670)

Note when o = 0, yo(t) = e, y1(t) = 0, and we recover our original non-stochastic result. For
o # 0, this linear system can be solved exactly using methods of the upcoming Section [@.5.I1 Direct
substitution reveals that the solution is in fact

yo(t) = e *cosh(at), (7.671)
y1(t) = —e Hsinh(ot). (7.672)

Thus, the two-term approximation is

y(t,&) ~ wyo(t)do(§) + y1(t)e1(S), (7.673)
= e " (cosh (ot) — sinh (at) &) . (7.674)

The non-stochastic solution e ™! is obviously modulated by the uncertainty. Even when £ = 0, there
is a weak modulation by cosh(ot) ~ 1+ o?t?/ + 0%t /24 + .. ..
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Standard probability theory lets us estimate the mean value of y(t, &), which we call F(¢), over a
range of normally distributed values of &:

yt) = /_O:Oy(t,é“)\/;—we‘gzmd& (7.675)
_ L e~ (cosh (ot) — sinh (at) €) \/%e*fz/%zg, (7.676)
= e Mcosh(at). (7.677)

Thus, the mean value of y is yo(t) = e #* cosh(ot). The standard deviation of the solution, o4(t) is
found by a similar process

os(t)

\//_OO (y(t. &) —7(t))? \/];—We‘ﬁ/?dé, (7.678)

\//OO (—e—#tsinh (at) £)* \/12_6_52/%[5, (7.679)
oo T

= e M sinh(ot). (7.680)

Note that os(t) = |y1(t)]. Also note that o, is distinct from o, the standard deviation of the parameter
k.

All of this is easily verified by direct calculation. If we take u = 1 and o = 1/3, we have k = 1+¢/3,
recalling that ¢ is a random number, with a Gaussian distribution with unity standard deviation about
zero. Let us examine various predictions at ¢ = 1. Ignoring all stochastic effects, we might naively
predict that the expected value of y should be

Yyt =1) = e " = =MW = (367879, (7.681)

with no standard deviation. However, if we execute so-called Monte Carlo simulations where k is varied
through its range, calculate y at ¢ = 1 for each realization of k, and then take the mean value of all
predictions, we find for 10® simulations that the mean value is

Ynonte Carto(t = 1) = 0.388856. (7.682)

This number will slightly change if a different set of random values of k are tested. Remarkably though,
YMonte Carlo 18 Well predicted by our polynomial chaos estimate of

1
yo(t = 1) = e * cosh(ot) = e~ MM cosh (g) = 0.388507. (7.683)

We could further improve the Monte Carlo estimate by taking more samples. We could further improve
the polynomial chaos estimate by including more terms in the expansion. As the number of Monte
Carlo estimates and the number terms in the polynomial chaos expansion approached infinity, the two
estimates would converge. And they would converge to a number different than that of the naive
estimate. The exponential function warped the effect of the Gaussian distributed %k such that the
realization of y at ¢t = 1 was distorted to a greater value.
For the same 10° simulations, the Monte Carlo method predicts a standard deviation of y at ¢ = 1
of
Os, Monte Carlo = 0.133325. (7.684)

This number is well estimated by the magnitude, |y, (t = 1)]:

1
lyi(t=1)] = e " sinh(ot) = e~ MM ginh (5) = 0.124910. (7.685)
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Figure 7.17: Histograms for distribution of k and y(t = 1;k = 1 + £/3) for 10° Monte Carlo
simulations for various values of k.
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Figure 7.18: Estimates of y(¢) which satisfies dy/dt = —ky, y(0) = 1, for k = 1+ /3, where
¢ is a random variable, normally distributed about zero.

Again, both estimates could be improved by more samples, and more terms in the expansion, respec-
tively.

Histograms of the scaled frequency of occurrence of k and y(t = 1;k = 1 + £/3) within bins of
specified width from the Monte Carlo method for 10° realizations are plotted in Fig. 17 We show
fifty bins within which the scaled number of occurrences of k and y(t = 1) are realized. The scaling
factor applied to the number of occurrences was selected so that the area under the curve is unity.
This is achieved by scaling the number of occurrences within a bin by the product of the total number
of occurrences and the bin width; this allows the scaled number of occurrences to be thought of as a
probability density. As designed, k appears symmetric about its mean value of unity, with a standard
deviation of 1/3. Detailed analysis would reveal that k in fact has a Gaussian distribution. But
y(t = 1;k = 14 £/3) does not have a Gaussian distribution about its mean, as it has been skewed
by the dynamics of the differential equation for y. The time-evolution of y is plotted in Fig.
The black line gives the naive estimate, e™*. The green line gives yo(¢), and the two blue lines give

yo(t) £ y1(t), that is, the mean value of y, plus or minus one standard deviation.
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Problems
1. Use a one-term collocation method with a polynomial basis function to find an approximation for
y//// + (1 + x)y — 17

with y(0) = ¢'(0) = ¢'(1) = " (1) = 0.
2. Use two-term spectral, collocation, subdomain, least squares and moments methods to solve the

equation
yl/l/ + (1 +$)y — 17

with y(0) = ¢'(0) = y(1) = y”(1) = 0. Compare graphically with the exact solution.

3. If x1,x9,--+,zN and y1, Y2, -+, yn are real numbers, show that
N 2 N N
(o) = (302 (S2)
n=1 n=1 n=1
4. If z,y € X, an inner product space, and z is orthogonal to y, then show that ||z + ay|| = ||z — ay]|

where « is a scalar.

5. For an inner product space, show that

<r,y+z> = <z, y>+<x,2>,
<ax,y> = a<z,y>,
<z,y> = <y,z> in a real vector space.

6. The linear operator A : X — Y, where X = R?, Y = R?. The norms in X and Y are defined by

z = (£,8)" €X, ||zl = max (I&],]&]),
y = (,m)" €Y, |lylli = |m|+ |nl.

. . 3 —1

Find ||A]| if A = ( 5 _9 )

7. Let Q, C and R be the sets of all rational, complex and real numbers respectively. For the following
determine if A is a vector space over the field F. For finite-dimensional vector spaces, find also a set
of basis vectors.

(a) A is the set of all polynomials which are all exactly of degree n, F = R.

(b) A is the set of all functions with continuous second derivatives over the interval [0, L] and
satisfying the differential equation y” 4+ 2y’ +y =0, F = R.

(c) A=R,F=R

(d) A = {(a1,az2,a3) such that a1,a2 € Q,2a; + a2 = 4az},F = Q.
(e) A=C,F=0Q.

(f) A = {ae” + be~2® such that a,b € R,z € [0,1]},F = R.
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8. Which of the following subsets of R? constitute a subspace of R? where z = (21,72, 23) € R3:
(a) All  with 27 = 2 and xz3 = 0.
(b) All z with 21 = z9 + 1.
(¢) All z with positive 1, 22, z3.
(d) All z with 21 — 29 + 23 = constant k.
9. Given a set S of linearly independent vectors in a vector space V, show that any subset of S is also
linearly independent.

10. Do the following vectors, (3,1,4,—1)T, (1,-4,0,4)7, (-1,2,2,1)T,(-1,9,5,—6)7, form a basis in R*?

11. Given z1, the iterative procedure x,11 = Lz, generates xo,x3, x4, -, where L is a linear operator
and all the 2’s belong to a complete normed space. Show that {z,,, n = 1,2, --} is a Cauchy sequence
if ||L|] < 1. Does it converge? If so find the limit.

12. If {e,,n =1,2,---} is an orthonormal set in a Hilbert space H, show that for every « € H, the vector
Y= Ziv:l<:c, en>€, exists in H, and that x — y is orthogonal to every e,,.

13. Let the linear operator A : C2 — C? be represented by the matrix A = ( ? _54 ) Find ||A]] if all
vectors in the domain and range are within a Hilbert space.

14. Let the linear operator A : C2 — C? be represented by the matrix A = ( 2 —1i_ ! _54 > Find ||A]|
if all vectors in the domain and range are within a Hilbert space.

15. Using the inner product (z,y) = f:w(t):v(t)y(t) dt, where w(t) > 0 for a < ¢t < b, show that the
Sturm-Liouville operator

L—— (L (0l 1re
= w(t) \at \M\a ’
with az(a) 4+ f2'(a) =0, and ya(b) 4+ 62’/ (b) = 0 is self-adjoint.
16. For elements x, y and z of an inner product space, prove the Apolloniu@ identity:
2 2 1 2 1 ’
lz = 2lls +1lz —yllz = Sllz —yllz + 2| |z = S(@ +y)
2 2 5

17. If 2,y € X an inner product space, and z is orthogonal to y, then show that ||z + ay|l2 = ||z — ayl|2
where a is a scalar.

18. Using the Gram-Schmidt procedure, find the first three members of the orthonormal set belonging to
La(—00,00), using the basis functions {exp(—t2/2), t exp(—t?/2), t? exp(—t%/2),---}. You may need
the following definite integral

/ exp(—t%/2) dt = V2m.
19. Let C'(0,1) be the space of all continuous functions in (0,1) with the norm

1
1f]l2 = / P2 dt.

26Apollonius of Perga, ca. 262 BC-ca. 190 BC, Greek astronomer and geometer.
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20.

21.

22.

23.

24.

25.

26.

Show that
27 for 0 < t <

h“%‘{1—2%1—ﬂﬁ4m

belongs to C(0,1). Show also that {f,,n = 1,---} is a Cauchy sequence, and that C(0,1) is not
complete.

1
21
ri<ie<i,

Find the first three terms of the Fourier-Legendre series for f(x) = cos(nz/2) for x € [—1,1]. Compare
graphically with exact function.

Find the first three terms of the Fourier-Legendre series for

fz) = -1, for — 1<z <0,
o 1, for0<z<1.

Consider

d*y dy
a3 T2y ; y(0)=0 y(2)=0 dt(O) 0

Choosing polynomials as the basis functions, use a Galerkin and moments method to obtain a two-
term estimate to y(t). Plot your approximations and the exact solution on a single curve. Plot the
residual in both methods for ¢ € [0, 2]

Solve
2 + 2z’ +t =0,

with 2(0) = 0, 2(4) = 0, approximately using a two-term weighted residual method where the basis
functions are of the type sin At. Do both a spectral (as a consequence Galerkin) and pseudospectral
(as a consequence collocation) method. Plot your approximations and the exact solution on a single
curve. Plot the residual in both methods for z € [0, 4].

Show that the set of solutions of the linear equations

$1+3$2+{E3—{E4 = O,
—2x1 4+ 229 —x3+24 = 0,

form a vector space. Find the dimension and a set of basis vectors.

Let

11
A= 0 1
0 0

—_ =

For A : R?® — R3, find ||A|| if the norm of x = (1,22, 23)T € R? is given by
[x[oo = max(|z1], [x2], |z3])-
For any complete orthonormal set {¢;, ¢ =1,2,---} in a Hilbert space H, show that
U = Z<U7 ¢i>¢i,

<u,v> =Y <u, ¢i><v, ¢i>,

i
Z |<u7¢i>|27
i

[Jull3

where u and v belong to H.
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27.

28.

29.

30.

31.

32.

33.
34.
35.
36.
37.

38.

39.

Show that the set P*[0, 1] of all polynomials of degree 4 or less in the interval 0 < x < 1 is a vector

space. What is the dimension of this space?

Show that

(T 4+a5+...+23) W+ v + ..+ yR) = (myn + 22y2 + ...+ TNyn),

where z1, 22, ..., 2N,¥Y1,Y2,...,YyN are real numbers.

Show that the functions ey (t), e2(t), ..., en(t) are orthogonal in Ly (0, 1],

1 o<
_ N SN
en(t) { 0 otherwise.

Expand 2 in terms of these functions.

Find one-term collocation approximations for all solutions of

with y(0) =0, y(1) = 0.

where

T Fowmr s [ aor ws oo

where f(z) and y(x) belong to La[a, b].
Find the eigenvalues and eigenfunctions of the operator

&2 d
L——(@+2E+1),

which operates on functions y € L3[0, 5] that vanish at x = 0 and = 5.

Find the supremum and infimum of the set S = {1/n, where n =1,2, -

Find the I3[0, 1] norm of the function f(z) =z + 1.

3.

Find the distance between the functions x and x3 under the Ly[0, 1] norm.

Find the inner product of the functions x and x? using the Lz[0,1] definition.

Find the Green’s function for the problem
&2
dt?
Write the solution of the differential equation in terms of this function.

Find the first three terms of the Fourier-Legendre series for

flz) = -2 for —1<2<0
)= 1 for0<z<1

Graph f(z) and its approximation.
Find the null space of

CC BY-NC-ND.
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(a) the matrix operator

1 1 1
A=|2 2 1],
2 2 1
(b) the differential operator
d2
L=— +k
dt? i

40. Test the positive definiteness of a diagonal matrix with positive real numbers on the diagonal.

41. Let S be a subspace of 3]0, 1] such that for every x € S, 2(0) = 0, and ©(0) = 1. Find the eigenvalues
and eigenfunctions of L = —d?/dt? operating on elements of S.

42. Show that
B
lim/ f(@)Ad(x — a)dx = f(a),

e—0

for a € («, 3), where

0, ifrxr<a-3,
Az —a) = %, ifa—-$<z<a+s,
0, ifz>a+s.

43. Consider functions of two variables in a domain € with the inner product defined as

<u,v> = // u(z,y)v(x,y) de dy.
Q

Find the space of functions such that the Laplacian operator is self-adjoint.

44. Find the eigenvalues and eigenfunctions of the operator L where

?y dy
Ly=(1-t)22 &
y=( )dtg e

with ¢ € [-1,1] and y(—1) = y(1) = 0. Show that there exists a weight function r(z) such that the
eigenfunctions are orthogonal in [—1, 1] with respect to it.

45. Show that the eigenvalues of an operator and its adjoint are complex conjugates of each other.
46. Using an eigenvector expansion, find the general solution of A - x =y where

A:

)

== O

0
1
1

TrTw N OO N

47. Show graphically that the Fourier trigonometric series representation of the function

1, if—m<t<0,
f(t)_{ 1, fo<t<n,

always has an overshoot near = 0, however many terms one takes (Gibbs phenomenon). Estimate
the overshoot.
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48. Let {e1,---,en} be an orthonormal set in an inner product space S. Approximate z € S by y =
Bie1 + -+ Bnen, where the 3’s are to be selected. Show that ||z — y|| is a minimum if we choose
Bi = <x,e;>.
49. (a) Starting with a vector in the direction (1,2,0)T use the Gram-Schmidt procedure to find a set of
orthonormal vectors in R3. Using these vectors, construct (b) an orthogonal matrix Q, and then find
(c) the angles between x and Q - x, where x is (1,0,0)%, (0,1,0)7 and (0,0,1)T, respectively. The
orthogonal matrix Q is defined as a matrix having orthonormal vectors in its columns.
50. Find the null space of the operator L defined by Lx = (d?/dt?)z(t). Also find the eigenvalues and
eigenfunctions (in terms of real functions) of L with 2(0) = 1, (dx/dt)(0) = 0.
51. Find all approximate solutions of the boundary value problem
d*y 2
Tz Tytoy =
with y(0) = y(1) = 0 using a two-term collocation method. Compare graphically with the exact
solution determined by numerical methods.
52. Find a one-term approximation for the boundary value problem
y' —y=—a’,
with y(0) = y(1) = 0, using the collocation, Galerkin, least-squares, and moments methods. Compare
graphically with the exact solution.
53. Consider the sequence {;Ii} in RY. Show that this is a Cauchy sequence. Does it converge?
N
54. Prove that (LaLb)* = L;L; when L, and L;, are linear operators which operate on vectors in a Hilbert
space.
55. If {x;} is a sequence in an inner product space such that the series ||z1|| + ||22|| + - - - converges, show
that {sy} is a Cauchy sequence, where sy = x1 + 22 + - + 2 N.
56. If L(x) = ao(t)% + a1 (t)%E + ay(t)z, find the operator that is formally adjoint to it.
57. If t
y(0) =Liz(t) = [ a(r) dr,
0
where y(t) and z(t) are real functions in some properly defined space, find the eigenvalues and eigen-
functions of the operator L.
58. Using a dual basis, expand the vector (1,3,2)7 in terms of the basis vectors (1,1,1)7, (1,0, —1)7, and
(1,0,1)7 in R3. The inner product is defined as usual.
59. With fi(z) = 1+4+i+z and fo(z) = 1 + iz + i2?,
a) Find the L3[0, 1] norms of f(x) and fa(x).
b) Find the inner product of f;(x) and fo(z) under the Ly[0, 1] norm.
c) Find the “distance” between fi(z) and fa(z) under the L»[0, 1] norm.
60. Show the vectors u; = (—i,0,2,1 4 )7 us = (1,2,4,3)T,uz = (3 +4,3 —4,0,-2)",uy = (1,0,1,3)T

form a basis in C*. Find the set of reciprocal basis vectors. For z € C* and = = (i,3 — i, —2,2)7T,
express x as an expansion in the above-defined basis vectors. That is find «; such that z = a;u;.
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61. The following norms can be used in RY, where x = (&1,--+,&y) € RY.

(@) [[z][oc = maxi<n<n [€nl,
N
(b) [l = > 25—y [€nl,
N
(c) zll2 = (e [nl)2,
(@) Jlllp = (20 [€al)7, 1< p < co.
Show by examples that these are all valid norms.

62. Show that the set of all matrices A : RV — RY is a vector space under the usual rules of matrix
manipulation.

63. Show that if A is a linear operator such that

N
(a) At (RY, |- [loo) = (RY, |- ||1), then [|A]| =327, Ajj.
(b) A (RY, ][+ [Joo) = (RN, [] - [Joo), then ||A|| = maxi<icn 370 Aij-

64. If 2 p

u u
Lu= a(x)w + b(a:)ﬁ + ¢(2)u,
show 2 p
L'u = @(au) - E(bu) + cu.

65. Consider the function x(t) = sin(4t) for ¢ € [0, 1]. Project x(¢) onto the space spanned by the functions
U (t) so as to find the coefficients ., where z(t) ~ z,(t) = E%:l Qo U, () when the basis functions
are
(a) M = 2; ui(t) =t, us(t) = t2
(b) M = 3; ui(t) =1, uz(t) = 2, uz(t) = tant.

In each case plot z(t) and its approximation on the same plot.
66. Project the vector = (1,2,3,4)7 onto the space spanned by the vectors, u1, uz, so as to find the
projection x ~ x, = aju1 + aUs2.
1 1
0 1
(a) uy = ol w2=111|"
0 1
i i
0 1
(b) uy = 0 , U = i
0 1

67. Show the vectors u; = (—i,3,2—i, 1+i)T, uy = (i+1,2,4,3)T, uz = (3+i,3—14,0, —2)7, uy = (1,0,2,3)T
form a basis in C*. Find the set of reciprocal basis vectors. For # € C* and z = (i,3 —i,—5,2+1)7,
(a) express x as an expansion in the above-defined basis vectors. That is find «; such that z =
iy aii,

(b) project onto the space spanned by w1, ue, and uz. That is find the best set of «; such that
T, = E?:l o
68. Consider d?y/dt? = —ky, y(0) = 1, dy/dt(0) = 0. With £ € (—o0, 00) a random normally distributed

variable with mean of zero and standard deviation of unity, consider k& = p + o£. Use the method
of polynomial chaos to get a two-term estimate for y when p =1, 0 = 1/10. Compare the expected
value of y(t = 10) with that of a Monte Carlo simulation and that when o = 0.
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Chapter 8

Linear algebra

see Kaplan, Chapter 1,

see Lopez, Chapters 33, 34,

see Riley, Hobson, and Bence, Chapter 7,

see Michel and Herget,

see \Golubl and Van Loan,

see \Strang, Linear Algebra and its Applications,
see Strang, Introduction to Applied Mathematics.

The key problem in linear algebra is addressing the equation
A -x=b, (8.1)

where A is a known constant rectangular matrix, b is a known column vector, and x is
an unknown column vector. In this chapter, we will more often consider A to be an alibi
transformation in which the coordinate axes remain fixed, though occasionally we revert to
alias transformations. To explicitly indicate the dimension of the matrices and vectors, we
sometimes write this in expanded form:

ANy - Xpx1 = byxi, (8-2)

where N, M € N are the positive integers which give the dimensions. If N = M, the matrix
is square, and solution techniques are usually straightforward. For N # M, which arises
often in physical problems, the issues are not as straightforward. In some cases we find an
infinite number of solutions; in others we find none. Relaxing our equality constraint, we
can, however, always find a vector x,

x, = x such that |[|A -x — b||, — min. (8.3)

This vector x, is the best solution to the equation A - x = b, for cases in which there is no
exact solution. Depending on the problem, it may turn out that x, is not unique. It will
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always be the case, however, that of all the vectors x, which minimize ||A - x — bl|,, that
one of them, x, will itself have a minimum norm. We will define here the residual r as

r=A-x—b. (8.4)

In general, we will seek an x that minimizes ||r||s.

8.1 Determinants and rank

We can take the determinant of a square matrix A, written det A. Details of computation of
determinants are found in any standard reference and will not be repeated here. Properties
of the determinant include

e det Ay, is equal to the volume of a parallelepiped in N-dimensional space whose
edges are formed by the rows of A.

e If all elements of a row (or column) are multiplied by a scalar, the determinant is also
similarly multiplied.

e The elementary operation of subtracting a multiple of one row from another leaves the
determinant unchanged.

e If two rows (or columns) of a matrix are interchanged the sign of the determinant
changes.

A singular matrix is one whose determinant is zero. The rank of a matrix is the size r of the
largest square non-singular matrix that can be formed by deleting rows and columns.

While the determinant is useful to some ends in linear algebra, most of the common
problems are better solved without using the determinant at all; in fact it is probably a fair
generalization to say that the determinant is less, rather than more, useful than imagined by
many. It is useful in solving linear systems of equations of small dimension, but becomes much
too cumbersome relative to other methods for commonly encountered large systems of linear
algebraic equations. While it can be used to find the rank, there are also other more efficient
means to calculate this. Further, while a zero value for the determinant almost always has
significance, other values do not. Some matrices which are particularly ill-conditioned for
certain problems often have a determinant which gives no clue as to difficulties which may
arise.
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8.2 Matrix algebra

We will denote a matrix of size N x M as

@13 QA2 o Qi v Q1M
Q21 Q22 -+ Q2,0 Q2M
Ay = ' ’ ) ’ ' ' . (8.5)
an1 an2 0 Apm s ApM
an1 an2 -+ QaGNm -t GNM

Addition of matrices can be defined as

Anxm +Byxyw = Cnxur,s (8.6)

where the elements of C are obtained by adding the corresponding elements of A and B.
Multiplication of a matrix by a scalar o can be defined as

aAnsy = By, (8.7)

where the elements of B are the corresponding elements of A multiplied by «.

It can be shown that the set of all N x M matrices is a vector space. We will also refer to
an N x 1 matrix as an N-dimensional column vector. Likewise a 1 x M matrix will be called
an M-dimensional row vector. Unless otherwise stated vectors are assumed to be column
vectors. In this sense the inner product of two vectors Xyy; and yyx is <x,y> = X! -y.
In this chapter matrices will be represented by upper-case bold-faced letters, such as A, and

vectors by lower-case bold-faced letters, such as x.

8.2.1 Column, row, left and right null spaces

The M column vectors c,, € CN, m = 1,2,..., M, of the matrix Ay are each one of
the columns of A. The column space is the subspace of CM spanned by the column vectors.
The N row vectorsr, € CM, n =1,2,..., N, of the same matrix are each one of the rows.

The row space is the subspace of CV spanned by the row vectors. The column space vectors
and the row space vectors span spaces of the same dimension. Consequently, the column
space and row space have the same dimension. The right null space is the set of all vectors
Xarx1 € CM for which Anxar - Xarxi = Onxi. The left null space is the set of all vectors
ynx1 € CV for which ¥5.1 - Anxar = Visn - Anxar = O

If we have Anyar : CM — CV, and recall that the rank of A is r, then we have the
following important results:

e The column space of Ay has dimension r, (r < M).

e The left null space of Ay has dimension N — r.
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e The row space of Ay has dimension r, (r < N).

e The right null space of A xyxs has dimension M — r.
We also can show

CY = column space @ left null space,

CM = row space @ right null space. (8.9
Also

e Any vector x € CM can be written as a linear combination of vectors in the row space
and the right null space.

e Any M-dimensional vector x which is in the right null space of A is orthogonal to any
M-dimensional vector in the row space. This comes directly from the definition of the
right null space A - x = 0.

e Any vector y € CV can be written as the sum of vectors in the column space and the
left null space.

e Any N-dimensional vector y which is in the left null space of A is orthogonal to any
N-dimensional vector in the column space. This comes directly from the definition of
the left null space y? - A = 07

[
Ezxample 8.1

Find the column and row spaces of

A_<(1) (1) ;) (8.10)

and their dimensions.

Restricting ourselves to real vectors, we note first that in the equation A -x = b, A is an operator
which maps three-dimensional real vectors x into vectors b which are elements of a two-dimensional
real space, i.e.

A :R® - R? (8.11)
The column vectors are
1
C1 = ( 0 ), (812)
Cy = ( 0 >, (813)
1
1

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

8.2. MATRIX ALGEBRA 327

The column space consists of the vectors ajc; + aaca + azcs, where the o’s are any scalars. Since only
two of the ¢;’s are linearly independent, the dimension of the column space is also two. We can see this

by looking at the sub-determinant
10
det (0 1) =1, (8.15)

which indicates the rank, » = 2. Note that

e Cci + 2¢cy = c3.

e The three column vectors thus lie in a single two-dimensional plane.

e The three column vectors are thus said to span a two-dimensional subspace of R3.

The two row vectors are
r, = (1 0 1), (8.16)
ro, = (O 1 2). (8.17)

The row space consists of the vectors fir1 + Pars, where the 3’s are any scalars. Since the two r;’s are

linearly independent, the dimension of the row space is also two. That is the two row vectors are both

three dimensional, but span a two-dimensional subspace.
We note for instance, if x = (1,2,1)7, that A - x = b gives

(v s)(2)-() 19

b = 1cy + 2co + lcs. (8.19)

So

That is b is a linear combination of the column space vectors and thus lies in the column space of A.
We note for this problem that since an arbitrary b is two-dimensional and the dimension of the column
space is two, that we can represent an arbitrary b as some linear combination of the column space
vectors. For example, we can also say that b = 2c¢; + 4co. We also note that x in general does not
lie in the row space of A, since x is an arbitrary three-dimensional vector, and we only have enough
row vectors to span a two-dimensional subspace (i.e. a plane embedded in a three-dimensional space).
However, as will be seen, x does lie in the space defined by the combination of the row space of A, and
the right null space of A (the set of vectors x for which A -x = 0). In special cases, x will in fact lie
in the row space of A.

8.2.2 Matrix multiplication
Multiplication of matrices A and B can be defined if they are of the proper sizes. Thus
Anxr - Brxy = Cnxur (8.20)

It may be better to say here that A is a linear operator which operates on elements which are
in a space of dimension L x M so as to generate elements which are in a space of dimension
N x M; that is, A : RE x RM — RY x RM,
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[
Example 8.2

Consider the matrix operator
1 21
A—<_3 3 1), (8.21)
which operates on 3 x 4 matrices, i.e.
A R3xR?* - R? x R, (8.22)

and show how it acts on another matrix.
We can use A to operate on a 3 x 4 matrix as follows:

1 0 3 -2
1 2 1) (4 -4 5 6)
2 —4 1 3 |= . (8.23)
(—331 U4 0 o 2 -8 —6 17

Note the operation does not exist if the order is reversed.

A vector operating on a vector can yield a scalar or a matrix, depending on the order of
operation.

[
Ezxample 8.3

Consider the vector operations Ajx3 - B3k and B3y - Ajx3 where
Az = al'=(2 3 1), (8.24)
3
Bsx1 = b=|-2]. (8.25)
5
Then
3
Aiyz-Baxg=al-b=(2 3 1) -2 ] =(2)3)+3)(=2)+ (1)(5) = 5. (8.26)
5

This is the ordinary inner product <a, b>. The commutation of this operation however yields a matrix:

. 3 32 (B B3O
B3x1-Aixz=ba = -2](2 3 1) = (=2)(2) (=2)3) (=2)(1) |, (8.27)
5 B)2) BB 6G)(1)
6 9 3
= [-4 6 —2]. (8.28)
10 15 5

This is the dyadic product of the two vectors. Note that for vector (lower case notation) the dyadic
product usually is not characterized by the “dot” operator that we use for the vector inner product.
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A special case is that of a square matrix Ay, of size N. For square matrices of the
same size both A - B and B - A exist. While A - B and B - A both yield N x N matrices,
the actual value of the two products is different. In what follows, we will often assume that
we are dealing with square matrices.

Properties of matrices include

1. (A-B)-C=A-(B-C) (associative),
2.A-(B+C)=A-B+ A C (distributive),
3. (A+B)-C=A-C+ B C (distributive),
4. A-B # B - A in general (not commutative),

5. det A - B = (det A)(det B).

8.2.3 Definitions and properties
8.2.3.1 Identity

The identity matrix I is a square diagonal matrix with 1 on the main diagonal. With this
definition, we get

Ansm I = Anxu, (8.29)
In«nv - Anxy = Anxwu, or, more compactly, (8.30)
A1 = I.A=A, (8.31)

where the unsubscripted identity matrix is understood to be square with the correct dimen-
sion for matrix multiplication.

8.2.3.2 Nilpotent

A square matrix A is called nilpotent if there exists a positive integer n for which A™ = 0.

8.2.3.3 Idempotent

A square matrix A is called idempotent if A - A = A. The identity matrix I is idempotent.
Projection matrices P, see Eq. (Z.I60), are idempotent. All idempotent matrices which are
not the identity matrix are singular. The trace of an idempotent matrix gives its rank. More
generally, a function f is idempotent if f(f(x)) = f(x). As an example, the absolute value
function is idempotent since abs(abs(z)) = abs(x).
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8.2.3.4 Diagonal

A diagonal matrix D has nonzero terms only along its main diagonal. The sum and product
of diagonal matrices are also diagonal. The determinant of a diagonal matrix is the product
of all diagonal elements.

8.2.3.5 Transpose

Here we expand on the earlier discussion of Sec. The transpose AT of a matrix A is an
operation in which the terms above and below the diagonal are interchanged. For any matrix
Any s, we find that A - AT and AT - A are square matrices of size N and M, respectively.
Properties of the transpose include

1. det A = det AT,
2. (Anxar - Buxn)' =BT - AT,

3. (AN><N : XNx1)T "YnNx1 = xT - AT y = xT (AT : Y)-

8.2.3.6 Symmetry, anti-symmetry, and asymmetry

To reiterate the earlier discussion of Sec. [6.2.3] a symmetric matrix is one for which AT = A.
An anti-symmetric or skew-symmetric matrix is one for which AT = —A. Any matrix A
can be written as

1 1
A= 5(A +AT) + 5(A — A7), (8.32)
where (1/2)(A + AT) is symmetric and (1/2)(A — AT) is anti-symmetric. An asymmetric
matrix is neither symmetric nor anti-symmetric.

8.2.3.7 Triangular

A lower (or upper) triangular matrix is one in which all entries above (or below) the main
diagonal are zero. Lower triangular matrices are often denoted by L, and upper triangular
matrices by either U or R.

8.2.3.8 Positive definite

A positive definite matrix A is a matrix for which x7 - A -x > 0 for all nonzero vectors x. A
positive definite matrix has real, positive eigenvalues. Every positive definite matrix A can
be written as A = U?.U, where U is an upper triangular matrix (Cholesk decomposition).

Lafter [André-Louis Cholesky, 1875-1918, French mathematician and military officer.
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8.2.3.9 Permutation

A permutation matrix P is a square matrix composed of zeroes and a single one in each
column. None of the ones occur in the same row. It effects a row exchange when it operates
on a general matrix A. It is never singular, and is in fact its own inverse, P = P~!, so
P-P =1 Also ||P|| =1, and | det P| = 1. However, we can have det P = £1, so it can be
either a rotation or a reflection.

The permutation matrix P is not to be confused with a projection matrix P, which is
usually denoted in the same way. The context should be clear as to which matrix is intended.

[
Ezxample 8.4

Find the permutation matrix P which effects the exchange of the first and second rows of A, where

A= (8.33)

W N =

3
3
1

W = Ot
N DN~

To construct P, we begin with at 3 x 3 identity matrix I. For a first and second row exchange, we
replace the ones in the (1,1) and (2,2) slot with zero, then replace the zeroes in the (1,2) and (2,1)
slot with ones. Thus

0 1 0 1 3 5 7 2 3 1 2
P-A=|1 0 0 231 2]=(13 57 (8.34)
0 0 1 3 1 3 2 3 1 3 2
I
Ezxample 8.5
Find the rank and right null space of
1 01
A= 54 9 (8.35)
2 4 6
The rank of A is not three since
det A = 0. (8.36)
Since
1 0
‘ 5 4 ‘750, (8.37)
the rank of A is 2.
Let
Z1
x=| a2 |, (8.38)
Zs3
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belong to the right null space of A. Then

r1+x3 = 0, (8.39)
5ry +4xo +9x3 = 0, (840)
2z1 + 429+ 623 = 0. (8.41)

One strategy to solve singular systems is to take one of the variables to be a known parameter, and see
if the resulting system can be solved. If the resulting system remains singular, take a second variable
to be a second parameter. This ad hoc method will later be made systematic.

So here take x1 = t, and consider the first two equations, which gives

(49)(2)=(5) s

Solving, we find x5 = t, x3 = —t. So,
T t 1
x=|xm|=|t |=t] 1], t e R (8.43)
I3 —t -1

Therefore, the right null space is the straight line in R which passes through (0,0,0) and (1,1,-1).

8.2.3.10 Inverse

Definition: A matrix A has an inverse AP if A-A'=A"1.- A=1

Theorem
A unique inverse exists if the matrix is non-singular.

Properties of the inverse include
1. (A-B)'=B!. A
2. (A7) = (A7),
3. det(A™!) = (det A)~L.
If a;; and ai_j1 are the elements of A and A~!, and we define the cofactor as
¢ij = (—=1)my;, (8.44)

where the minor, m;; is the determinant of the matrix obtained by canceling out the j-th
row and i-th column, then the inverse is

1 Cij
YT Qet A (8.45)

The inverse of a diagonal matrix is also diagonal, but with the reciprocals of the original
diagonal elements.
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[
Ezxample 8.6

Find the inverse of

A= ( _11 1 ) (8.46)

=

We can confirm that A- A~ =A"1.A=1.

The inverse is
(8.47)

SN

ol |
N|=

N~

8.2.3.11 Similar matrices

Matrices A and B are similar if there exists a non-singular matrix S such that B = S™1-A-S.
Similar matrices have the same determinant, eigenvalues, multiplicities and eigenvectors.

8.2.4 Equations

In general, for matrices that are not necessarily square, the equation A nxns - Xarx1 = byxi
is solvable iff b can be expressed as combinations of the columns of A. Problems in which
M < N are over-constrained; in special cases, those in which b is in the column space of A,
a unique solution x exists. However in general no solution x exists; nevertheless, one can
find an x which will minimize ||A - x — bl|y. This is closely related to what is known as the
method of least squares. Problems in which M > N are generally under-constrained, and
have an infinite number of solutions x which will satisfy the original equation. Problems for
which M = N (square matrices) have a unique solution x when the rank r of A is equal to
N. If r < N, then the problem is under-constrained.

8.2.4.1 Over-constrained systems

[
Example 8.7
For x € R?, b € R3, A : R? — R3, consider

(j) (9“): (1) . (8.48)

X9 3

— =

Here it turns out that b = (0, 1,3)7 is not in the column space of A, and there is no solution x for
which A -x = b! The column space is a plane defined by two vectors; the vector b does not happen to
lie in the plane defined by the column space. However, we can find a solution x = x,,, where x,, can be
shown to minimize the Euclidean norm of the residual ||A - x, —b||2. This is achieved by the following
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procedure, the same employed earlier in Sec. [[.3.2.6], in which we operate on both vectors A -x, and b
by the operator AT so as to map both vectors into the same space, namely the row space of A. Once
the vectors are in the same space, a unique inversion is possible.

A-x, ~ b, (8.49)
AT - A -x, = AT b, (8.50)
x, = (AT-A)"' AT .b. (8.51)

These operations are, numerically,

oD@ - Ganf) 53
(2) = <§> (8.53)
() - (5) w50

Note the resulting x,, will not satisfy A - x, = b. We can define the difference of A - x, and b as the
residual vector, see Eq. 84), r = A - x, — b. In fact, ||r]l2 = ||A - x, — b||2 = 2.0412. If we tried
any nearby x, say x = (2,-3/5)", ||A - x — by = 2.0494 > 2.0412. Since the problem is linear, this
minimum is global; if we take x = (10, —24)T then ||A - x — b||2 = 42.5911 > 2.0412. Though we have
not proved it, our x, is the unique vector which minimizes the Euclidean norm of the residual.
Further manipulation shows that we can write our solution as a combination of vectors in the row
space of A. As the dimension of the right null space of A is zero, there is no possible contribution from

the right null space vectors.
4 1 1
¢ _ al( )+a2< > (8.55)
(5) = (z) (i
1k 1 1 [0%]
6 _
(5) - (o)) 60
1
“a)— (A 8.57
) - (3) 631

- —i(;)-ﬁ-%(é) : (8.58)

linear combination of row space vectors

LW W ==

We could also have chosen to expand in terms of the other row space vector (1,1)T, since any two of
the three row space vectors span the space R2.

The vector A -x, actually represents the projection of b onto the subspace spanned by the column
vectors (i.e. the column space). Call the projected vector by:

b,=A-x,=A-(AT-A)"'- AT b. (8.59)

projection matrix, P

For this example b, = (5/6,11/6, 4/3)". We can think of b, as the shadow cast by b onto the column
space. Here, following Eq. (ZI60), we have the projection matrix P as

P=A (AT At AT, (8.60)
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c1A'Xp=P-b= bp#b

Figure 8.1: Plot for b which lies outside of column space (space spanned by ¢; and c¢3) of A.

A sketch of this system is shown in Fig. Bl Here we sketch what might represent this example
in which the column space of A does not span the entire space R?, and for which b lies outside of
the column space of A. In such a case |[|A - x, — b|l]2 > 0. We have A as a matrix which maps
two-dimensional vectors x into three-dimensional vectors b. Our space is R?, and embedded within
that space are two column vectors ¢; and co which span a column space R?, which is represented by a
plane within a three-dimensional volume. Since b lies outside the column space, there exists no unique
vector x for which A -x = b.

[
Ezxample 8.8
For x € R?, b € R3, consider A : R? — R3,

(j) (“): ? . (8.61)

X9 3

—_

The column space of A is spanned by the two column vectors

1 2
C = 1 ) Co = 0 . (862)
1 1

Our equation can also be cast in the form which makes the contribution of the column vectors obvious:

1 2 5
o |14z |0 =(1]. (8.63)
1 1 3

Here we have the unusual case that b = (5,1,3)7 is in the column space of A (in fact b = ¢; + 2cz),
and we have a unique solution of
— (;) . (8.64)
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Figure 8.2: Plot for b which lies in column space (space spanned by c¢; and c3) of A.

In most cases, however, it is not obvious that b lies in the column space. We can still operate on
both sides by the transpose and solve, which will reveal the correct result:

1 2 5
1 1 1 T 1 1 1
0 NE - )

GO - ()
<2> N <§> (8.67)

A quick check of the residual shows that in fact r = A - x, —b = 0. So, we have an exact solution for
which x = x,.

Note that the solution vector x lies entirely in the row space of A; here, it is identically the first row
vector r; = (1,2)”. Note also that here the column space is a two-dimensional subspace, in this case a
plane defined by the two column vectors, embedded within a three-dimensional space. The operator A
maps arbitrary two-dimensional vectors x into the three-dimensional b; however, these b vectors are
confined to a two-dimensional subspace within the greater three-dimensional space. Consequently, we
cannot always expect to find a vector x for arbitrary b!

A sketch of this system is shown in Fig. Here we sketch what might represent this example
in which the column space of A does not span the entire space R?, but for which b lies in the column
space of A. In such a case ||A - x — b||z = 0. We have A as a matrix which maps two-dimensional
vectors x into three-dimensional vectors b. Our space is R? and embedded within that space are two
column vectors ¢; and co which span a column space R?, which is represented by a plane within a
three-dimensional volume. Since b in this example happens to lie in the column space, there exists a
unique vector x for which A - x = b.

8.2.4.2 TUnder-constrained systems

[
Example 8.9
Consider now A : R3 — R2 such that

(o) o -(3): (5.68)

€3
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In this case operating on both sides by the transpose is not useful because (A7 - A)~! does not
exist. We take an alternate strategy.

Certainly b = (1,3)7 lies in the column space of A, since for example, b = 0(1,2)7 — 2(1,0)T +
3(1,1)T. Setting z; = t, where ¢ is an arbitrary number, lets us solve for s, z3:

Ga)(=)-0) s

<é 1) (ﬁ) B (31—_2tt)' (8.70)
<i§) B (f—gf) (8.71)

Inversion gives

SO

T t 0 1
z | = -2+t |=| -2+ t| 1 : t € RL (8.72)
T3 32t 3 -2

right null space

A useful way to think of problems such as this which are undetermined is that the matriz A maps
the additive combination of a unique vector from the row space of A plus an arbitrary vector from the
right null space of A into the vector b. Here the vector (1,1, —2)T is in the right null space; however,
the vector (0, —2,3)” has components in both the right null space and the row space. Let us extract
the parts of (0, —2,3)” which are in each space. Since the row space and right null space are linearly
independent, they form a basis, and we can say

0 1 2 1
2| =a1 (1] +ax| 0]+ as 1 . (8.73)
3 1 1 -2
row space right null space
In matrix form, we then get

0 1 2 1 a1

—2l=(10 1 as | . (8.74)

3 11 -2/ \a

invertible

The coefficient matrix is non-singular and thus invertible. Solving, we get

ay —%
a | = 1 ]. (8.75)
as —%
So x can be rewritten as
9 1 2 A 1
x=—z|1]+[0 +<t—§> 1|, t € RL (8.76)
1 1 -2
row space right null space

The first two terms in the right-hand side of Eq. (876]) are the unique linear combination of the row
space vectors, while the third term is from the right null space. As by definition, A maps any vector
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from the right null space into the zero element, it makes no contribution to forming b; hence, one can
allow for an arbitrary constant. Note the analogy here with solutions to inhomogeneous differential
equations. The right null space vector can be thought of as a solution to the homogeneous equation,
and the terms with the row space vectors can be thought of as particular solutions.

We can also write the solution x in matrix form. The matrix is composed of three column vectors,
which are the original two row space vectors and the right null space vector, which together form a
basis in R3:

2 1 -2
0 1 1. t e R (8.77)
1 —2) \t—3

W
Il
e

While the right null space vector is orthogonal to both row space vectors, the row space vectors are not
orthogonal to themselves, so this basis is not orthogonal. Leaving out the calculational details, we can
use the Gram-Schmidt procedure to cast the solution on an orthonormal basis:

1 1

x=—| = | +v2| _L | + 6<t——> |, teR. (8.78)
\/g f 6/5 3 /3
73 3

row space right null space

The first two terms are in the row space, now represented on an orthonormal basis, the third is in the
right null space. In matrix form, we can say that

R U
3z 7 —1[
1 1 1 3 1
x=|¥3 Vi & V2 , teR. (8.79)
4
SNV AN

Of course, there are other orthonormal bases on which the system can be cast.
We see that the minimum length of the vector x occurs when ¢ = 4/3, that is when x is entirely in
the row space. In such a case we have

min][x|j> = \/<%)2 + (\/5)2 - g (8.80)

Lastly note that here, we achieved a reasonable answer by setting 1 = ¢ at the outset. We could
have achieved an equivalent result by starting with o = ¢, or 3 = ¢. This will not work in all problems,
as will be discussed in Sec. 883 on row echelon form.

8.2.4.3 Simultaneously over- and under-constrained systems

Some systems of equations are both over- and under-constrained simultaneously. This often
happens when the rank r of the matrix is less than both N and M, the matrix dimensions.
Such matrices are known as less than full rank matrices.
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[
Ezxample 8.10
Consider A : R* — R3 such that

1 2 0 4\ (™ 1
3 2 -1 3 ;2 =13]. (8.81)
-1 2 1 5 3 2

T4

Using elementary row operations to perform Gaussian elimination gives rise to the equivalent sys-

tem:
10 —1/2 —1/2 il 0
0 1 1/4 9/4 2l=1(o]. (8.82)
00 0 0 s 1
T4

We immediately see that there is a problem in the last equation, which purports 0 = 1! What is actually
happening is that A is not full rank r = 3, but actually has r = 2, so vectors x € R* are mapped
into a two-dimensional subspace. So, we do not expect to find any solution to this problem, since our
vector b is an arbitrary three-dimensional vector which most likely does not lie in the two-dimensional
subspace. We can, however, find an x which minimizes the Euclidean norm of the residual. We return
to the original equation and operate on a both sides with AT to form A7 - A -x = AT . b. It can be
easily verified that if we chose to operate on the system which was reduced by Gaussian elimination
that we would not recover a solution which minimized ||A - x — b||!

RV > 2 2 ) (!
3 2 -1 3 = 3], (8.83)
0 -1 1 s g 5]\ 0 -1 1 )
4 3 5 T4 4 3 5
11 6 -4 8 T 8
6 12 0 24| [ o 12
4 0 2 2 P I e (8.84)
8 24 2 50/ \ay 23

This operation has mapped both sides of the equation into the same space, namely, the column space
of AT which is also the row space of A. Since the rank of A is r = 2, the dimension of the row space
is also two, and now the vectors on both sides of the equation have been mapped into the same plane.
Again using row operations to perform Gaussian elimination gives rise to

10 —1/2 —1/2\ /a1 1/4
0 1 1/4 9/4 x| [ 7/8
00 0 0 zs | | 0 | (8.85)
00 0 0 4 0

This equation suggests that here x3 and x4 are arbitrary, so we set x3 = s, x4 = ¢ and, treating s and
t as known quantities, reduce the system to the following

(é (1)> (2) - (;//84j38//42j¥/24) ) (8.86)

SO
7 1/4 1/2 1/2
| [ 7/8 —1/4 —9/4
=10 ]+ 1t o (8.87)
4 0 0 1
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The vectors which are multiplied by s and ¢ are in the right null space of A. The vector (1/4,7/8,0,0)T
is not entirely in the row space of A; it has components in both the row space and right null space. We
can, thus, decompose this vector into a linear combination of row space vectors and right null space
vectors using the procedure in the previous section, solving the following equation for the coefficients

ai,...,aq, which are the coefficients of the row and right null space vectors:
1/4 1 3 1/2 1/2 ai
/81 2 2 -—-1/4 -9/4 as
0 o -1 1 0 as (8.88)
0 4 3 0 1 aq
Solving, we get
aq —3/244
ax | 29/244
as | 29/244 (8.89)
ay —75/244
So we can recast the solution as
T 1 3 1/2 1/2
To 3 2 29 2 29 —1/4 75 —9/4
=__- - — t— — . 8.90
s s |0 T2 | 1| T\" T am T 0 (8.90)
Ty 4 3 0 1
row space right null space

This choice of x guarantees that we minimize ||A - x — b||2, which in this case is 1.22474. So there are
no vectors x which satisfy the original equation A -x = b, but there are a doubly infinite number of
vectors x which can minimize the Euclidean norm of the residual.

We can choose special values of s and ¢ such that we minimize ||x||2 while maintaining ||A -x—Dbl||2
at its global minimum. This is done simply by forcing the magnitude of the right null space vectors to
zero, so we choose s = —29/244, ¢ = 75/244, giving

o 1 3 21/61
e | 3 (2] 20 2| [ 13/61
ws | T 2aa | 0] T2aa | -1 | T | —29/244 (8.91)
Ty 4 3 75/244
Trow space
This vector has ||x||2 = 0.522055.
8.2.4.4 Square systems
A set of N linear algebraic equations in N unknowns can be represented as
ANun - Xnx1 = bk (8.92)

There is a unique solution if det A # 0 and either no solution or an infinite number of
solutions otherwise. In the case where there are no solutions, one can still find an x which
minimizes the normed residual ||A - x — bl|s.
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Theorem
(Cramer’s rule) The solution of the equation is
det Az

where A; is the matrix obtained by replacing the i-th column of A by y. While generally
valid, Cramer’s rule is most useful for low dimension systems. For large systems, Gaussian
elimination is a more efficient technique.

I
Ezxample 8.11
For A: R? — R2, Solve for x in A -x = b:

(5 2)(5)=6) o)

By Cramer’s rule

4 2
5 2 -2 1
no= o=l (5.95)
3 2
1 4
3 5 -7 7
3 2
So
1
x = <§> . (8.97)
4

We get the same result by Gaussian elimination. Subtracting three times the first row from the second

yields
(é —24> (2) B (—47)' (8.98)

Thus, xo = 7/4. Back substitution into the first equation then gives z7 = 1/2.

I
Example 8.12
With A : R? — R2, find the most general x which best satisfies A - x = b for

(5 8)(5)=() s

Obviously, there is no unique solution to this system since the determinant of the coefficient matrix
is zero. The rank of A is 1, so in actuality, A maps vectors from R? into a one-dimensional subspace,

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

342 CHAPTER 8. LINEAR ALGEBRA

R!. For a general b, which does not lie in the one-dimensional subspace, we can find the best solution
x by first multiplying both sides by AT:

1 3 1 2 T B 1 3 2
ol o) - GoE) @100
10 20 1 B 2
<m m)(@) _ QJ. (8.101)
This operation maps both sides of the equation into the column space of AT, which is the row space

of A, which has dimension 1. Since the vectors are now in the same space, a solution can be found.
Using row reductions to perform Gaussian elimination, we get

(é (2)) <2) - <1(/)5>' (8.102)

We set xo = t, where t is any arbitrary real number and solve to get

(2)_<165)+t<_12>' (8.103)

The vector which ¢ multiplies, (—2,1)7, is in the right null space of A. We can recast the vector
(1/5,0)T in terms of a linear combination of the row space vector (1,2)7 and the right null space vector
to get the final form of the solution:

<2>‘éi£2+0‘%><?)- (8.104)

row space right null space

This choice of x guarantees that the Euclidean norm of the residual ||A - x — b||2 is minimized. In this
case the Euclidean norm of the residual is 1.89737. The vector x with the smallest norm that minimizes
[|A - x — bl|2 is found by setting the magnitude of the right null space contribution to zero, so we can

take t = 2/25 giving
X - i 1
()= L (1) w0
———

row space

This gives rise to ||x||2 = 0.0894427.

8.3 Eigenvalues and eigenvectors

8.3.1 Ordinary eigenvalues and eigenvectors

Much of the general discussion of eigenvectors and eigenvalues has been covered in Chap. [1,
see especially Sec. [[.4.4] and will not be repeated here. A few new concepts are introduced,
and some old ones reinforced.

First, we recall that when one refers to eigenvectors, one typically is referring to the right
eigenvectors which arise from A -e = Al - e; if no distinction is made, it can be assumed
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that it is the right set that is being discussed. Though it does not arise as often, there are
occasions when one requires the left eigenvectors which arise from €’ - A = &’ - I\. Some
important properties and definitions involving eigenvalues are listed next:

If the matrix A is self-adjoint, it can be shown that it has the same left and right
eigenvectors.

If A is not self-adjoint, it has different left and right eigenvectors. The eigenvalues are
the same for both left and right eigenvectors of the same operator, whether or not the
system is self-adjoint.

The polynomial equation that arises in the eigenvalue problem is the characteristic
equation of the matrix.

The Cayley-HamiltmE theorem states that a matrix satisfies its own characteristic
equation.

If a matrix is triangular, then its eigenvalues are its diagonal terms.
Eigenvalues of A - A = A? are the square of the eigenvalues of A.
Every eigenvector of A is also an eigenvector of A2

A matrix A has spectral radius, p(A), defined as the largest of the absolute values of
its eigenvalues:

p(A) = max(|A,)). (5.106)
Recall from Eq. (Z30I) that a matrix A has a spectral norm, ||A||, where

|A[]2 = | /max(ri), (8.107)
where for real valued A, r; is an eigenvalue of AT - A. Note in general p(A) # ||Al|s.
If A is self-adjoint, p(A) = [|A]l.
In general, Gelfand’# formula holds

p(A) = lim || AF||ME. (8.108)

The norm here holds for any matrix norm, including our spectral norm.

The trace of a matrix is the sum of the terms on the leading diagonal.

2after [Arthur Cayley, 1821-1895, English mathematician, and [William Rowan Hamilton, 1805-1865,
Anglo-Irish mathematician.
3Israel Gelfand, 1913-2009, Soviet mathematician.
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e The trace of a N x N matrix is the sum of its N eigenvalues.

e The product of the N eigenvalues is the determinant of the matrix.

|
Example 8.13

Demonstrate the theorems and definitions just described for

0o 1 =2
A=1[2 1 0 |. (8.109)
4 -2 5
The characteristic equation is
A 62+ 11N —6=0. (8.110)

The Cayley-Hamilton theorem is easily verified by direct substitution:

A% —6A% +11A — 61 =0, (8.111)
0 1 -2\ /0 1 =2\ /0 1 -2 0 1 -2\ /0 1 =2
2 1 0 2 1 0 2 1 0 |-6]l2 1 o0 2 1 0
4 -2 5 4 -2 5 4 -2 5 4 -2 5 4 -2 5
0 1 -2 1 00 00 0

+1112 1 0 |-6({0 1 0)=(0 0 0], (8112
4 -2 5 00 1 00 0
-30 19 -38 36 —30 60 0 11 —22 -6 0 0
—10 13 24|+ | -12 18 24 |+ |22 11 0 |+[ 0 -6 0
52 —26 53 —96 48 —102 44 —22 55 0 0 -6
00 0

=10 0 0]. (8113)
00 0

Considering the traditional right eigenvalue problem, A-e = Al -e, it is easily shown that the eigenvalues
and (right) eigenvectors for this system are

0

Al = 1, e = 2 y (8114)
1
2

AQ = 2, €y — 1 y (8115)
0
-1

As=3, es=[-1]. (8.116)
1
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One notes that while the eigenvectors do form a basis in R?, that they are not orthogonal; this is a
consequence of the matrix not being self-adjoint (or more specifically asymmetric). The spectral radius
is p(A) = 3. Now

0 1 -2 0 1 -2 -6 5 —10
A’=A-A=1[2 1 0 2 1 0 |=[2 3 —4]/]. (8.117)
4 -2 5 4 -2 5 16 -8 17

It is easily shown that the eigenvalues for A? are 1,4, 9, precisely the squares of the eigenvalues of A.
The trace is
tr(A)=0+1+5=6. (8.118)

Note this is the equal to the sum of the eigenvalues

3
> Ai=1+2+3=6. (8.119)
i=1
Note also that
det A =6 =X A2A3 = (1)(2)(3) =6. (8.120)

Note that since all the eigenvalues are positive, A is a positive matrix. It is not positive definite. Note
for instance if x = (—1,1,1)%, that x - A - x = —1. We might ask about the positive definiteness of
the symmetric part of A, A, = (A + AT)/2:

— oW

A, = ~1]. (8.121)

5

—lw O
|
—_

In this case A has real eigenvalues, both positive and negative, Ay = 5.32, Ay = —1.39, A3 = 2.07.
Because of the presence of a negative eigenvalue in the symmetric part of A, we can conclude that both
A and A are not positive definite.

We also note that for real-valued problems x € RV, A € R¥*¥  the antisymmetric part of a matrix
can never be positive definite by the following argument. We can say x? - A - x = xT - (A, + A,) - X.
Then one has x7 - A, - x = 0 for all x because the tensor inner product of the real antisymmetric A,
with the symmetric x” and x is identically zero. So to test the positive definiteness of a real A, it
suffices to consider the positive definiteness of its symmetric part: x* - A, -x > 0.

For complex-valued problems, x € CV, A € CV*V it is not quite as simple. Recalling that the
eigenvalues of an antisymmetric matrix A, are purely imaginary, we have, if x is an eigenvector of A,
that X7 - A, -x =X' - (N)x =% - (iAf)x = iA/X! - x = i)\]|x||2, where A\; € R'. Hence whenever the
vector X is an eigenvector of A,, the quantity X! - A, - X is a pure imaginary number.

We can also easily solve the left eigenvalue problem, éf A= )\éf -1

2

)\1 = 1, e(Ll) = -1 ) (8122)
1
-3

)\2 = 2, €70 = 1 5 (8123)
-2
2

/\3 = 3, €13 = -1 . (8124)
2
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We see eigenvalues are the same, but the left and right eigenvectors are different.
We find ||A||2 by considering eigenvalues of AT - A, the real variable version of that described in

Eq. (Z300)
0 2 4 0 1 -2
AT . A = 1 1 -2)-{2 1 o], (8.125)
-2 0 5 4 -2 5
20 -6 20
= -6 6 -12]. (8.126)
20 —12 29

This matrix has eigenvalues k = 49.017, 5.858,0.125. The spectral norm is the square root of the largest,
giving
[|All2 = v49.017 = 7.00122. (8.127)

The eigenvector of AT - A corresponding to x = 49.017 is &; = (0.5829, —0.2927,0.7579)7. When we
compute the quantity associated with the norm of an operator, we find this vector maps to the norm:

0 1 =2 0.5829 —1.80863
|| 2 1 0 |-[-0.2927 0.873144
”A[ eil _[[\4 -2 5 0.7579 /||, _ 6.70698 /||, _ - 00122, (5.128)
[|é1]2 0.582944 1
—0.292744
0.757943

2

Had we chosen the eigenvector associated with the eigenvalue of largest magnitude, e3 = (1, —1,1)7,
we would have found ||A - es||2/||es||2 = 3, the spectral radius. Obviously, this is not the maximum of
this operation and thus cannot be a norm.

We can easily verify Gelfand’s theorem by direct calculation of ||Ak||§/ ¥ for various k. We find the

following.
kol AR
1 7.00122
2 5.27011
3 4.61257
4 4.26334
5 4.03796
10 3.52993
100 3.04984
1000 3.00494
00 3

As k — oo, ||Ak||é/k approaches the spectral radius p(A) = 3.

8.3.2 Generalized eigenvalues and eigenvectors in the second sense

On p. 288 we studied generalized eigenvectors in the first sense. Here we consider a dis-
tinct problem which leads to generalized eigenvalues and eigenvectors in the second sense.
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Consider the problem
A-e=)B e,

(8.129)

where A and B are square matrices, possibly singular, of dimension N x N, e is a generalized
eigenvector in the second sense, and A is a generalized eigenvalue. If B were not singular,
we could form (B™!-A)-e = Ml - e, which amounts to an ordinary eigenvalue problem. But

let us assume that the inverses do not exist. Then Eq. (8129) can be re-cast as

(A—-)\B)-e=0.
For non-trivial solutions, we simply require
det(A — AB) =0,

and analyze in a similar manner.

[
Ezxample 8.1}

Find the generalized eigenvalues and eigenvectors in the second sense for

(; f).e:AG g)

——— ———
A B

Here B is obviously singular. We rewrite as

o 1)-(2)-(5)

For a non-trivial solution, we require

1—-X 2
‘ 2-2 1 ’ =0
which gives a generalized eigenvalue of
1-X=2(2-X\) = 0,
1-A—4+2X = 0,
A= 3

For e, we require
1-3 2 . €1 o 0
2 — 3 1 €9 o O ’
-2 2\ (e B 0
-1 1 €9 o 0 ’
By inspection, the generalized eigenvector in the second sense

()= ()

satisfies Eq. (8I32) when A = 3, and « is any scalar.

(8.130)

(8.131)

(8.132)

(8.133)

(8.134)

(8.135)
(8.136)
(8.137)

(8.138)

(8.139)

(8.140)
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original unit square

D I B
1.0 C %
representation in
0.8} linearly mapped
coordinates
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0.2+
rotate — r
. . . . B d O B R R by
A" 02 04 06 08 10 an 10 08 -06 -04 02 /"
deform
N A
0.5 -
)(K
¥
1.0 -

D

Figure 8.3: Unit square transforming via stretching and rotation under a linear area- and
orientation-preserving alibi mapping.

8.4 Matrices as linear mappings

By considering a matrix as an operator which effects a linear mapping and applying it
to a specific geometry, one can better envision the characteristics of the matrix. This is
demonstrated in the following example.

[
Ezxample 8.15

Consider how the matrix

A= ((1) j) (8.141)

acts on vectors x, including those that form a unit square with vertices as A : (0,0),B : (1,0),C :
(1,1),D: (0,1).

The original square has area of A = 1. Each of the vertices map under the linear homogeneous

transformation to
0 -1 0 0 0 -1 1 0
06 -6 ¢ 3)6)-0) e:142)
——— ——— e N

(1 i)@ - @ (5 1)@@ 5.113)

In the mapped space, the square has transformed to a parallelogram. This is plotted in Fig. Here,
the alibi approach to the mapping is clearly evident. We keep the coordinate axes fixed in Fig. and
rotate and stretch the vectors, instead of keeping the vectors fixed and rotating the axes, as would have
been done in an alias transformation. Now we have

det A = (0)(—1) — (1)(=1) = 1. (8.144)
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Thus, the mapping is both orientation- and area-preserving. The orientation-preserving feature is
obvious by inspecting the locations of the points A, B, C, and D in both configurations shown in
Fig. We easily calculate the area in the mapped space by combining the areas of two triangles
which form the parallelogram:

A=)+

The eigenvalues of A are —(1/2) £+ /3/2, both of which have magnitude of unity. Thus, the spectral
radius p(A) = 1. However, the spectral norm of A is non-unity, because

AT.A:(_Ol _11)(? j):(_ll _21> (8.146)

which has eigenvalues

(1)(1) = L. (8.145)

1
K= 5(?)j:\/g). (8.147)
The spectral norm is the square root of the maximum eigenvalue of AT - A, which is
1
1All = /56 + V5) = 1.61803. (8.148)

It will later be shown, Sec. B84l that the action of A on the unit square can be decomposed into a
deformation and a rotation. Both are evident in Fig.

8.5 Complex matrices

If x and y are complex vectors, we know that their inner product involves the conjugate
transpose. The conjugate transpose operation occurs so often we give it a name, the Her-
mitian transpose, and denote it by a superscript H. Thus, we define the inner product
as

<x,y>=%.y=x.y. (8.149)

Then the norm is given by

[|x]]e = +VxH - x. (8.150)

|
Example 8.16
If
1+
x=|37%], (8.151)
~3i

find ||x]]2.
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1+i
x]ls = +VXH x =+ | (1—4,3+2i,2,+30) | > _22’ = V2413 +4+9=2VT. (8.152)
—3i
|
Example 8.17
If
1+
x=|-2+3i|, (8.153)
2
3
y=|4-2i|, (8.154)
3+ 3i
find <x,y>.
<x,y> = x.y, (8.155)
3
= (1-i,-2-3i,244) [ 4—2i |, (8.156)
34 3i
= (3—3i)+ (—14 —8i) + (3 + 91), (8.157)
= —8-2i. (8.158)

Likewise, the conjugate or Hermitian transpose of a matrix A is A¥ given by the trans-
pose of the matrix with each element being replaced by its conjugate:

A" = AT, (8.159)

As the Hermitian transpose is the adjoint operator corresponding to a given complex matrix,
we can apply an earlier proved theorem for linear operators, Sec. [[.4.4] to deduce that the
eigenvalues of a complex matrix are the complex conjugates of the Hermitian transpose of
that matrix.

The Hermitian transpose is distinguished from a matrix which is Hermitian as follows. A
Hermitian matrix is one which is equal to its conjugate transpose. So a matrix which equals
its Hermitian transpose is Hermitian. A matrix which does not equal its Hermitian transpose
is non-Hermitian. A skew-Hermitian matrix is the negative of its Hermitian transpose. A
Hermitian matrix is self-adjoint.

Properties:
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e x1. A .xisreal if A is Hermitian.
e The eigenvalues of a Hermitian matrix are real.

e The eigenvectors of a Hermitian matrix that correspond to different eigenvalues, are
orthogonal to each other.

e The determinant of a Hermitian matrix is real.
e The spectral radius of a Hermitian matrix is equal to its spectral norm, p(A) = ||All2.
e If A is skew-Hermitian, then ¢A is Hermitian, and vice-versa.

Note the diagonal elements of a Hermitian matrix must be real as they must be unchanged
by conjugation.

[
Ezxample 8.18

Consider A -x = b, where A : C?> — C3 with A the Hermitian matrix and x the complex vector:

1 2—4 3 3+ 21
A=|242 -3 2], X = -1 . (8.160)
3 —2i 4 2—1
First, we have
1 2—1i 3 3+ 2 7
b=Ax=1|24+7 -3 2 -1 =|9+11:i |. (8.161)
3 —2i 4 2—1 17+ 44

Now, demonstrate that the properties of Hermitian matrices hold for this case. First

1 2—i 3 3+ 2
xP Ax=(3-2 -1 2+i)|2+i -3 2i -1 | =42¢R% (8.162)
3 -2 4 2—i

The eigenvalues and (right, same as left here) eigenvectors are

0.525248
A1 = 6.51907, e; = | 0.132451 4 0.2239647 | , (8.163)
0.803339 — 0.1051591

—0.745909
—0.104237, ey = | —0.385446 + 0.08901957 | , (8.164)
0.501844 — 0.187828:

0.409554
—4.41484, e3 = | —0.871868 — 0.1251037 | . (8.165)
—0.116278 — 0.2072227

A2

A3

By inspection p(A) = 6.51907. Because A is Hermitian, we also have ||A||2 = p(A) = 6.51907. We find
this by first finding the eigenvalues of A¥ - A, which are 42.4983, 19.4908, and 0.010865. The square
roots of these are 6.51907, 4.41484, and 0.104237; the spectral norm is the maximum, 6.51907.
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Check for orthogonality between two of the eigenvectors, e.g. e, es:

<ep,ep> = ell ey, (8.166)

—0.745909

(0.525248 0.132451 — 0.223964¢ 0.803339 + 0.1051597) - | —0.385446 + 0.08901957 | ,
0.501844 — 0.187828:

(8.167)
= 0+ 0:. (8.168)

The same holds for other eigenvectors. It can then be shown that
det A = 3, (8.169)

which is also equal to the product of the eigenvalues. This also tells us that A is not volume-preserving,
but it is orientation-preserving.

Lastly,
i 1+2i 3¢
A= -1420 -3 -2/, (8.170)
3i 2 4i

is skew-symmetric. It is easily shown the eigenvalues of 1A are
A1 = 6.519077, Ay = —0.1042374, A3 = —4.41484s. (8.171)

Note the eigenvalues of this matrix are just those of the previous multiplied by 1.

8.6 Orthogonal and unitary matrices

8.6.1 Orthogonal matrices

Expanding on a topic introduced on p. 24 discussed on p. [I83 and briefly discussed on
p. B87 a set of N N-dimensional real orthonormal vectors {ej, ey, --,ex} can be formed
into an orthogonal matrix

Q - e ey ... ey . (8172)

Properties of orthogonal matrices include
1. QT = Q™!, and both are orthogonal.
2.Q"-Q=Q-Q" - 1.
3. ||Q||lz2 = 1, when the domain and range of Q are in Hilbert spaces.

4. 1|1Q - x||2 = [|x||2, where x is a vector.
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5. (Q-x)T-(Q-y) =xT -y, where x and y are real vectors.
6. Eigenvalues of Q have |\;| = 1, \; € C!, thus, p(Q) = 1.
7. |det Q| = 1.

Geometrically, an orthogonal matrix is an operator which transforms but does not stretch
a vector. For an orthogonal matrix to be a rotation, which is orientation-preserving, we must
have det Q = 1. Rotation matrices, reflection matrices, and permutation matrices P are all
orthogonal matrices. Recall that permutation matrices can also be reflection or rotation
matrices.

[
Example 8.19

Find the orthogonal matrix corresponding to

2 1
A= < 1 9 > . (8.173)
The normalized eigenvectors are (1/v/2,1/v/2)" and (—1/v/2,1/+/2)7. The orthogonal matrix is
thus
1 1
Q= < v f) (8.174)
V2 2

In the sense of Eq. ([654]), we can say

Q _ <COSZ —Slnﬂ'z> 7 (8175)

: ™
S11 1 COS 1

and the angle of rotation of the coordinate axes is @ = 7/4. We calculate the eigenvalues of Q to be
A = (1 £1i)/+/2, which in exponential form becomes A = exp(4ir/4), and so we see the rotation angle
is embedded within the argument of the polar representation of the eigenvalues. We also see |A| = 1.
Note that Q is not symmetric. Also note that det Q = 1, so this orthogonal matrix is also a rotation
matrix.

If £ is an unrotated Cartesian vector, and our transformation to a rotated frame is £ = Q-x, so that
x = QT - &, we see that the Cartesian unit vector & = (1,0)7 is represented in the rotated coordinate

system b
Y Y 1 1 1 1
V2 V2 V2
—_——
QT

Thus, the counterclockwise rotation of the axes through angle o = w/4 gives the Cartesian unit vector
(1,0)T anew representation of (1/v/2, —1/4/2)”. We see that the other Cartesian unit vector & = (0,1)”
is represented in the rotated coordinate system by

1 1 0 1
x:<_‘/i f)(1>=<f> (8.177)
V2 V2 V2
—_——
QT
Had det Q = —1, the transformation would have been non-orientation preserving.

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

354 CHAPTER 8. LINEAR ALGEBRA

[
Ezxample 8.20

Analyze the three-dimensional orthogonal matrix

U E
ARG T

Q=3 V2 & (8.178)
1 0 —./2
V3 3

Direct calculation reveals ||Q|[2 = 1, detQ = 1, and QT = Q~!, so clearly the matrix is a volume-
and orientation-preserving rotation matrix. It can also be shown to have a set of eigenvalues and
eigenvectors of

0.886452
M o= 1, e =/ 036718 |, (8.179)
0.281747
—0.18406 + 0.27060
Xy = exp(2.9092i), ey = [ —0.076240 — 0.653281i | , (8.180)
0.678461
—0.18406 — 0.27060i
A3 = exp(—2.9092i), es= | —0.076240+ 0.653281i | . (8.181)
0.678461

As expected, each eigenvalue has |\| = 1. Tt can be shown that the eigenvector e; which is associated
with real eigenvalue, A\ = 1, is aligned with the so-called Euler axis, i.e. the axis in three-space about
which the rotation occurs. The remaining two eigenvalues are of the form exp(£ai), where « is the
angle of rotation about the Euler axis. For this example, we have o = 2.9092.

[
Ezxample 8.21

Consider the composite action of three rotations on a vector x:

1 0 0 cosas 0 sinas cosag —sinag 0
Q1-Q2-Qs-x=|0 cosay —sinag |- 0 1 0 | sinaz  cosaz 0 | -x. (8.182)
0 sinay cosaq —sinas 0 cosas 0 0 1
Q1 Q2 Qs

It is easy to verify that ||Qi|l2 = ||Qz|l2 = ||Qs]l2 = 1, det Q1 = det Q2 = det Q3 = 1, so each is a
rotation. For Qs, we find eigenvalues of A = 1, cos a3 +isin a3. These can be rewritten as A\ = 1, e=3?,
The eigenvector associated with the eigenvalue of 1 is (0,0,1). Thus, we can consider Qs to effect a
rotation of a3 about the 3-axis. Similarly, Q2 effects a rotation of as about the 2-axis, and Q; effects
a rotation of o7 about the 1-axis.

So the action of the combination of rotations on a vector x is an initial rotation of as about the
3-axis: Qs -x. This vector is then rotated through «s about the 2-axis: Qa2 - (Qs - x). Finally, there
is a rotation through ay about the 1-axis: Qp - (Qz - (Qs - x)). This is called a 3-2-1 rotation through
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the so-called FEuler angles of as, as, and 1. Note because in general matrix multiplication does not
commute, that the result will depend on the order of application of the rotations, e.g.

Q- Q2 Q3 x#Q2-Q1-Q3-x, vx € R?, Q1,Q2, Qs € R® x R®. (8.183)

In contrast, it is not difficult to show that rotations in two dimensions do commute

Q1-Q2-Q3-x=Q2-Q1-Q3-x, vx € R?, Q1,Q2,Q3 € R? x R% (8.184)

8.6.2 Unitary matrices

A unitary matrix U is a complex matrix with orthonormal columns. It is the complex analog
of an orthogonal matrix.
Properties of unitary matrices include

e UM =U~! and both are unitary.

e Ul.U=U U =1

||U||2 = 1, when the domain and range of U are in Hilbert spaces.

||U - x||o = ||x]|]2, where x is a vector.

(U-x)7.(U-y)=x.y, where x and y are vectors.

Eigenvalues of U have |\;| = 1, \; € C!, thus, p(U) = 1.

Eigenvectors of U corresponding to different eigenvalues are orthogonal.
o |detU|=1.

If det U = 1, one is tempted to say the unitary matrix operating on a vector induces a pure
rotation in a complex space; however, the notion of an angle of rotation is elusive.

[
Example 8.22

Consider the unitary matrix

14i  1-2i
U= < v 1@) . (8.185)
3 Vi

The column vectors are easily seen to be normal. They are also orthogonal:

. 1-24
1—7 1 5 .
V15
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The matrix itself is not Hermitian. Still, its Hermitian transpose exists:

1 1
Ut = < 1£i 1\—/21' ) : (8.187)
Vs V15
It is then easily verified that
U =u”, (8.188)
U.uf=Uuf.Uu=1 (8.189)
The eigensystem is
. 0.688191 — 0.4253254
A1 = —0.0986232 + 0.9951254, e = ( 0.587785 > , (8.190)
_ . _( —0.306358 4 0.501633¢
Ay = 0.934172 + 0.3568221, ey = ( 0721676 — 0.36564i ) . (8.191)

It is easily verified that the eigenvectors are orthogonal and the eigenvalues have magnitude of one. We
find det U = (1 + 2i)/+/5, which yields | det U| = 1. Also, ||U]|> = 1.

8.7 Discrete Fourier transforms

It is a common practice in experimental and theoretical science and engineering to decompose
a function or a signal into its Fourier modes. The amplitudes of these modes is often a
useful description of the function. A Fourier transform is a linear integral operator which
operates on continuous functions and yields results from which amplitudes of each frequency
component can be determined. Its discrete analog is the Discrete Fourier transform (DFT).
The DFT is a matrix which operates on a vector of data to yield a vector of transformed
data. There exists a popular, albeit complicated, algorithm to compute the DFT, known
as the Fast Fourier Transform (FFT). This will not be studied here; instead, a simpler and
slower method is presented, which will be informally known as a Slow Fourier Transform
(SFT). This discussion will simply present the algorithm for the SFT and demonstrate its
use by example.
The Fourier transform (FT) Y (k) of a function y(z) is defined as

V() = Vo)) = [ yla)e B da, (8.192)
and the inverse FT is defined as
y(z) =YY (k)] = /OO Y (k)e® R . (8.193)

Here k is the wavenumber, and is the reciprocal of the wavelength. The FT has a discrete
analog. The connection between the two is often not transparent in the literature. With some
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effort a connection can be made at the expense of diverging from one school’s notation to
the other’s. Here, we will be satisfied with a form which demonstrates the analogs between
the continuous and discrete transform, but will not be completely linked. To make the
connection, one can construct a discrete approximation to the integral of the F'T, and with
some effort, arrive at an equivalent result.

For the DFT, consider a function y(z), € [Zmin, Tmaz), T € R,y € R, Now discretize
the domain into N uniformly distributed points so that every z; is mapped to a y; for
7=0,..., N—=1. Here we comply with the traditional, yet idiosyncratic, limits on j which are
found in many texts on DFT. This offsets standard vector and matrix numbering schemes by
one, and so care must be exercised in implementing these algorithms with common software.
We seek a discrete analog of the continuous Fourier transformation of the form

-—iNilcex miyk (Y1) (= Loin =0,...,N—1. (8.194)
y]_\/NkZO k p N Tonaw — Tomin 9 ]_ . .

Here k plays the role of , and ¢, plays the role of Y (). For uniformly spaced z;, one has

Tmaz — Tmin

j=(N—1) <M> , (8.195)

so that we then seek

=

-1

1 kj .
Yj=—= Y Cpexp ((2m)—) : j=0,....N—1 (8.196)
VN k=0 N
Now consider the equation
N =1, z e C (8.197)

This equation has N distinct roots

p=ek, j=0,...,N—1, (8.198)
Taking for convenience '

w = >N, (8.199)
one sees that the N roots are also described by w?, w!, w?, ..., w"~!. Now define the following
matrix

1 1 1 1
1 1 w w? oowhTt
F=——1|1 w’ wt WPV 8.200
Vol I S (5200
1wt 20D (V2

It is easy to demonstrate for arbitrary /N that F is unitary, that is

F7. F=1 (8.201)
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Since F is unitary, it is immediately known that F# = F~! that ||F|| = 1, that the
eigenvalues of F have magnitude of unity, and that the column vectors of F are orthonormal.
Note that F is not Hermitian. Also note that many texts omit the factor 1/v/N in the
definition of F; this is not a major problem, but does render F to be non-unitary.

Now given a vectory = y;, j =0,...,N—1, the DFT is defined as the following mapping

c=F".y. (8.202)

The inverse transform is trivial due to the unitary nature of F'

F-c = F-F.y, (8.203)
F.-c = F-Fl.y, (8.204)
F.-c = Iy, (8.205)

y = F-c (8.206)

Because our F is unitary, it preserves the length of vectors. Thus, it induces a Parseval’s
equation
[¥ll2 = lle]l2- (8.207)

[
Example 8.23

Consider a five term DFT of the function

y =z x € [0,4]. (8.208)

Take then for N = 5, a set of uniformly distributed points in the domain and their image in the
range:

To = Oa Tl = 17 Tro = 27 xr3 = 3; T4 = 47 (8209)
Yo=0, yi=1, y2=4, y3=9, ys=16. (8.210)

Now for N = 5, one has

w = e2™/% = G(—l - \/5)> + <%\/%(5 + \/5)> i =0.309 4 0.951i. (8.211)

| ——
=R(w) =S(w)

The five distinct roots of z° = 1 are

20 = w0 =1, (8.212)
2 = w' =0.309 4 0.9514, (8.213)
2 = w? = —0.809 + 0.588, (8.214)
23 = W = —-0.809 — 0.588, (8.215)
2 = wt =0.309 - 0.951. (8.216)
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The matrix F is then

1 1 1 1 1 1 1 1 1 1
1 1 u}2 wz wZ w: 1 1 u}2 wz w? wi
F = — |1 w w w w =— 11 w w* w w 8.217
Vb 1w wl W w'? V5 1w w' wt w? 7 ( :
1wt wd w'? W' 1 w* w w? w!
1 1 1 1 1
1 1 0.309+0.9517 —0.809 + 0.588: —0.809 — 0.588:  0.309 — 0.9511¢
=— 11 —-0.809+0.588: 0.309 —0.951¢ 0.309 +0.951¢  —0.809 — 0.588%
V5 1 —0.809—0.588:; 0.309 + 0.951¢ 0.309 — 0.9517 —0.809 + 0.588%
1 0.309—0.9517 —0.809 — 0.588:; —0.809+ 0.588:; 0.309 + 0.9511¢
(8.218)

Now c=FF .y, so

co 1 1 1 1 1 0
¢ L |1 0309-0951i  —0.809—0.588i —0.809+0.588i  0.309 +0.951 1
| = —=]1 —0809-0.58% 0.30940.951i 0.309—0.951i —0.809 + 0.588i 4|,
c3 VBl 1 —0.80940.58% 0.300-0.951i  0.309+0.951i —0.809 — 0.588i 9
c4 1 0.30940.951i —0.809+0.588i —0.809 —0.588; 0.309 — 0.951i 16
13.416
—2.354 + 7.694i
= | —4.354+1.816i | . (8.219)
—4.354 — 1.816i
—2.354 — 7.694i

Now one is often interested in the magnitude of the components of ¢, which gives a measure of the
so-called energy associated with each Fourier mode. So one calculates a vector of the magnitude of
each component as

Veoto o 13.4164
N 1 8.0463
Vi | = Jeal | = | 47178 | (8.220)
N s 4.7178
Vit |4 8.0463

Now due to a phenomena known as aliasing, explained in detail in standard texts, the values of ¢
which have the most significance are the first half ¢,k =0,..., N/2.

Here
lyllz = [c||2 = v/354 = 18.8149. (8.221)
Note that by construction
1
Yo = —= (Co +c1+c+c3+ 04) s (8222)
V5
1 . . . .
yo = ﬁ (CO +Cl€27r1/5 + 02847”/5 + 03867”/5 + 04887”/5) , (8223)
1 . . . .
yo = ﬁ (Co T 15 4 g BTIB L 1275 | 64616771/5) : (8.224)
1 . . . .
ys = % (Co T 875 L g l2T/5 4 o187/ 04824771/5) : (8.225)
1 . . . .
ya = % (Co T 185 L pelOT/5 4 g o24mi/5 04832771/5) . (8.226)
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In general, it is seen that y; can be described by

N—-1 .
1 _k]) .
=3 cexp ((2mi)=L ), —0,... . N—1. 8.227

Realizing now that for a uniform discretization, such as done here, that

T — Toni
A — max mwn 8'228
¢ N-1 (8228)
and that
rj = jAT + Tpin,  j=0,...,N—1, (8.229)
one has
. Tmax — Tmin .
T; =] 7]\[_1 —l—xmin, j:O,...,N—l. (8230)

Solving for j, one gets

j=(N-1) <M> : (8.231)

Tmaz — Tmin

so that y; can be expressed as a Fourier-type expansion in terms of z; as

1 N N -1 T — T
P 21k J men 1 =0,...,N — 1. 8.232
Y; /—N ];Ck exp <( 7T’L) < N ) (xmam — xmln)) ’ J 3 ) ( )

Here, the wavenumber of mode k, kg, is seen to be

N-1
And as N — oo, one has

kg ~ k. (8.234)

I
Ezxample 8.2
The real power of the DFT is seen in its ability to select amplitudes of modes of signals at certain
frequencies. Consider the signal for z € [0, 3]

y(z) = 10sin <(2w)2§) + 2sin <(27r)10Tx) + sin <(2w)¥> . (8.235)

Rescaling the domain so as to take x € [0, 3] into Z € [0, 1] via the transformation & = 2/3, one has

y(%) = 10sin ((27)2%) + 2sin ((27)10%) + sin ((27)100%) . (8.236)

To capture the high wavenumber components of the signal, one must have a sufficiently large value of
N. Note in the transformed domain that the smallest wavelength is A = 1/100 = 0.01. So for a domain
length of unity, one needs at least N = 100 sampling points. In fact, let us choose to take more points,
N = 523. There is no problem in choosing an unusual number of points for this so-called slow Fourier
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Figure 8.4: Plot of a three term sinusoid y(z) and its discrete Fourier transform for N = 523.
The first DFT is plotted from k& = 0,..., N/2 and thus represents the original signal well.
The second DFT is plotted from k£ =0,..., N — 1 and exhibits aliasing effects at high k.

transform. If an FFT were attempted, one would have to choose integral powers of 2 as the number of
points.

A plot of the function y(z) and two versions of its DFT, |c¢x| vs. k, is given in in Fig.[84] Note that
|ck| has its peaks at k = 2, k = 10, and k = 100, equal to the wave numbers of the generating sine
functions, k1 = 2, ko = 10, and k3 = 100. To avoid the confusing, and non-physical, aliasing effect,
only half the |cx| values have been plotted the first DFT of Fig. B4l The second DFT here plots all
values of |¢| and thus exhibits aliasing for large k.

|
Ezxample 8.25
Now take the DFT of a signal which is corrupted by so-called white, or random, noise. The signal
here is given in z € [0, 1] by

y(z) = sin ((27)102) + sin ((27)100x) + frana[—1,1](z). (8.237)

Here frana[—1,1](z) returns a random number between —1 and 1 for any value of z. A plot of the
function y(x) and two versions of its 607 point DFT, |c| vs. k, is given in in Fig. In the raw data
plotted in Fig. RBA] it is difficult to distinguish the signal from the random noise. But on examination
of the accompanying DFT plot, it is clear that there are unambiguous components of the signal which
peak at k = 10 and k& = 100, which indicates there is a strong component of the signal with x = 10 and
x = 100. Once again, to avoid the confusing, and non-physical, aliasing effect, only half the |cx| values
have been plotted in the first DFT of Fig. The second DFT gives all values of |¢x| and exhibits
aliasing.
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Figure 8.5: Plot of a two-term sinusoid accompanied by random noise y(x) and its discrete
Fourier transform for N = 607 points. The first DFT is plotted from k£ = 0,..., N/2 and
thus represents the original signal well. The second DFT is plotted from £ =0,..., N — 1
and exhibits aliasing effects at high k.

8.8 Matrix decompositions

One of the most important tasks, especially in the numerical solution of algebraic and dif-
ferential equations, is decomposing general matrices into simpler components. A brief dis-
cussion will be given here of some of the more important decompositions. Full discussions
can be found in Strang’s text. It is noted that many popular software programs, such as
MATLAB, Mathematica, LAPACK libraries, etc. have routines which routinely calculate these
decompositions.

8.8.1 L-D-U decomposition

Probably the most important technique in solving linear systems of algebraic equations of
the form A - x = b, uses the decomposition

A=P ' L.-D-U, (8.238)
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where A is a square matrixﬂ P is a never-singular permutation matrix, L is a lower trian-
gular matrix, D is a diagonal matrix, and U is an upper triangular matrix. The notation of
U for the upper triangular matrix is common, and should not be confused with the identical
notation for a unitary matrix. In other contexts R is sometimes used for an upper trian-
gular matrix, and P is sometimes used for a projection matrix. All terms can be found by
ordinary Gaussian elimination. The permutation matrix is necessary in case row exchanges
are necessary in the Gaussian elimination.
A common numerical algorithm to solve for x in A - x = b is as follows

e Factor A into P'-L-D-U so that A - x = b becomes

P' L-D-Ux=hb. (8.239)
—_—————
A

e Operate on both sides of Bq. (8239) with (P~!-L-D)™" to get

U.x=(P ' L-D) b (8.240)

e Solve next for the new variable c¢ in the new equation
P! L-D-c=hb, (8.241)
SO
c=(P'-L-D)" b, (8.242)

The triangular form of L - D renders the inversion of (P~'-L-D) to be much more
computationally efficient than inversion of an arbitrary square matrix.

e Substitute ¢ from Eq. ([8242) into Eq. (8240), the modified version of the original
equation, to get
U-x=c, (8.243)

SO
x=U" c (8.244)

Again since U is triangular, the inversion is computationally efficient.

I
Example 8.26
Find the L - D - U decomposition of the matrix:

-5 4 9
A=|-22 14 18 ). (8.245)
16 -8 —6

4If A is not square, there is an equivalent decomposition, known as row echelon form, to be discussed in

Sec. R.8.3
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The process is essentially a series of row operations, which is the essence of Gaussian elimination.
First we operate to transform the —22 and 16 in the first column into zeroes. Crucial in this step is the
necessity of the term in the 1,1 slot, known as the pivot, to be non-zero. If it is zero, a row exchange will
be necessary, mandating a permutation matrix which is not the identity matrix. In this case there are
no such problems. We multiply the first row by 22/5 and subtract from the second row, then multiply
the first row by —16/5 and subtract from the third row. The factors 22/5 and —16/5 will go in the 2,1
and 3,1 slots of the matrix L. The diagonal of L always is filled with ones. This row operation yields

5 4 9 1 00\ /-5 4 9
A=|-22 14 18|=[22/5 1 0 0 -18/5 —108/5 | . (8.246)
16 -8 —6 ~16/5 0 1 0 24/5 114/5

Now multiplying the new second row by —4/3, subtracting this from the third row, and depositing the
factor —4/3 into 3,2 slot of the matrix L, we get

-5 4 9 1 0 0\ /-5 4 9
A=[-22 14 18|=1[ 225 1 0 0 -—18/5 —108/5 | . (8.247)
16 -8 —6 ~16/5 —4/3 1 0 0 -6
L U

The form given in Eq. (8241) is often described as the L - U decomposition of A. We can force the
diagonal terms of the upper triangular matrix to unity by extracting a diagonal matrix D to form the
L -D - U decomposition:

-5 4 9 1 0 0 -5 0 0 1 —-4/5 -9/5
A=|-22 14 18 | =| 22/5 1 0 0 -18/5 0 0 1 6 . (8.248)
16 -8 —6 -16/5 —-4/3 1 0 0 —6 0 0 1
L D U

Note that D does not contain the eigenvalues of A. Also since there were no row exchanges necessary
P =P ! =1, and it has not been included.

I
Example 8.27
Find the L - D - U decomposition of the matrix A:

01 2
A=1111 (8.249)
1 00
There is a zero in the pivot, so a row exchange is necessary:
0 0 1 0 1 2 1 00
P-A=(|0 10 11 1|=1111 (8.250)
1 0 0 1 00 0 1 2
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Performing Gaussian elimination by subtracting 1 times the first row from the second and depositing

the 1 in the 2,1 slot of L, we get

Now subtracting 1 times the second row, and depositing the 1 in the 3,2 slot of L

0 01 01 2 1 00 1 00
P-A=L-U—-|(0 1 0 1 1 1|=(1 10 01 1]. (8.252)
1 00 1 0 0 0 1 1 0 0 1

Now U already has ones on the diagonal, so the diagonal matrix D is simply the identity matrix. Using
this and inverting P, which is P itself(!), we get the final decomposition

o O
o = O
OO =
— —= O
O =
S =N
O = =
o = O
— o O
OO =
— —= O
N = O

P-A_L-U—><

—_

0 1 2 0 0 1 1 0 0 1 00 1 00
A=P''LD-U—=|111]=[010 1 10 01 0 0 1 1]. (8.253)
1 0 0 1 00 0 1 1 0 0 1 0 0 1
p-! L D U

8.8.2 Cholesky decomposition

If A is a Hermitian positive definite matrix, we can define a Cholesky decomposition. Because
A must be positive definite, it must be square. The Cholesky decomposition is as follows:

A=U".U. (8.254)

Here U is an upper triangular matrix. One might think of U as the rough equivalent of the
square root of the positive definite A. We also have the related decomposition

A=U".D.U, (8.255)

where U is upper triangular with a value of unity on its diagonal, and D is diagonal.
If we define a lower triangular L as L = U the Cholesky decomposition can be rewritten
as
A=L-L" (8.256)

There also exists an analogous decomposition
A=L-D-L", (8.257)

Note also that these definitions hold as well for real A; in such cases, we can simply replace
the Hermitian transpose by the ordinary transpose.
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[
Ezxample 8.28

The Cholesky decomposition of a Hermitian matrix A is as follows

' 5 0 V5 AL
a5 W) v (O] 4)(F %), s
—4 /5 B G
—————

Note the eigenvalues of A are A =1, A\ =9, so the matrix is indeed positive definite.
We can also write in alternative form

(5 4\ p (1 0 5 0\ (1 %
e (DG e
N————— N——— N——
U D U

8.8.3 Row echelon form

When A is not square, we can still use Gaussian elimination to cast the matrix in row echelon
form:

A=P ' L.-D-U. (8.260)
Again P is a never-singular permutation matrix, L is lower triangular and square, D is
diagonal and square, U is upper triangular and rectangular and of the same dimension as
A. The strategy is to use row operations in such a fashion that ones or zeroes appear on the
diagonal.

[
Ezxample 8.29

Determine the row-echelon form of the non-square matrix,

A:(; _03 g) (8.261)

We take 2 times the first row and subtract the result from the second row. The scalar 2 is deposited
in the 2,1 slot in the L matrix. So

1 -3 2 1 0\ /1 -3 2
A‘(2 0 3)_(2 1)(0 6 —1)' (8.262)
—_——————
L U

Again, Eq. [8262) is also known as an L - U decomposition, and is often as useful as the L -D - U
decomposition. There is no row exchange so the permutation matrix and its inverse are the identity
matrix. We extract a 1 and 6 to form the diagonal matrix D, so the final form is

ot p oo (1 0\ (1 0\ (/1 0\(/1 -3 2

A=P LDU—(O ) 1)lo6)lo 1+ Z1) (8.263)
—_————  —— —
P! L D U
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Row echelon form is an especially useful form for under-constrained systems as illustrated
in the following example.

[
Ezxample 8.50

Consider solutions for the unknown x in the equation A - x = b where A is known A : R® — R3,
and b is left general, but considered to be known:

T1
2 1 -1 1 2 i) b1
4 2 -2 1 0 zs | = b2 |. (8.264)
-2 -1 1 -2 -6 T4 b3

x5

We perform Gaussian elimination row operations on the second and third rows to get zeros in the
first column:

z1
2 1 -1 1 2 X9 bl
00 0 -1 —4||ag|=|-2b+b|. (8.265)
0 0 0 -1 —4 Xrq b1+b3

Z5

The next round of Gaussian elimination works on the third row and yields

T
2 1 -1 1 2 €To bl
00 o0 -1 -4 x3 | = —2b1 + by . (8.266)
0 0 O 0 0 x4 3b1 — by + b3
Ts5
Note that the reduced third equation gives
0= 3by — by + bs. (8.267)

This is the equation of a plane in R3. Thus, arbitrary b € R3 will not satisfy the original equation.
Said another way, the operator A maps arbitrary five-dimensional vectors x into a two-dimensional
subspace of a three-dimensional vector space. The rank of A is 2. Thus, the dimension of both the row
space and the column space is 2; the dimension of the right null space is 3, and the dimension of the
left null space is 1.

We also note there are two non-trivial equations remaining. The first non-zero elements from the
left of each row are known as the pivots. The number of pivots is equal to the rank of the matrix.
Variables which correspond to each pivot are known as basic variables. Variables with no pivot are
known as free variables. Here the basic variables are 1 and x4, while the free variables are x5, x3, and
Is5.

Now enforcing the constraint 3b; — by + bs = 0, without which there will be no solution, we can
set each free variable to an arbitrary value, and then solve the resulting square system. Take xo = 7,
r3 = s, x5 = t, where here r, s, and t are arbitrary real scalar constants. So

T1
2 1 -1 1 2 r by
00 0 -1 -4 S = —2b1+0bs |, (8.268)
0 0 O 0 0 T4 0

t
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which gives
2 1 1\ _ [(bi—r+s—2t
<O —1> <$4) o <—2b1+b2+4t>’ (8269)

which yields

T4 = 2b1 — by — 4t, (8.270)
1
xr] = 5(—1)1 + b —T‘+S+2t). (8271)
Thus
1 %(—bl—i—bz—r—i—s—i—%)
i) T
x=| z3 = s ; (8.272)
Tq 2b1 — bg — 4t
I5 t
NSNS N 12
0 1 0 0
= 0 +r| 0 |+s|1|+¢t] 0 |,rsteRL (8.273)
2b1 — by 0 0 —4
0 0 0 1

The coefficients r, s, and ¢ multiply the three right null space vectors. These in combination with two
independent row space vectors, form a basis for any vector x. Thus, we can again cast the solution as a
particular solution which is a unique combination of independent row space vectors and a non-unique
combination of the right null space vectors (the homogeneous solution):

1 2 4 -1 : 1
To 1 2 1 0 0
25b; — 13b —13b; + 11b .
x=| a3 :% -1 +$ 2|47 0 [+5]|1|+i] 0 (8.274)
Ty 1 1 0 0 —4
T5 2 0 0 0 1
row space right null space
In matrix form, we can say that
To 1 2 12 (2) 0 7*1%110&”’2
106
x=|z3|=|-1 -2 0 1 0 7 (8.275)
T4 1 1 0 0 -4 S
Ts5 2 0 0 0 1 ¢

Here we have taken # = r + (b; — 9b3)/106, § = 5 + (—by + 9b)/106, and £ = (—30b; + 26b3)/106; as
they are arbitrary constants multiplying vectors in the right null space, the relationship to b; and by
is actually unimportant. As before, while the null space basis vectors are orthogonal to the row space
basis vectors, the entire system is not orthogonal. The Gram-Schmidt procedure could be used to cast
the solution on either an orthogonal or orthonormal basis.

It is also noted that we have effectively found the L - U decomposition of A. The terms in L are
from the Gaussian elimination, and we have already U:

2 1 -1 1 2 1 00 21 -1 1 2
A=L-U—| 4 2 -2 1 0 | = 2 10 00 0 -1 —4]. (8.276)
-2 -1 1 -2 —6 -1 1 1 0 0 O 0 0
A L U
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The L - D - U decomposition is

2 1 -1 1 2 1 00\ /2 0 0\ /1 5 -3 3 1
4 2 -2 1 0 |=[2 1o0)f0o -1 0|00 0 1 4 (8.277)
-2 -1 1 -2 -6 -1 11)J\0o 0 0/\0o 0O 0 00

A L D U

There were no row exchanges, so in effect the permutation matrix P is the identity matrix, and there
is no need to include it.

Lastly, we note that a more robust alternative to the method shown here would be to first apply
the AT operator to both sides of the equation so to map both sides into the column space of A. Then
there would be no need to restrict b so that it lies in the column space. Our results are then interpreted
as giving us only a projection of x. Taking A7 - A-x = AT - b and then casting the result into row
echelon form gives

1 1/2 —-1/2 0 —1\ /= (1/22)(by + Thy + 4b3)

O 0 0 0 0 x5 | = 0 . (8.278)
0 O 0 0 O T4 0

0 O 0 0 O Ts5 0

This suggests we take xo = r, x3 = s, and x5 =t and solve so to get

X1 (1/22)(b1+7b2+4b3) —1/2 1/2 1
T2 0 1 0 0
25 | = 0 +r| 0o |+s| 1 |+t] 0 (8.279)
Ty (1/11)(1)1 — 4b2 — 7b3) 0 0 —4
T5 0 0 0 1

We could go on to cast this in terms of combinations of row vectors and right null space vectors, but
will not do so here. It is reiterated that this result is valid for arbitrary b, but that it only represents
a solution which minimizes the residual in ||A - x — b||2.

8.8.4 QR decomposition

The Q - R decomposition allows us to formulate a matrix as the product of an orthogonal
(unitary if complex) matrix Q and an upper triangular matrix R, of the same dimension as

A. That is we seek Q and R such that

A=Q-R.

(8.280)

The matrix A can be square or rectangular. See Strang for details of the algorithm. It
can be thought of as a deformation due to R followed by a volume-preserving rotation or

reflection due to Q.
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[
Ezxample 8.51

The Q - R decomposition of the matrix we considered in a previous example, p. 364l is as follows:

-5 4 9 —0.1808 —0.4982  0.8480 27.6586 —16.4867 —19.4153
A=|[-22 14 18 | =Q-R=|-07954 —0.4331 —0.4240 0 —2.0465 —7.7722
16 —8 —6 0.5785 —0.7512 —0.3180 0 0 1.9080
A Q R
(8.281)

Note that det Q = 1, so it is volume- and orientation-preserving. Noting further that ||Q]l2 = 1, we
deduce that ||R||2 = ||Al|l]2. And it is easy to show that ||R]||2 = ||A[|2 = 37.9423. Also recalling how
matrices can be thought of as transformations, we see how to think of A as a stretching (R) followed
by rotation (Q).

[
Ezxample 8.52

Find the Q - R decomposition for our non-square matrix from p. 3606]
1 -3 2
A= (2 0 3> . (8.282)

The decomposition is

0.4472 —0.8944 2.2361 —1.3416  3.577
A= (0.8944 0.4472 )( 0 26833 —0.4472)' (8:283)
Q R
Once again det Q = 1, so it is volume- and orientation-preserving. It is easy to show ||A]l2 = ||R||2 =

4.63849.

[
Ezxample 8.33

Give a geometric interpretation of the Q - R decomposition in the context of the discussion sur-
rounding the transformation of a unit square by the matrix A considered earlier on p. 34§

A= (? j) (8.284)

A:(? _01)-((1) _11> (8.285)

Q R

The decomposition is
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original unit square sheared element B
— 1.0
D D
1.0 c 10 R sheared and =
C rotated element +
0.8} 0.8 C -
0.6} 06 [ Los
shearing via R F rotation via Q =
0.4 . 04 7 i
0:2¢ o2 [ i
. . L L B Lo NEL N B C il A
A 02 04 06 08 1.0 1.0 05 A 05 1.0 -10 -08 -06 -04 -02 L
—-0.5
D ~-1.0

Figure 8.6: Unit square transforming via explicit stretching (R), and rotation (Q) under a
linear area- and orientation-preserving alibi mapping.

Now det A = 1. Moreover, det Q = 1 and det R = 1, so both of these matrices preserve area and
orientation. As usual ||Q||2 = 1, so its operation preserves the lengths of vectors. The deformation
is embodied in R which has ||R]|2 = ||A||2 = 1.61803. Decomposing the transformation of the unit
square depicted in Fig. by first applying R to each of the vertices, and then applying Q to each
of the stretched vertices, we see that R effects an area- and orientation-preserving shear deformation,
and Q effects a counter-clockwise rotation of 7/2. This is depicted in Fig.

The Q- R decomposition can be shown to be closely related to the Gram-Schmidt orthog-
onalization process. It is also useful in increasing the efficiency of estimating x for A-x ~ b
when the system is over-constrained; that is b is not in the column space of A, R(A). If we,
as usual operate on both sides as follows,

A-x b, b ¢ R(A), (8.286)
AT A.-x = AT .p, A=Q- R, (8.287)
(Q-R" - Q-R-x = (Q-R)"-b, (8.288)
RT"- QT -Q-R-x = RT-QT-b, (8.289)
RT.- Q' Q- R-x R”-Q" - b, (8.290)
R" - R-x = R'- Q" b, (8.291)
x = (RT-R)"-RT-Q"-b, (8.292)
Q-R-x — Q-(R-(RT R)_I-RT)-QT b, (8.293)
A-x = Q (R (R”-R)™' RT) Q" b (8.294)

~ .
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When rectangular R has no zeros on its diagonal, R - (RT . R)_1 -RT has all zeroes, except
for r ones on the diagonal, where r is the rank of R. This makes solution of over-constrained
problems particularly simple. We note lastly that Q - R - (RT . R)_1 RT. QT =P, a
projection matrix, defined first in Eq. (ZI60), and to be discussed in Sec. 89

8.8.5 Diagonalization

Casting a matrix into a form in which all (or sometimes most) of its off-diagonal elements
have zero value has its most important application in solving systems of differential equations
but also in other scenarios. For many cases, we can decompose a square matrix A into the
form

A=S-A-S1 (8.295)

where S is non-singular matrix and A is a diagonal matrix. To diagonalize a square matrix
A, we must find S, a diagonalizing matrix, such that S™'- A -S is diagonal. Not all matrices
are diagonalizable. Note that by inversion, we can also say

A=S"1. A8 (8.296)

Considering A to be the original matrix, we have subjected it to a general linear transfor-
mation, which in general stretches and rotates, to arrive at A; this transformation has the
same form as that previously considered in Eq. (T.278).

Theorem
A matrix with distinct eigenvalues can be diagonalized, but the diagonalizing matrix is
not unique.

Definition: The algebraic multiplicity of an eigenvalue is the number of times it occurs. The
geometric multiplicity of an eigenvalue is the number of eigenvectors it has.

Theorem
Nonzero eigenvectors corresponding to different eigenvalues are linearly independent.

Theorem
If A is an N x N matrix with N linearly independent right eigenvectors {ej, ez, -+, €,, -+, ex}
corresponding to eigenvalues {A1, Az, -+, Ap, -+, An} (not necessarily distinct), then the

N x N matrix S whose columns are populated by the eigenvectors of A
S=]le e ... e, ... ey (8.297)
makes

STT-A-S=A, (8.298)
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where
D P | Y |
0 N e
Ao o 8.299
: : D W : ( )
: : : : 0
0 oo or e 0 Ay

is a diagonal matrix of eigenvalues. The matrices A and A are similar.
Let’s see if this recipe works when we fill the columns of S with the eigenvectors. First
operate on Eq. (8298) with S to arrive at a more general version of the eigenvalue problem:

A-S = S A (8.300)
a1 a1N )\1 0
e ... en = e ... en - 5
\aNl st NN | 0 )\N B
—A ~ ~ Iy
(8.301)
= )\161 e )\NeN y (8302)
A }
A-e1+---—|—A-eN = )\1€1+"'+)\N8N, (8303)
A-e1+-~-—i—A~eN = )\11-e1+-~-+)\NI~eN. (8304)
Rearranging, we get
(A—MI)-e1+...+(A—=XyI)-ey =0. (8.305)
— ~ ~~ o
-0 =0
Now {ey,...,en} are linearly independent. Thus, this induces N eigenvalue problems for
each eigenvector:
A - e = )\1]: - e, (8306)
A - € = )\21 SOR (8307)
A-eN = )\NI-eN. (8308)
Note also the effect of post-multiplication of both sides of Eq. (8300) by S™:
A-S-S'=S.-A-S7, (8.309)
A=S-A-S7L (8.310)
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[
Ezxample 8.34

Diagonalize the matrix considered in a previous example, p.

—5 4 9
A=|-22 14 18|, (8.311)
16 -8 —6

and check. See the example around Eq. (8243]).

The eigenvalue-eigenvector pairs are

-1
/\1 = —6, e; = —2 s (8312)
1
1
Ay = 3, e2=12], (8.313)
0
2
/\3 = 6, €3 = 1 (8314)
2
(8.315)
Then
: -1 1 2
S = e} ey e3 = -2 2 1 (8316)
1 0 2
The inverse is
_4 2
ST = —% % 1). (8.317)
2 _1 9
3 3
Thus,
6 3 12
A-S=112 6 6 |, (8.318)
-6 0 12
and
-6 0 0
A=S1.A-8S=[0 3 0]. (8.319)
0 0 6
Let us also note the complementary decomposition of A:
-1 1 2\ /-6 0 0 —%%1 -5 4 9
A=S-A-S'=[-2 21 0 3 0 -3 3 1]=(-22 14 18[. (8.320)
1 0 2 0 0 6 2 -3 0 16 -8 —6
S A s-1 A
Note that because the matrix is not symmetric, the eigenvectors are not orthogonal, e.g. el -e; = —5.
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Note that if A is symmetric (Hermitian), then its eigenvectors must be orthogonal; thus,
it is possible to normalize the eigenvectors so that the matrix S is in fact orthogonal (unitary
if complex). Thus, for symmetric A we have

A=Q-A-QL (8.321)

Since Q! = Q7 we have
A=Q -A-Q". (8.322)

Geometrically, the action of a symmetric A on a geometric entity can be considered as
volume-preserving rotation or reflection via Q, followed by a stretching due to A, completed
by another volume-preserving rotation or reflection via Q, which acts opposite to the effect
of QT. Note also that with A-S = S A, the column vectors of S (which are the right
eigenvectors of A) form a basis in CV.

[
Ezxample 8.35

Consider the action of the matrix

A= (f }) , (8.323)

on a unit square in terms of the diagonal decomposition of A.

We first note that det A = 1, so it preserves volumes and orientations. We easily calculate that
[|A|]2 = 3/2++/5/2 = 2.61803, so it has the potential to stretch a vector. It is symmetric, so it has
real eigenvalues, which are A\ = 3/2 4 /5/2. Its spectral radius is thus p(A) = 3/2 + v/5/2, which is
equal to its spectral norm. Its eigenvectors are orthogonal, so they can be orthonormalized to form an
orthogonal matrix. After detailed calculation, one finds the diagonal decomposition to be

5+v5 2 /545 /2
A= 10 VEvs | (252 0 1 5+v5 (8.324)
2 /545 0 3_2—‘/5 - 2 /545 '
5+v/5 10 V 5+v5 10
QT

Q

A

The action of this composition of matrix operations on a unit square is depicted in Fig. [T The first
rotation is induced by QT and is clockwise through an angle of 7/5.67511 = 31.717°. This is followed
by an eigen-stretching of A. The action is completed by a rotation induced by Q. The second rotation
reverses the angle of the first in a counterclockwise rotation of 7/5.67511 = 31.717°.

Consider now the right eigensystem of the adjoint of A, denoted by A™:
A" V=V.A"Y (8.325)

where A* is the diagonal matrix containing the eigenvalues of A*, and V is the matrix
whose columns are populated by the (right) eigenvectors of A*. Now we know from an
earlier proof, Sec. [[.44] that the eigenvalues of the adjoint are the complex conjugates of

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

376 CHAPTER 8. LINEAR ALGEBRA

2 — (¢}
original L after.second
unit square after first - rotation
rotation after eigen-stretchin =
1D C 1 9 9 1~ D
1 D L L B
c L D L
Aj B 0 07 T N B A | \C 07\\\\\\\\\\\\\\
° 1 A 2 A 1 25 3 A" 1 2 3
B C
-1 _1 r

Figure 8.7: Unit square transforming via rotation, stretching, and rotation of the diagonal-
ization decomposition under a linear area- and orientation-preserving alibi mapping.

those of the original operator, thus A* = A. Also the adjoint operator for matrices is the
Hermitian transpose. So, we find that

AP .V =V . A" (8.326)
Taking the Hermitian transpose of both sides, we recover
VI A=A .VH, (8.327)

So we see clearly that the left eigenvectors of a linear operator are the right eigenvectors of
the adjoint of that operator.

It is also possible to show that, remarkably, when we take the product of the matrix of
right eigenvectors of the operator with the matrix of right eigenvectors of its adjoint, that
we obtain a diagonal matrix, which we denote as D:

S”.V =D. (8.328)

Equivalently, this states that the inner product of the left eigenvector matrix with the right
eigenvector matrix is diagonal. Let us see how this comes about. Let s; be a right eigenvector
of A with eigenvalue )\; and v; be a left eigenvector of A with eigenvalue A;. Then

and
vil A = v (8.330)
If we premultiply the first eigen-relation, Eq. (8329), by vI’, we obtain
vilAs; =viT - (Nisg). (8.331)
H
:AjVj

Substituting from the second eigen-relation, Eq. (8330) and rearranging, Eq. (8:331]) becomes
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Rearranging
(A=) (viF-s) =o0. (8.333)
Now if ¢ # j and \; # A;, we must have
vil s =0, (8.334)
or, taking the Hermitian transpose,
sil-v; = 0. (8.335)

If i = j, then all we can say is s/’ - v; is some arbitrary scalar. Hence we have shown the
desired relation that S - V = D.

Since eigenvectors have an arbitrary magnitude, it is a straightforward process to scale
either V or S such that the diagonal matrix is actually the identity matrix. Here we choose
to scale V, given that our task was to find the reciprocal basis vectors of S. We take then

SH. V=1 (8.336)

Here V denotes the matrix in which each eigenvector (column) of the original V' has been
scaled such that Eq. (8330) is achieved. Hence V is seen to give the set of reciprocal basis
vectors for the basis defined by S:

~

St =v. (8.337)

It is also easy to see then that the inverse of the matrix S is given by

S '=VH, (8.338)

|
Example 8.56
For a matrix A considered in an earlier example, p. B63] consider the basis formed by its matrix
of eigenvectors S, and use the properly scaled matrix of eigenvectors of A* = A to determine the
reciprocal basis S*.

We will take

5 4 9
A=|-22 14 18 . (8.339)
16 -8 —6

As found before, the eigenvalue- (right) eigenvector pairs are

-1
/\1 = —6, €e1rR = -2 s (8340)
1
Ae =3, esz( ) (8.341)
/\3 = 6, egR:( ) (8342)

(8.343)
CC BY-NC-ND.| 29 July 2012, Sen & Powers.

N =N O N


http://creativecommons.org/licenses/by-nc-nd/3.0/

378 CHAPTER 8. LINEAR ALGEBRA

Then we take the matrix of basis vectors to be

oo -1 1 2
S=|e e e3|=[-2 2 1]. (8.344)
: 1 0 2
The adjoint of A is
-5 =22 16
AP = 4 14 -8]|. (8.345)
9 18 -6

The eigenvalues-(right) eigenvectors of A¥ | which are the left eigenvectors of A, are found to be

—4
A1 = —6, eir=1| 2 |, (8.346)
3
-5
Ay = 3, ea = | 4 |, (8.347)
3
-2
)\3 = 6, €3 = 1 . (8348)
0
(8.349)
So the matrix of right eigenvectors of the adjoint, which contains the left eigenvectors of the original
matrix, is
: : : -4 -5 =2
V = e €y esr = 2 4 1 . (8350)
. . . 3 3 0

We indeed find that the inner product of S and V is a diagonal matrix D:

-1 -2 1 —4 -5 =2 30 0
sft.v=11 2 o2 4 1 |=]03 0]. (8.351)
2 1 2 3 3 0 00 -3

Using our knowledge of D, we individually scale each column of V to form the desired reciprocal basis

—4/3 —-5/3  2/3
v=1|2/3 4/3 -1/3|=s" (8.352)
1 1 0

Then we see that the inner product of S and the reciprocal basis V = S% is indeed the identity matrix:

A -1 -2 1 —4/3 —5/3 2/3 100
st.v=|1 2 of-| 23 4/3 -1/3]=(0 1 0]. (8.353)
2 1 2 1 1 0 00 1
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8.8.6 Jordan canonical form

A square matrix A without a sufficient number of linearly independent eigenvectors can still
be decomposed into a near-diagonal form:

A=S.J-87! (8.354)

This form is known as the Jordarf] (upper) canonical form in which the near-diagonal matrix
J:
J=S"1.A-8S, (8.355)

has zeros everywhere except for eigenvalues along the principal diagonal and unity above the
missing eigenvectors. The form is sometimes called a Jordan normal form.
Consider the eigenvalue A of algebraic multiplicity N — L + 1 of the matrix A yxy. Then

(A—AI)-e=0, (8.356)

gives some linearly independent eigenvectors ej,es, ..., er. If L = N, the algebraic multi-
plicity is unity, and the matrix can be diagonalized. If, however, . < N we need N — L more
linearly independent vectors. These are the generalized eigenvectors. One can be obtained
from

(A=) g =e, (8.357)

and others from
(A—XI)-gj1=g; for j=12...  N—L—1. (8.358)

This procedure is continued until N linearly independent eigenvectors and generalized eigen-
vectors are obtained, which is the most that we can have in RY. Then
S=\|e ... e, g ... gn_L (8.359)

gives S71- A - S = J, where J is of the Jordan canonical form.
Notice that g, also satisfies (A — AI)" - g,, = 0. For example, if

(A—)X) g = e, (8.360)
(A—X) - (A=A)-g = (A=) e, (8.361)
(A—X)-(A—A)-g = O, (8.362)

(A—M)?-g = 0. (8.363)

However any solution of Eq. (8363)) is not necessarily a generalized eigenvector.

SMarie Ennemond Camille Jordan|, 1838-1922, French mathematician.
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[
Example 8.37

Find the Jordan canonical form of

4 1 3
A= 0 4 1 (8.364)
0 0 4
The eigenvalues are A = 4 with multiplicity three. For this value
01 3
(A-XI)=| 0 0 1 (8.365)
0 0 0

The eigenvectors are obtained from (A — AI) - e; = 0, which gives 9 + 323 = 0, 3 = 0. The most
general form of the eigenvector is
a
ee=1[ 0 |. (8.366)
0

Only one eigenvector can be obtained from this eigenvalue. To get a generalized eigenvector, we take
(A — AI) - g1 = ey, which gives 25 + 3z5 = a, 23 = 0, so that

b
g=|a |. (8.367)
0

Another generalized eigenvector can be similarly obtained from (A — AI)-gs = g1, so that xo +3x3 = b,
xs = a. Thus, we get
c
go=| b—3a |. (8.368)
a

From the eigenvector and generalized eigenvectors

: : : a b c
S=]le g g |=|0 a b—-3a |, (8.369)
. . . 0 0 a
and
1 _% 7b2+3§7a+ca
I 0 % _—ba‘g&l . (8.370)
0 0 .
The Jordan canonical form is
4 1 0
J=S"1'.AS=|0 4 1. (8.371)
0 0 4

Note that in Eq. 8370), a, b, and ¢ are any constants. Choosing a = 1, b = ¢ = 0, for example,
simplifies the algebra giving

10
s=(01 -3], (8.372)
00
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and
100
S'=(01 3 (8.373)
00 1
8.8.7 Schur decomposition
The Schufd decomposition is as follows:
A=Q-R-Q". (8.374)

Here Q is an orthogonal (unitary if complex) matrix, and R is upper triangular, with the
eigenvalues this time along the diagonal. The matrix A must be square.

[
Ezxample 8.38

The Schur decomposition of the matrix we diagonalized in a previous example, p.[B64] is as follows:

-5 4 9
A=[-22 14 18| =Q-R-Q"= (8.375)
16 -8 —6
A
—0.4082 0.1826 0.8944 —6 —20.1246 31.0376 —0.4082 —0.8165 0.4082
—0.8165 0.3651 —0.4472 |- O 3 5.7155 | - 0.1826  0.3651 0.9129 | . (8.376)
0.4082  0.9129 0 0 0 6 0.8944  —0.4472 0
Q R Qr

This decomposition was achieved with numerical software. This particular Q has det Q = —1, so if it

were used in a coordinate transformation it would be volume-preserving but not orientation-preserving.
Since the Schur decomposition is non-unique, it could be easily re-calculated if one also wanted to
preserve orientation.

[
Example 8.59

The Schur decomposition of another matrix considered in earlier examples, see p.[B48] is as follows:

0 -1
A = (1 _1>, (8.377)
1+v3i 1 —14v3i  —1+V3i 1-v3i 1
e Vi) [T TR (e (8.378)
1 1—/3i 0 —1—+/3i S U ESVAT R I :
V2 2v2 2 V2 2v2
U R uH

6Issai Schur, 1875-1941, Belrussian-born German-based mathematician.
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This is a non-unique decomposition. Unusually, the form given here is exact; most require numerical
approximation. Note that because R has the eigenvalues of A on its diagonal, that we must consider
complex unitary matrices. When this is recomposed, we recover the original real A. Once again, we
have ||R||2 = ||A]|2 = 1.61803. Here det U = det U = 1, so both are area- and orientation-preserving.
We can imagine the operation of A on a real vector x as an initial rotation into the complex plane
effected by application of UH: x/ = UH . x. This is followed by an eigen-stretching effected by R:
" = R -x'. Application of U rotates back into the real plane: x”/ = U - x”. The composite effect is
x"=U -R-U¥ . x=A x

If A is symmetric, then the upper triangular matrix R reduces to the diagonal matrix
with eigenvalues on the diagonal, A; the Schur decomposition is in this case simply A =

Q-A-Q.
8.8.8 Singular value decomposition

The singular value decomposition (SVD) is used for non-square matrices and is the most
general form of diagonalization. Any complex matrix Ay, can be factored into the form

Anxm = QNXN By - QﬁxMa (8379>
where Qy,n and QL% ,, are orthogonal (unitary, if complex) matrices, and B has positive
numbers j;, (i = 1,2, ...,7) in the first r positions on the main diagonal, and zero everywhere

else. It turns out that r is the rank of Ay, The columns of Qy«n are the eigenvectors
of Ay - AR ;. The columns of Quryas are the eigenvectors of AX , - Ay The
values p;, (1 = 1,2,...,7) € Rl are called the singular values of A. They are analogous to
eigenvalues and are in fact the positive square roots of the eigenvalues of Anyyr - AR,
or AR ., - Axxa. Note that since the matrix from which the eigenvalues are drawn is
Hermitian, that the eigenvalues, and thus the singular values, are guaranteed real. Note
also that if A itself is square and Hermitian, that the absolute value of the eigenvalues of A
will equal its singular values. If A is square and non-Hermitian, there is no simple relation
between its eigenvalues and singular values. The factorization Qnxn - Byxar - Qf/[x v 18
called the singular value decomposition.

As discussed by Strang, the column vectors of Qyxy and Qusxys are even more than
orthonormal. They also must be chosen in such a way that A yxar-Qarxas is a scalar multiple
of Qunxn. This comes directly from post-multiplying the general form of the singular value
decomposition by Qurxnr: Anxar - Quxyr = Qnxn - Byxas. So in fact a more robust
way of computing the singular value decomposition is to first compute one of the orthogonal
matrices, and then compute the other orthogonal matrix with which the first one is consistent.

[
Ezxample 8.40

Find the singular value decomposition of the matrix from p. [360]
1 -3 2
Asyz = (2 0 3> . (8.380)
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The matrix is real so we do not need to consider the conjugate transpose; we will retain the notation
for generality though here the ordinary transpose would suffice. First consider A - A%:

12
(1 =3 2\ [ (14 8
A-A _(2 0 3> 23g _<8 13). (8.381)
—_——
A N

The diagonal eigenvalue matrix and corresponding orthogonal matrix composed of the normalized
eigenvectors in the columns are

21.5156 0 0.728827 —0.684698
Azxz = ( 0 5.48439) Qe = (0.684698 0.728827 ) ' (8:382)

Next we consider A7 - A:

L2\ .y, 5 -3 8
AP . A=|-3 0 =1 -3 9 —6|. (8.383)

o 3)3%2 0 3 8 —6 13

AH A

The diagonal eigenvalue matrix and corresponding orthogonal matrix composed of the normalized
eigenvectors in the columns are

2152 0 0 0.4524  0.3301 —0.8285
Asxz=| 0 5484 0],  Qaxz= | 04714 08771 0.09206 | . (8.384)
0 0 0 0.7571 0.3489  0.5523
We take
V2152 0 0 4639 0 0
BQX3_< 0 V5484 >_< 0 2342 o>’ (8.385)

and can easily verify that

0.4524 —0.4714 0.7571

0.3301 0.8771  0.3489 |,

0.7288 —0.6847 4.639 0 0
Q2x2 - Boyxs - QL = ( ) ( )

0.6847 0.7288 0 2.342 0 —08285 009206 05523
Qax2 Baxs Qr,
(8.386)
1 -3 2
- <2 . 3)_A2X3. (8.387)

The singular values here are p; = 4.639, uo = 2.342. As an aside, both det Qax2 = 1 and det Qzx3 = 1,
so they are orientation-preserving.

Let’s see how we can get another singular value decomposition of the same matrix. Here we will
employ the more robust technique of computing the decomposition. The orthogonal matrices Qsx3 and
Q2x2 are not unique as one can multiply any row or column by —1 and still maintain orthonormality.
For example, instead of the value found earlier, let us presume that we found

—0.4524 0.3301 —0.8285
Qsxz = | 04714 08771 0.09206 | . (8.388)
—0.7571 0.3489  0.5523
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Here, the first column of the original Q3«3 has been multiplied by —1. If we used this new Q3«3 in
conjunction with the previously found matrices to form Qaxa-Aaxs- QL 5, we would not recover Agys!
The more robust way is to take

Aoz = Qax2-Baxs - ngg, (8.389)
Asyz - Qaxs = Qax2 - Boxa, (8.390)
—0.4524 0.3301 —0.8285

(; _03 ;) 04714  0.8771 0.09206 :(q” q12><4'%39 2??42 8>7 (8.391)
‘ ,\ —0.7571  0.34890  0.5523 Q21 22 '
Ay Qs Q2x2 Bayxs

—3.381 —1.603 0\ [4.639¢;; 2.342¢12 0O (8.392)

~3176 1707 0] \ 4.639gs; 2.342¢e» 0 )" '

Solving for ¢;;, we find that

—0.7288 —0.6847
Qax2 = (—0.6847 0.7288 > (8:393)

It is easily seen that this version of Qoo differs from the first version by a sign change in the first
column. Direct substitution shows that the new decomposition also recovers Asys:

H —0.7288 —0.6847 4.639 0 0 —04524 04714 —0.7571
Qax2 - Baxs - Q33 = _0.6847  0.7988 0 9342 0 0.3301 0.8771 0.3489 ,
i i ) —0.8285 0.09206 0.5523
Q2x2 Boxs Qi
(8.394)
1 -3 2
= (2 0 3> = Aagxs. (8.395)

Both of the orthogonal matrices Q used in this section have determinant of —1, so they do not preserve
orientation.

[
Ezxample 8.41

The singular value decomposition of another matrix considered in earlier examples, p. B48 is as

follows:
0 -1
A = (1 _1>, (8.396)
2 _ 2 1 2 . 2
_ \/5+\/5 \/5—\/5 ) 33+ V5) 0 ) \/5+\/5 \/5—\/5 (8.397)
2 2 2 A
Vi—vs  \V5+/s 0 3(3—V5) 5—V5 5+V5
Q2 B Q’ll‘
The singular value decomposition here is A = Qg - B - QF. All matrices are 2 x 2, since A is
square of dimension 2 x 2. Interestingly Q2 = Q7. Both induce a counterclockwise rotation of

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

8.8. MATRIX DECOMPOSITIONS 385

- . 1.5 ) )
original unit square C after first rotation
B
D C -
1.0 1.0 B o 10r
b after second rotation r
05f D 0.5 0.5F
3 C [
A i B \HH\HHA\H\HH\ | FA
0.0 05 10 10 05 00 05 10 1 A 1 15 10 05/ |
05f
D 1.0~

Figure 8.8: Unit square transforming via rotation, stretching, and rotation of the singular
value decomposition under a linear area- and orientation-preserving alibi mapping.

a = arcsiny/2/(5 — /5) = 7/3.0884 = 58.2°. We also have det Q; = det Q2 = ||Qz|l2 = [|Q1]]2 = 1.
Thus, both are pure rotations. By inspection ||Bl|z = ||A||2 = /(3 + v/5)/2 = 1.61803.

The action of this composition of matrix operations on a unit square is depicted in Fig. The
first rotation is induced by Q7. This is followed by an eigen-stretching of B. The action is completed
by a rotation induced by Qs.

It is also easily shown that the singular values of a square Hermitian matrix are identical
to the eigenvalues of that matrix. The singular values of a square non-Hermitian matrix are
not, in general, the eigenvalues of that matrix.

8.8.9 Hessenberg form

A square matrix A can be decomposed into Hessenbergﬂ form
A=Q -H Q7 (8.398)

where Q is an orthogonal (or unitary) matrix and H has zeros below the first sub-diagonal.
When A is Hermitian, Q is tridiagonal, which is very easy to invert numerically. Also H has
the same eigenvalues as A. Here the H of the Hessenberg form is not to be confused with
the Hessian matrix, which often is denoted by the same symbol; see Eq. (L283)).

[
Example 8.42

The Hessenberg form of our example square matrix A from p. is

-5 4 9
A=[-22 14 18|=Q-H-QT= (8.399)
16 -8 —6

"Karl Hessenberg, 1904-1959, German mathematician and engineer.
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1 0 0 -5 2.0586  9.6313 1 0 0
0 —0.8087 0.5882 27.2029 2.3243 —24.0451 0 —0.8087 0.5882 | . (8.400)

0 0.5882 0.8087 0 1.9459  5.6757 0 0.5882 0.8087

Q H QT
The matrix Q found here has determinant of —1; it could be easily recalculated to arrive at an
orientation-preserving value of +1.

8.9 Projection matrix

Here we consider a topic discussed earlier in a broader context, the projection matrix defined
in Eq. (CI60). The vector A -x belongs to the column space of A. Here A is not necessarily
square. Consider the equation A - x = b, where A and b are given. If the given vector b
does not lie in the column space of A, the equation cannot be solved for x. Still, we would
like to find x, such that

A-x,=h,, (8.401)

which does lie in the column space of A, such that b, is the projection of b onto the column
space. The residual vector from Eq. (84 is also expressed as

r=b,—b. (8.402)

For a projection, this residual should be orthogonal to all vectors A -z which belong to the
column space, where the components of z are arbitrary. Enforcing this condition, we get

0 = (A-z2)" (8.403)
= (A-2)"- (b, —b), (8.404)
N——
= z'- AT (A -x,-b), (8.405)
N——
by
= z'- (AT -A.x,— AT -b). (8.406)
Since z is an arbitrary vector,
AT A -x,—AT.-b=0. (8.407)
from which
AT A.x, = AT.b, (8.408)
x, = (AT-A)"' AT . b, (8.409)
A-x, = A-(AT-A)' AT b, (8.410)
b, = A-(AT-A)'- AT b (8.411)
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This is equivalent to that given in Eq. (Z.I60). The projection matrix P defined by b, = P-b
is

P=A (A"T-A)' AT (8.412)
The projection matrix for an operator A, when operating on an arbitrary vector b yields
the projection of b onto the column space of A. Note that many vectors b could have the
same projection onto the column space of A. It can be shown that an N x N matrix P
is a projection matrix iff P - P = P. Because of this, the projection matrix is idempotent:
P-x=P-P-x=...=P" x. Moreover, the rank of P is its trace.

|
Example 8.43
Determine and analyze the projection matrix associated with projecting a vector b € R? onto the
two-dimensional space spanned by the basis vectors (1,2,3)7 and (1,1,1)7.

We form the matrix A by populating its columns with the basis vectors. So

1 1
A=|2 1]. (8.413)
3 1
The we find the projection matrix P via Eq. (8412):
—1
11 11 R
1 2 3 1 2 3 ¢ 3 0
P=|[2 1] ( ) 2 1 ( )_ i1 (8.414)
- 1)y 111 I

By inspection P is self-adjoint, thus it is guaranteed to possess real eigenvalues, which are A = 1,1, 0.
There is one non-zero eigenvalue for each of the two linearly independent basis vectors which form A.
It is easily shown that ||P||l2 = 1, p(P) = 1, and det P = 0. Thus, P is singular. This is because it
maps vectors in three space to two space. The rank of P is 2 as is its trace. Note that, as required of
all projection matrices, P - P = P:

s 1 _% 5 1 _% 5 1 _%
vl s
"6 3 6 "6 3 6 "6 3 6

That is to say, P is idempotent.
It is easily shown the singular value decomposition of P is equivalent to a diagonalization, giving

1L 1 1
Vi Vi 100 v oo V2

P=QAQ'=| 0 L _\/g o110l | & x| (8.416)
11 1 0 0 0 a1 J2 1
2 V3 e V5 3. V6

The matrix Q has ||Q|]2 = 1 and det Q = 1, so it is a true rotation. Thus, when P is applied to a
vector b to obtain b, we can consider b to be first rotated into the configuration aligned with the two
basis vectors via application of Q7. Then in this configuration, one of the modes of b is suppressed
via application of A, while the other two modes are preserved. The result is returned to its original
configuration via application of Q, which precisely provides a counter-rotation to Q7. Note also that
the decomposition is equivalent to that previously discussed on p.[B72t here, A = R - (RT . R) e RT,
where R is as was defined on p. Note specifically that P has rank r» = 2 and that A has r = 2
values of unity on its diagonal.
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8.10 Method of least squares

One important application of projection matrices is the method of least squares. This method
is often used to fit data to a given functional form. The form is most often in terms of polyno-
mials, but there is absolutely no restriction; trigonometric functions, logarithmic functions,
Bessel functions can all serve as well. Now if one has say, ten data points, one can in princi-
ple, find a ninth order polynomial which will pass through all the data points. Often times,
especially when there is much experimental error in the data, such a function may be subject
to wild oscillations, which are unwarranted by the underlying physics, and thus is not useful
as a predictive tool. In such cases, it may be more useful to choose a lower order curve which
does not exactly pass through all experimental points, but which does minimize the residual.
In this method, one

e examines the data,
e makes a non-unique judgment of what the functional form might be,

e substitutes each data point into the assumed form so as to form an over-constrained
system of linear equations, and

e uses the technique associated with projection matrices to solve for the coefficients which

best represent the given data.

8.10.1 Unweighted least squares

This is the most common method used when one has equal confidence in all the data.

[
Ezxample 8.44

Find the best straight line to approximate the measured data relating z to t.

t x

5
7 (8.417)
10
12
15

DW= O

A straight line fit will have the form
T = ag + axt, (8.418)

where ag and a; are the terms to be determined. Substituting each data point to the assumed form,
we get five equations in two unknowns:

5 = ap+0aq, (8.419)
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7 = ap+ lag, (8420)
10 = ap+ 2ay, (8.421)
12 = ap+ 3aq, (8.422)
15 = ap+ 6a;. (8.423)
Rearranging, we get
10 5
11 a 7
1 2 ( °> =110[. (8.424)
1 3 \" 12
1 6 15
This is of the form A -a =b. We then find that
a=(AT-A)" AT b (8.425)
Substituting, we find that
- -1
1 0 5
11 7
a) |1 1 1 1 1 11 1 1 1 ([ 5.7925
<a1>_ <0 1 2 3 6) 1 3) <0 1 2 3 6> 1(2) _<1.6698)' (8.426)
——
a AT 1 6 AT 15
SN—— N———
L A b
So the best fit estimate is
x =5.7925 4 1.6698 t. (8.427)

The Euclidean norm of the residual is ||A - a — b||2 = 1.9206. This represents the ¢s residual of the
prediction. A plot of the raw data and the best fit straight line is shown in Fig.

8.10.2 Weighted least squares

If one has more confidence in some data points than others, one can define a weighting
function to give more priority to those particular data points.

|
Example 8.45
Find the best straight line fit for the data in the previous example. Now however, assume that we
have five times the confidence in the accuracy of the final two data points, relative to the other points.
Define a square weighting matrix W:

(8.428)

<

I
cCo oo~
cooro
cor—~oo
cuvnmooo
o oo o
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20

18 B

16 B

Data Points —

10 o E
X
sl J
o

6F X =5.7925 + 1.6698 t ]

Figure 8.9: Plot of x — t data and best least squares straight line fit.

Now we perform the following operations:
A-a = b,
W-A- = Wb,
(W-A)' W-A.a = (W-A)" Wb,

o

T -1 T
a = ((W-A) -W-A) (W-A)" - W .b.
With values of W from Eq. (8428)), direct substitution leads to
a [®@)_ 8.0008
" \ay ) \1.1972 )
So the best weighted least squares fit is

x = 8.0008 + 1.1972 ¢.
A plot of the raw data and the best fit straight line is shown in Fig.

8.429
8.430

8.431

AAA,_\
~—  ~— — ~—

8.432

(8.433)

(8.434)

When the measurements are independent and equally reliable, W is the identity matrix.
If the measurements are independent but not equally reliable, W is at most diagonal. If the
measurements are not independent, then non-zero terms can appear off the diagonal in W.
It is often advantageous, for instance in problems in which one wants to control a process in
real time, to give priority to recent data estimates over old data estimates and to continually
employ a least squares technique to estimate future system behavior. The previous example
does just that. A famous fast algorithm for such problems is known as a Kalmarll Filter.

8

cC

Rudolf Emil Kalman, 1930-, Hungarian/American electrical engineer.
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20

18

weighted data points

t

Figure 8.10: Plot of x — ¢ data and best weighted least squares straight line fit.

8.11 Matrix exponential

Definition: The exponential matrix is defined as

1 1
eA:I+A+§A2+§A3+~-~ (8.435)
Thus
At 1 242 1 343
d , A 1 '
7 () = A+A%+ 5A%Q e (8.437)
1 1
= A <I + At + §A2t2 + §A3t3 + - ) (8.438)
- :;,At 7
= A-M (8.439)
Properties of the matrix exponential include
el = e, (8.440)
()™ = e, (8.441)
eAllFs) eAlehs, (8.442)

But eATB = ¢4¢B only if A-B = B - A. Thus, ™4 = ¢lesA,
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[
Example 8.46

for n > 4.

Find eAt if
a 1 0
A= 0 a 1
0 0 a
‘We have
A =al + B,
where
01 0
B = 0 0 1
0 0 O
Thus
0 0 1
B = 00 0 |,
0 0 O
0 0 O
B® = 00 0|,
0 0 O
0 0 O
B" = 0 0 0],
0 0 O
Furthermore
I-B=B-1I=B.
Thus
oAt e(aIJrB)t’
_ eatI eBiE

)

1 1
= |I+atl+ 5a%Z’I2 + a4

3!

=0
—_——

1 1
I+Bt+5B2t2+§B3t3+--- ,

—eatl —gat]

t2
- e‘“I-(I—i—Bt—i—BQE),
2
y 1t 5,
= e 0 1 t
00 1
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(8.446)

(8.447)

(8.448)
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(8.450)

(8.451)

(8.452)
(8.453)

(8.454)

(8.455)

(8.456)
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If A can be diagonalized, the calculation is simplified. Then

] 1
A=A TS AST b (S A-ST) (8.457)
Noting that
(S-A-s1) = S-A-ST.S.A-STT=S-A%.S7 (8.458)
(S-A-sH)Y = s-A-8t...S-A-STT=8.AY.57}, (8.459)

the original expression reduces to

1 _
Al = S-<I+At+...+m(ANtN))-S L (8.460)

= S.eM.s7h (8.461)

8.12 Quadratic form

At times one may be given a polynomial equation for which one wants to determine conditions
under which the expression is positive. For example if we have

F(€1,€0,83) = 1867 — 16&160 + BES + 126,&5 — 4285 + 662, (8.462)

it is not obvious whether or not there exist (£, &s,&3) which will give positive or negative
values of f. However, it is easily verified that f can be rewritten as

f(6,6,8) =2(& — &+ &)° + 326 — &)° +4(& + &) (8.463)

So in this case f > 0 for all (£, &, &3). How to demonstrate positivity (or non-positivity) of
such expressions is the topic of this section. A quadratic form is an expression

N N
fl& 0 6n) =D > a&d, (8.464)

j=1 i=1

where {a;;} is a real, symmetric matrix which we will also call A. The surface represented by
the equation Zjvzl Zf\il a;;&;€j= constant is a quadric surface. With the coefficient matrix

defined, we can represent f as
f=¢" A€ (8.465)

Now, by Eq. (8321]), A can be decomposed as Q - A - Q !, where Q is the orthogonal matrix
populated by the orthonormalized eigenvectors of A, and A is the corresponding diagonal
matrix of eigenvalues. Thus, Eq. (8465) becomes

f=€-Q-A-Q g (8.466)

A
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Since Q is orthogonal, Q7 = Q~!, and we find
f=€-Q-A-Q"-¢ (8.467)

Now, define x so that x = QT - € = Q7! - ¢. Consequently, £ = Q- x. Thus, Eq. (8467)
becomes

f=@Q-x"-Q-A-x, (8.468)
= x'-Q"-Q A -x, (8.469)
= x-Q1'-Q A-x, (8.470)
= x' A-x (8.471)

This standard form of a quadratic form is one in which the cross-product terms (i.e. &¢;,
i # 7) do not appear.

Theorem
(Principal axis theorem) If Q is the orthogonal matrix and Aq,---, Ay the eigenvalues
corresponding to {a;;}, a change in coordinates

&1 xy
: =Q- : , (8.472)

&N TN
will reduce the quadratic form, Eq. (8464, to its standard quadratic form
flze, . on) = M2t + Aoay + - + Ay (8.473)

It is perhaps better to consider this as an alias rather than an alibi transformation.

[
Example 8.47
Change

f(&r, &) = 267 + 2616 + 263, (8.474)

to a standard quadratic form.
For N = 2, Eq. (8464) becomes

f(&1, &) = a11&] + (ar2 + a21)&1&e + anél. (8.475)

We choose {a;;} such that the matrix is symmetric. This gives us

an = 2, (8.476)
ae = 1, (8.477)
am = 1, (8.478)
43 — 2. (8.479)
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So we get
2 1
A_<1 2).

The eigenvalues of A are A =1, A = 3. The orthogonal matrix corresponding to A is

(4 8) weo(34)

The transformation £ = Q - x is

ok
Sk
Sk

2

(8.480)

(8.481)

(8.482)

(8.483)

(8.484)

(8.485)

1
& = ﬁ(m + z2),
1
52 — ﬁ(—xl —+ IQ).
We have det Q = 1, so the transformation is orientation-preserving. The inverse transformation x =
Q'-¢=Q" £is
1
Ty = ﬁ(& - 52)7
1
Ty = ﬁ(& +&2).

Using Eqs. (8482RAKT) to eliminate & and &3 in Eq. (8474), we get a result in the form of Eq. (8473)):

f(z1,22) = x% + 390%.

In terms of the original variables, we get

F(E61,8) = 5(6 &) + 26 + &)

[
Ezxample 8.48
Change
F61,&,83) = 1867 — 16816 + 5E5 + 126185 — 4685 + 63,

to a standard quadratic form.
For N = 3, Eq. (8464) becomes

18 -8 6 &

fl61,6.8)=(& & &) -8 b5 =2 & | =€¢"- A€
6 -2 6 ) \&

(8.486)

(8.487)

(8.488)

(8.489)

The eigenvalues of A are \; =1, A2 =4, A3 = 24. The orthogonal matrix corresponding to A is

4 __1 _13 __4 _7_ _2
V69 V30 /230 V69 r V69
7 _
Q=|-%& V& 3/&| ql-q'- } f NE]
2

5 2[5
46 115 46

E
=

(8.490)
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For this non-unique choice of Q, we note that det Q = —1, so it fails to satisfy the requirements
of a right-handed coordinate system. For the purposes of this particular problem, this fact has no
consequence. The inverse transformation x = Q! - £ = QT <€ is

4

T, = 52 + 53, (8.491)
\/_
Ty = 51 + V1 52 + 537 (8.492)
= —&§ -3/ — —&3. 8.493
" \/23051 11552 Ty 4653 (8.493)
Directly imposing then the standard quadratic form of Eq. (8473) onto Eq. (B488), we get
f(x1, 20, 23) = 2% + 43 + 2423, (8.494)

In terms of the original variables, we get

2
F(En 606y = ( \/64_951 \/—52 4 \/26_953)
2

1 2 5

4 <_E§1 + \/17—552 + \/%53)

2
13 2 5
24 <\/ﬁgl ~ 36+ \/%&;) . (8.495)

It is clear that f(&1,&2,&3) is positive definite. Moreover, by performing the multiplications, it is easily
seen that the original form is recovered. Further manipulation would also show that

f1,8,86) =2(& — &+ &)* +3(26 — &)° +4(& + &), (8.496)

so we see the particular quadratic form is not unique.

8.13 Moore-Penrose inverse

We seek the Moore-Penrosd] inverse: A7, n such that the following four conditions are
satisfied

Anunr - Afun - Anscn = Ansr, (8.497)
Ab v Ancn Al y = Al (8.498)
(Ansar - Afn)” = Ansar Al (8.499)
(AJJ\rxfo : ANxM)H = Al v Anxum. (8.500)

Yafter [Eliakim Hastings Moore, 1862-1932, American mathematician, and [Sir Roger Penrose, 1931-, En-
glish mathematician. It is also credited to |Arne Bjerhammar, 1917-2011, Swedish geodesist.
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This will be achieved if we define

A—]\ZXN = Quxu - B—]\ZXN ) ngN’ (8501>
The matrix BT is M x N with y; !, (i = 1,2,...) in the first r positions on the main diagonal.
This is closely related to the N x M matrix B, defined in Sec. B88, having p; on the same

diagonal positions. The Moore-Penrose inverse, A}, v, is also known as the pseudo-inverse.
This is because in the special case in which N < M and N = r that it can be shown that

Ansrr - Alrny = Inxn. (8.502)
Let’s check this with our definitions for the case when N < M, N =r.
Avan - Abn = (Quon B - Qinr) - (Qarsar - By - Qivan) > (8:503

(8.503)
= Qv By Qo - Qi - Biy - Qi ( )
= Qv Byww By Qs (8.505)
= Qv - Ivun - QN un, (8.506)
= Qnxn- Q]HVxN7 ( )
= Quxn - Quun (8.508)
= Iy«n. (8.509)
We note for this special case that precisely because of the way we defined BT that By

Biron = Inkn. When N > M, By - By, v vields a matrix with r ones on the diagonal
and zeros elsewhere.

[
Example 8.49

Find the Moore-Penrose inverse, A;XQ, of Agy3 from the matrix of a previous example, p. 366

1 -3 2
A2><3—(2 0 3>. (8.510)
AE’)’_XZ = Q3><3'B;_><2'Q§{><27 (8'511)
0.452350 0.330059 —0.828517 L 0
1.6385
A;Xz = —0.471378 0.877114 0.0920575 | - 0 ﬁ (—00762;33562;8 83;22;}3)7
0.757088 0.348902 0.552345 0 0 ’ ’
(8.512)
—0.0254237 0.169492
A;)FXQ = —0.330508 0.20339 | . (8.513)
0.0169492  0.220339
Note that
1 3 9 —0.0254237 0.169492 10
A2><3'A§r><2:(2 0 3)- —0.330508  0.20339 :<O 1). (8.514)
0.0169492  0.220339

Both Q matrices have a determinant of +1 and are thus volume- and orientation-preserving.
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[
Ezxample 8.50

Use the Moore-Penrose inverse to solve the problem A -x = b studied in an earlier example, p. 341k
1 2 X o 2
()()-6)

We first seek the singular value decomposition of A, A = Qa2 - B - Q. Now

H A _ (1 3\ (1 2\_[10 20
A A_<2 6 3 6) =120 40/ (8.516)
The eigensystem with normalized eigenvectors corresponding to A - A is
1
A = 50, e1=<‘/25>, (8.517)
V5
_ 2
X2 = 0, e2:< ﬁ) (8.518)
V5
e}
1 2
Q = (“f ﬁ) (8.519)
IVERRVE
(VB0 0\ [(5V2 0
B—<oo_00’ (8.520)
so taking A - Q; = Q2 - B, gives
1 2
12\ (5 ~B)_ (o a2\ (5V2 0 (8.521)
3 6 2 = )\ g 0 0)’ '
N , \VE VB
A =Q1 Q2 B
1 0\  (5/2q1 0
x/5<3 O>_<5\/§q21 o) (8.522)
Solving, we get
L
(q“) = <‘/§_0> . (8.523)
qz21 710
Imposing orthonormality to find g1 and go2, we get
3
<‘112> - <_@> (8.524)
q22 710
S0
1 3
Q2—<“§0 Vi ) (8.525)
Vio ~ Vio
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and
1 3 12
A_QQ.B.Q{I_<\/3lTJ @><5\({§ 8)(\@ \{5>_<;’ 2) (8.526)
Vio ~ Vio Vs 6

—_——
—_— —_——
Q2 B QH

As an aside, note that Q; is orientation-preserving, while Qs is not, though this property is not
important for this analysis.
We will need BT, which is easily calculated by taking the inverse of each diagonal term of B:

B = (? 8) . (8.527)

Now the Moore-Penrose inverse is
1 2 19 D 1
s-aenar- (3 T) () (T ) -(2
NG NG 10 10 50

Direct multiplication shows that A - AT # I. This is a consequence of A not being a full rank matrix.
However, the four Moore-Penrose conditions are satisfied: A - At .- A = A, AT. A. AT = AT,
(A-AT)T =A- At and (AT -A)H = At A,

Lastly, applying the Moore-Penrose inverse operator to the vector b to form x = AT - b, we get

) . (8.528)

gloges

1 3 1
ceane (3 3)(2)-(8). 5520
50 50 25
At b

We see that the Moore-Penrose operator acting on b has yielded an x vector which is in the row space
of A. As there is no right null space component, it is the minimum length vector that minimizes the
residual ||A - x — b||2. It is fully consistent with the solution we found using Gaussian elimination in
an earlier example, p. [341]

Problems

1. Find the x with smallest ||x||2 which minimizes ||A - x — b||2 for

1 0 3 1
A=[2 -1 3|, b=|o0
3 -1 5 1

1 0 1
A=(2 -1|, b=1]0
3 -2 1
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3. Find x with the smallest ||x||2 which minimizes ||A - x — b||s for
1 01 4 2
A=|1 0 2 -1/, b=| 1
2 1 3 =2 -3
4. Find e? if
1 1 1
A=| 0 3 2
0 0 5
5. Diagonalize or reduce to Jordan canonical form
5 2 -1
A=|0 5 1 .
0 0 5
6. Find the eigenvectors and generalized eigenvectors of
11 1 1
01 1 1
A= 00 0 1 |-
0 0 0O
7. Decompose A into Jordan form S-J-S™!, P~1.L.D .U, Q- R, Schur form, and Hessenberg form
01 0 1
101 0
A= 01 0 1
10 1 0
8. Find the matrix S that will convert the following to the Jordan canonical form
6 -1 -3 1
-1 6 1 -3
@1 3 1 6 -
1 -3 -1 6
8§ -2 -2 0
0 6 2 -4
(b) -2 0 8 =2
2 -4 0 6
and show the Jordan canonical form.
11 20
. . . 01 3 0
9. Show that the eigenvectors and generalized eigenvectors of 0 0 2 92 |span the space.
0 0 01
10. Find the projection matrix onto the space spanned by (1,2,3)7 and (2,3,5)”. Find the projection of
the vector (7,8,9)7 onto this space.
11. Reduce 422 + 432 + 222 — 4ay + 4yz + 422 to standard quadratic form.
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12.

13.

14.

15.

16.

17.

18.
19.
20.
21.

22.

Find the inverse of
1/4 1/2 3/4
3/4 1/2 1/4
1/4 1/2 1/2

0 0
Findexp| 0 1
10

S O .

Find the nth power of (

W =
— W
N——

If
5 4
=(13)
find a matrix S such that S=% - A - S is a diagonal matrix. Show by multiplication that it is indeed

diagonal.

Determine if A = ( _62 ? ) and B = ( _83 _61 ) are similar.

Find the eigenvalues, eigenvectors, and the matrix S such that S™% - A - S is diagonal or of Jordan
form, where A is

50 0
@ |10 1 |,
00 —2
-2 0 2
w2 1 0o |,
0 0 —2
3.0 -1
@ [ -1 2 2
1 0 143

Put each of the matrices above in L - D - U form.
Put each of the matrices above in Q - R form.
Put each of the matrices above in Schur form.

Let

A:

o O =
O = =
— o= N

Find S such that S™! - A - S = J, where J is of the Jordan form. Show by multiplication that
A-S=S-J.

Show that
A cos(1)  sin(1)

et = ( —sin(1) cos(1) )

a-(00).
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23.

24.

25.

26.

27.

28.

29.

30.

Write A in row echelon form

Show that the function
fl@,y,2) =2 +y° + 2% + yz — 20 — ay,
is always non-negative.

If A:/¢%— (3, find ||A|| when

Also find its inverse and adjoint.

Is the quadratic form
f(w1,20,23) = 4:6% + 2z129 + 42123,

positive definite?

Find the Schur decomposition and Cholesky decompositions of A:

0o 0 0 O
0 1 -3 0
A= 0 -3 1 0
0o 0 0 O

Find the x with minimum ||x||2 which minimizes ||A - x — b||2 in the following problems:

(a)
410 1
A=(2 00|, b=[3],
-2 1 0 2
(b)
132 5 6 1
A=(7 21 -4 5|, b=|4
1 4 2 13 7 1

In each part of the previous problem, find the right null space and show the most general solution
vector can be represented as a linear combination of a unique vector in the row space of A plus an
arbitrary scalar multiple of the right null space of A.

An experiment yields the following data:

t x
0.00 1.001
0.10 1.089
0.23 1.240
0.70 1.654
0.90 1.738
1.50 2.120
2.65 1.412
3.00 1.301

We have fifteen times as much confidence in the first four data points than we do in all the others.
Find the least squares best fit coefficients a, b, and ¢ if the assumed functional form is

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

8.13. MOORE-PENROSE INVERSE 403

31.

32.

33.

(a) o =a+bt+ ct?,
(b)  =a+ bsint + csin 2t.

Plot on a single graph the data points and the two best fit estimates. Which best fit estimate has the
smallest least squares residual?

For
8 5 -2 -1
A= 6 8 -2 8 ,
-1 2 0 1

a) find the P! . L-D - U decomposition, and
b) find the singular values and the singular value decomposition.
For the complex matrices A find eigenvectors, eigenvalues, demonstrate whether or not the eigenvec-

tors are orthogonal, find (if possible) the matrix S such that S™!- A - S is of Jordan form, and find
the singular value decomposition if

. 2 4 241
A_<2"2“ f) A=| -4 1 3
2_i 3 -2

31
=(2a)

on the unit square with vertices at (0,0), (1,0), (1,1), and (0,1). Give a plot of the original unit
square and its image following the alibi mapping. Also decompose A under a) Q - R decomposition,
and b) singular value decomposition, and for each decomposition plot the series of mappings under
the action of each component of the decomposition.

Consider the action of the matrix
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Chapter 9

Dynamical systems

see Kaplan, Chapter 9,

see Drazin,

see Lopez, Chapter 12,

see Hirsch and Smale,

see \Guckenheimer and Holmes,
see Wiggins,

see |Strogatz.

In this chapter we consider the evolution of systems, often called dynamic systems. Generally,
we will be concerned with systems which can be described by sets of ordinary differential
equations, both linear and non-linear. Some other classes of systems will also be studied.

9.1 Paradigm problems

We first consider some paradigm problems which will illustrate the techniques used to solve
non-linear systems of ordinary differential equations. Systems of equations are typically more
complicated than scalar differential equations. The fundamental procedure for analyzing
systems of non-linear ordinary differential equations is to

e Cast the system into a standard form.

Identify the equilibria of the system.

If possible, linearize the system about its equilibria.

If linearizable, ascertain the stability of the linearized system to small disturbances.

If not linearizable, attempt to ascertain the stability of the non-linear system near its
equilibria.

Solve the full non-linear system.

405
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9.1.1 Autonomous example

First consider a simple example of what is known as an autonomous system. An autonomous
system of ordinary differential equations can be written in the form

dx
dt
Notice that the independent variable ¢t does not appear explicitly.

f(x). (9.1)

[
Ezxample 9.1

For x € R?,t € R!, f : R2 — R?, consider
dx
d—l = zp—a} = fi(z1,22), (9.2)
t
dx
d—tz = Xro — 1 = fQ(Il, IQ). (93)

The curves defined in the (21, 22) plane by f; = 0 and fo = 0 are very useful in determining both the
fixed points (found at the intersection) and in the behavior of the system of differential equations. In fact
one can sketch trajectories of paths in this phase space by inspection in many cases. The loci of points
where f; = 0 and fp = 0 are plotted in Fig. The zeroes are found at (z1,72)T = (0,0)T, (1,1)%.
Linearize about both points by neglecting quadratic and higher powers of deviations from the critical
points to find the local behavior of the solution near these points. Near (0,0), the linearization is

d:zcl
—_— = 9-4
dt 2 (94)
dx
d_t2 = X2 — X1, (95)
or p
T o 0 1 T
#) (43 o)
This is of the form y
X
—_— = 9-7
g x (9.7)
And with
S z=x, (9.8)
where S is a constant matrix, we get
d dz
dz
— = S'.A-S-z 9.10
p z (9.10)

At this point we assume that A has distinct eigenvalues and linearly independent eigenvectors; other
cases are easily handled. If we choose S such that its columns contain the eigenvectors of A, we will
get a diagonal matrix, which will lead to a set of uncoupled differential equations; each of these can be
solved individually. So for our A, standard linear algebra gives

1, V3, 1 _ 3. i l+ﬁi
s_<2+12’ 2 12’)7 sl_<\/§i i \%' , (9.11)
-3 2z 6¢
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spiral source saddle
node node f=0 f=0
X, / \ ! 2
T ‘ ' ‘
5] A7 AA AT A A A D SR -
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Figure 9.1: Phase plane for dx,/dt = xy — 22, dxy/dt = x5 — x1, along with equilibrium
points (0,0) and (1, 1), separatrices xg — 2% = 0, x5 — z; = 0, solution trajectories, and

corresponding vector field.

With this choice we get the eigenvalue matrix

3.
stoas—(z 20 0 )
0 2+ 3

So we get two uncoupled equations for z:

dzy 1 V3.
a - \27 2t

—_——

=\

dn _ (1 V3,
a - \2T )
—_———

which have solutions
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Zog = cgexp <<% + ?l) t) . (9.16)

Then we form x by taking x =S - z so that

Bl ) (Pl

=21 =22

Tog = cpexp <<% — ?) t) + co exp ((% + ?z) t) ) (9.18)

=2z1 =22

Since there is a positive real coefficient in the exponential terms, both z; and x5 grow exponentially.
The imaginary component indicates that this is an oscillatory growth. Hence, there is no tendency for
a solution which is initially close to (0,0), to remain there. So the fixed point is unstable.

Consider the next fixed point near (1, 1). First define a new set of local variables:

.i'l = X1 — 1, (919)
i‘g = T2 — 1. (920)
Then
dx dz _ -
— = = (Bl - @+ (9.21)
dx dz _ -
d—f = d—tz = (Z24+1)— (Z1 +1). (9.22)
Expanding, we get
dzq _ -9 .
E = ({L‘g + 1) — Xy — 2.’[]1 - 1, (923)
di
% = (G2+1)— (3 +1). (9.24)

Linearizing about (%1, Z3) = (0,0), we find

0
% = - 20, (9.25)
o

% = Fp— 7, (9.26)

“ G () (2

Going through an essentially identical exercise gives the eigenvalues to be

1 V5
N o= -+ X250 9.28
1 2+ 2 > ) ( )
1
Ao = —5—§<0, (9.29)
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which in itself shows the solution to be essentially unstable since there is a positive eigenvalue. After
the usual linear algebra and back transformations, one obtains the local solution:

1 = 14¢ <3_2\/5> exp ((—% + ?) t) + co <3+2\/5> exp <<—% — ?) t) . (9.30)
ro = 14 ciexp <<—%+ ?) t) + co exp <<—% — ?) t) ) (9.31)

Note that while this solution is generally unstable, if one has the special case in which ¢; = 0, that the
fixed point in fact is stable. Such is characteristic of a saddle node.

As an interesting aside, we can use Eq. (6371]) to calculate the curvature field for this system. With
the notation of the present section, the curvature field is given by

VET-F-FT . £)(fT - f) — (fT - FT . f)2

- TR : (9.32)

where F| the gradient of the vector field f, is given by the analog of Eq. (G.370)
F = Vi, (9.33)

So with
[e) [e)
po (Dlone)) (oot po (o o) o2 - (9.34)
fa(@1, 32) T2 —x1 )’ on Sh 1 1)’ '
T2 T2

detailed calculation reveals that

2
\/(—:v% + 23 + 2] + 2120 — 2310 — 2239 — 22 + 221 23)
372

(9.35)

KR =

(22 + 2F — 2m120 — 22320 + 222)

A plot of the curvature field is shown in Fig. Because k varies over orders of magnitude, the contours

are for In x to more easily visualize the variation. Regions of high curvature are noted near both critical

points and in the regions between the curves xo = z1 and x2 = x% for z; € [0,1]. Comparison with
Fig. reveals consistency.

9.1.2 Non-autonomous example

Next, consider a more complicated example. Among other things, the system as originally
cast is non-autonomous in that the independent variable ¢ appears explicitly. Additionally,
it is coupled and contains hidden singularities. Some operations are necessary in order to
cast the system in standard form.

[
Example 9.2

For x € R%,t € R!, f : R2 x R! — R2, analyze
dx dx
td_tl + o1 dt2 = x1+1 = fl(CCl,.’L'g, t), (9.36)
dx dx
xld_tl + l'gd—; = $1t = fg(l‘l,xg,t), (937)
Il(O) = 10, xg(O) = X20- (938)
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Figure 9.2: Contours of In k, where « is trajectory curvature for trajectories of solutions to
dxi/dt = x9 — :17%, dxs/dt = x9 — 1. Separatrices zs — x% =0 and z9 — 21 = 0 are also
plotted. Red shading corresponds to large trajectory curvature; blue shading corresponds to
small trajectory curvature.

Let &t
— =1 t(0)=0 9.39
o1 u0)=0, (9:39)
and further y; = 1,92 = 22,y3 = t. Then with s € R,y € R?,g: R3 — R3,
dy1 dyz
.l e — = 9.40
Y3 ds + Y21 ds Y1+ Y3 91(y1,Y2,93), ( )
d d
y1% + y%% = yiys = 92(Y1, Y2, ¥3), (9.41)
d
% =1 = g3(y17y2)y3)7 (942)
y1(0) =y10,  %2(0) = w20,  y3(0)=0. (9.43)
In matrix form, we have
d
ys Y21 O Li.l_ysl Y1+ ys
yi oy 0 Zl=1 wnvw |- (9.44)
0 0 1 % 1

Inverting the coefficient matrix, we obtain the following equation which is in autonomous form:

Y1y2—yTys+y2ys

d [ v y22y3—yf hi(y1,y2,v3)
v = viizvi—vs) | = ha(y1,y2,3) | - (9.45)
%\ s yQ(wa’_y%) ha(y1,y2,v3)

There are potential singularities at y = 0 and y2y3 = y7. Under such conditions, the determinant of
the coefficient matrix is zero, and dy;/ds is not uniquely determined. One way to address the potential
singularities is by defining a new independent variable u € R! via the equation

ds

7 = v2 (293 — 7). (9.46)
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The system, Eq. (@48), then transforms to

d [0 Y2 (y1y2 —yiys + y2y3) P1(Y1,Y2,Y3)
o lve ] = y1 (V3 —y1—y3) = | p2(v1,92,93) |- (9.47)
Ys v2 (v2y3 — v1) p3(y1, Y2, y3)

This equation actually has an infinite number of fixed points, all of which lie on a line in the three-
dimensional phase volume. The line is given parametrically by (y1,%2,%3)7 = (0,0,v)T, v € R!
Here v is just a parameter used in describing the line of fixed points. However, it turns out in this
case that the Taylor series expansions yield no linear contribution near any of the fixed points, so
we don’t get to use the standard linear analysis technique! The problem has an essential non-linear
essence, even near fixed points. More potent methods would need to be employed, but the example
demonstrates the principle. Figure gives a numerically obtained solution for yi(u), y2(u), ys(u)
along with a trajectory in (y1, y2,ys) space when y1(0) = 1,42(0) = —1,y35(0) = 0. This corresponds to
Il(t = O) = 1,$2(t = O) = —1.

V15X
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20
10
u
02 04 06 08 1 1.2
Y2=X3
2
1
50
u
40 0.2 4 06\ 08 1 \2
1
30
2
20
y3=t
10 ¢ 10
2 4 6 8 10
X, s
2
6
1 4
2
u
02 04 06 08 1 12

Figure 9.3: Solutions for one set of initial conditions, y1(0) = 1, 32(0) = —1, y3(0) = 0,
for second paradigm example: trajectory in phase volume (y1,ys,y3); also y1(u), y2(u), ys(u)

and z1(t), xo(t). Here y; = 1, yo = 29, y3 = L.

We note that while the solutions are monotonic in the variable u, that they are not monotonic
in t, after the transformation back to x1(t),x2(t) is effected. Also, while it appears there are points
(u=0.38,u = 0.84,u = 1.07) where the derivatives dy; /du, dys/du, dys/du become unbounded, closer
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inspection reveals that they are simply points of steep, but bounded, derivatives. However at points
where the slope dys/du = dt/du changes sign, the derivatives dzy/dt and dzy/dt formally are infinite,
as is reflected in the cyclic behavior exhibited in the plots of z; versus ¢ or xo versus t.

9.2 (eneral theory

Consider x € RVt € Rl,g : RY x RY x R! — RYM. A general non-linear system of
differential-algebraic equations takes on the form

dx
—.x,t) =0.
()

Such general problems can be challenging. Let us here restrict to a form which is quasi-
linear in the time-derivatives. Thus, consider x € RV, ¢t € R1, A : RY x R! — RY x RV f:
RN x R! — RY. Then the quasi-linear problem of the form

(9.48)

d
A(x, 1) - d—’t‘ —f(x,t),  x(0)=x., (9.49)
can be reduced to autonomous form in the following manner. With
x1 a’ll(X> t) alN(Xa t) .fl(xla"'axNat)
X = ) A(Xa t) = : ) f(Xa t) = ’
TN a’Nl(Xat) aNN(Xat) .fN(xla"'axNat)
(9.50)
define s € R! such that dt
— =1 t(0) = 0. 9.51
L1 ) (951)

Then define y € RV, B : RVT! — RV x RN+ g RNV*1  RN*! such that along with
s € R! that

U1 X
y = | =] (9.52)
Yn TN
YN+1 t
&11(}’) alN(Y) 0
B(y) = ' ] (9.53)
an1(y) ann(y) 0
0 0 1
G(y1, -, Yn+1) filwe, ... zN,t)
gly) = ' = : : (9.54)
an(W1s - UN1) In(zr, .. N, t)
Ine1 (Y1, - Yn1) 1
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Equation (@.49) then transforms to

B(y) - j—z =g(y)- (9.55)

By forming B™!, assuming B is non-singular, Eq. (3.55) can be written as

j—z =B '(y) g(y), (9.56)
or by taking
B~ '(y)-gly) = h(y), (9.57)

we get the form, commonly called autonomous form, with s € R,y € RV*! h : RV+l —
]RN'H:

dy

7= h(y). (9.58)

If B(y) is singular, then h has singularities. At such singular points, we cannot form a

linearly independent set of dy/ds, and the system is better considered as a set of differential-
algebraic equations. If the source of the singularity can be identified, a singularity-free
autonomous set of equations can often be written. For example, suppose h can be rewritten
as

h(y) = ==, (9.59)

where p and ¢ have no singularities. Then we can remove the singularity by introducing the
new independent variable u € R! such that

ds
du q(y). (9.60)
Using the chain rule, the system then becomes
dy _ ply
A , 9.61
ds  q(y) 860
ds dy p(y)
o .62
T s =4 ) (9.62)
dy
- = 9.63
7. = PO (9.63)

which has no singularities.

Casting ordinary differential equations systems in autonomous form is the starting point
for most problems and most theoretical development. The task from here generally proceeds
as follows:

e Find all the zeroes of h. This is an algebra problem, which can be topologically difficult
for non-linear problems.
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e If h has any singularities, redefine variables in the manner demonstrated to remove the
singularity

e If possible, linearize h (or its equivalent) about each of its zeroes
e Perform a local analysis of the system of differential equations near zeroes.

e [f the system is linear, an eigenvalue analysis is sufficient to reveal stability; for non-
linear systems, the situation is not always straightforward.

9.3 Iterated maps
A map f:RY — RY can be iterated to give a dynamical system of the form

LL’k+1 :fn(l’llfvl’gv"'ax?\f)? n:1,~-~,N. (964>

n

Given an initial point 29, (n = 1,..., N) in RY, a series of images x>, 22,23, ... can be found

as k=0,1,2,.... The map is dissipative or conservative according to whether the diameter
of a set is larger than that of its image or the same, respectively, i.e. if the determinant of
the Jacobian matrix, det df,/0x; < 1.

The point z; = 7; is a fized point of the map if it maps to itself, i.e. if

Tn:fn(fl7f27”'7f]\/)7 nzly"'yN- (965)

The fixed point 7,, = 0 is linearly unstable if a small perturbation from it leads the images
farther and farther away. Otherwise it is stable. A special case of this is asymptotic stability
wherein the image returns arbitrarily close to the fixed point.

A linear map can be written as 2% = Z;VZI Agak, (i=1,2,...) or x* = A . x" The
origin x = 0 is a fixed point of this map. If [|A]| > 1, then ||x**1|| > ||x*||, and the map is
unstable. Otherwise it is stable.

I
Example 9.3
Examine the linear stability of the fixed points of the logistics map, popularized by MayEl

2P = 2P (1 = o), (9.66)

We take 7 € [0,4] so that z* € [0, 1] maps onto z¥*1 € [0,1]. That is, the mapping is onto itself.
The fixed points are solutions of
T =1r7(1 —T), (9.67)

which are

=0, T=1- (9.68)

S|

'Robert McCredie May, 1936-, Australian-Anglo ecologist.
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Consider the mapping itself. For an initial seed 2, we generate a series of z*.

r=0.4 and 2° = 0.3, we get

For example if we take

= 0.3, (9.69)
' =0.4(0.3)(1-0.3) = 0.084, (9.70)
22 = 0.4(0.084)(1 — 0.084) = 0.0307776, (9.71)
23 =0.4(0.0307776)(1 — 0.0307776) = 0.0119321, (9.72)
% =0.4(0.0119321)(1 — 0.0119321) = 0.0047159, (9.73)
2° = 0.4(0.0047159)(1 — 0.0047159) = 0.00187747, (9.74)
> = 0. (9.75)
For this value of r, the solution approaches the fixed point of 0. Consider r = 4/3 and 2° = 0.3
2 = 0.3, (9.76)
=(4/3)(0.3)(1 —0.3) = 0.28, (9.77)
= (4/3)(0.28)(1 — 0.28) = 0.2688, (9.78)
= (4/ )(0.2688)(1 — 0.2688) = 0.262062, (9.79)
(4/3)(0 262062)(1 — 0.262062) = 0.257847, (9.80)
= (4/3)(0.257847)(1 — 0.257847) 0.255149, (9.81)
1
x> = 0250=1-—-—. (9.82)
r

In this case, the solution was attracted to the alternate fixed point.
To analyze the stability of each fixed point, we give it a small perturbation z. Thus, T + Z is
mapped to T + &, where

IS

T4+2=rF+2)1-T—-%)=rF—T>+ & — 2T% + 3?). (9.83)

Neglecting small terms, we get
T+3=rT -7 +i-27%) =rT(1 —T) +ri(l — 27). (9.84)

Simplifying, we get

i =ri(l - 27). (9.85)

A fixed point is stable if [#/Z| < 1. This indicates that the perturbation is decaying. Now consider
each fixed point in turn.

z=0:
& = ri(l-2(0)), (9.86)
i = ri, (9.87)
’g = 7 (9.88)

This is stable if r < 1.
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& = rj<1—2<1—%)>, (9.89)

r = (2-r)z, (9.90)
z
z
This is unstable for r < 1, stable for 1 < r < 3, unstable for r > 3.
What happens to the map for » > 3. Consider » = 3.2 and 2° = 0.3

= 2—r|. (9.91)

¥ = 0.3, (9.92)

' =32(03)(1-0.3) = 0.672, (9.93)

2 =3.2(0.672)(1 — 0.672) = 0.705331, (9.94)

23 =3.2(0.705331)(1 — 0.705331) = 0.665085, (9.95)
z* = 3.2(0.665085)(1 — 0.665085) = 0.71279, (9.96)
2° = 3.2(0.71279)(1 — 0.71279) = 0.655105, (9.97)
25 = 3.2(0.655105)(1 — 0.655105) = 0.723016, (9.98)
27 =3.2(0.723016)(1 — 0.723016) = 0.640845, (9.99)
28 = 3.2(0.640845)(1 — 0.640845) = 0.736521, (9.100)
71 = 0.799455, (9.101)

™ = 0.513045. (9.102)

This system has bifurcated. It oscillates between two points, never going to the fixed point. The two
points about which it oscillates are quite constant for this value of r. For greater values of r, the system
moves between 4, 8,16, ... points. Such is the essence of bifurcation phenomena. A plot, known as a
bifurcation diagram, of the equilibrium values of = as a function of r is given in Fig.

Other maps that have been studied are:
e Hénorl3 map:

Tpe1 = Y+ 1—ax}, (9.103)
Yrs1 = buy. (9.104)

For a = 1.3,b = 0.34, the attractor is periodic, while for a = 1.4,b = 0.34, the map
has a strange attractor.

e Dissipative standard map:

Tpe1 = Tg + Ype1 mod 2, (9.105)
Ybr1 = AYp+ ksinxg. (9.106)

If A =1, the map is area preserving.

2Michel Hénon|, 1931-, French mathematician and astronomer.
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Figure 9.4: Bifurcation diagram of T = limj,_.., ¥ as a function of r for the logistics map,
ok = raF(1 — 2%) for r € [0, 4].

9.4 High order scalar differential equations

An equation with z € R}, ¢t € R, a : R! x R — RN, f : R! — R! of the form

dNx a1y dx

e + aN(:)s,t)W + - ag(x, t)a +ai(x, t)e = f(t), (9.107)
can be expressed as a system of n + 1 first order autonomous equations. Let x = yq,
dr/dt = yo,- -, d¥"tw/dtVN ' = yn,t = yyy1. Then with y € RV s =t € Rl a :
R! x R! - RY f:R! = R,

dy:

29 1

= (9.108)

dyo

2Is 1

= = (9.109)
dyN—l.

— 9.110
ds YN, ( )
d
% = _aN(yla yN+1)yN - aN—l(yb yN+1)yN—1 — T (yb yN+1)y1 + f(yN+1)>

(9.111)

dyn+1
—— = 1. 112
s (9.112)
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I
Example 9.4

For x € R',t € R!, consider the forced Duffing equation:
d%x 3 . dx
Tl + 1z + 2° = sin(2t), x(0) =0, yn . =0. (9.113)

Here az(z,t) = 0,a1(x,t) = 1 + 22, f(t) = sin(2t). Now this non-linear differential equation with
homogeneous boundary conditions and forcing has no analytic solution. It can be solved numerically;
most solution techniques require a recasting as a system of first order equations. To recast this as an
autonomous set of equations, with y € R3,s € R!, consider

dr
dt
Then d/dt = d/ds, and the equations transform to

T =Y, Y2, L =s5=ys. (9.114)

d [0 Y2 hi(y1,y2,y3) y1(0) 0
Sl = - yi 4 sin(2ys) | = | ha(y1,v2,93) | y2(0) | = (0 [. (9.115)
Y3 1 hs(y1, y2,y3) y3(0) 0

Note that this system has no equilibrium point as there exists no y for which A = 0. Once the numerical
solution is obtained, one transforms back to (z,t) space. Fig. gives the trajectory in the (y1,y2,y3)
phase space and a plot of the corresponding solution z(t) for ¢ € [0, 50].

1

0.5

k\]j 2 0 0 0
0.5

y;=1

Figure 9.5: Phase space trajectory and solution x(t) for forced Duffing equation.
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9.5 Linear systems

For a linear system the coefficients ay, ..., as,a; in equation (Q.J07) are independent of z.
In general, for x € RVt € R, A : R — RY x RV, f: R! — R", any linear system may be
written in matrix form as

dx
o = Al x+ (D), (9.116)

where

x = , (9.117)

t) a12 (t) tee alN(t)
A - :) a22:(t) a2]\:f(t) 7 (9.118)

avi(t) ans(t) - ann(t)

f = U (9.119)
In(t)

Here A and f are known. The solution can be written as x = xy + Xp, where xy is the
solution to the homogeneous equation, and xp is the particular solution.

9.5.1 Homogeneous equations with constant A

For x € RY t € R, A € RV x R¥, the solution of the homogeneous equation

dx
—=A"- 12
pn X, (9.120)
where A is a matrix of constants is obtained by setting
x = ee™, (9.121)

with a constant vector e € RY. Substituting into Eq. ([@120), we get

deer = A -ee, (9.122)
e = A-e (9.123)

This is an eigenvalue problem where A is an eigenvalue and e is an eigenvector.
In this case there is only one fixed point, namely the null vector:

x = 0. (9.124)
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9.5.1.1 N eigenvectors

We will assume that there is a full set of eigenvectors even though not all the eigenvalues are

distinct. If e, eq, ..., ey are the eigenvectors corresponding to eigenvalues A, Ao, ..., Ay,
then
N
X =) cpene™, (9.125)
n=1
is the general solution, where ¢y, cs, ..., cy are arbitrary constants.
I
Ezxample 9.5
For x € R3¢t € R, A € R? x R3, solve dx/dt = A - x where
1 -1 4
A=(3 2 -1|. (9.126)
2 1 -1
The eigenvalues and eigenvectors are
-1
)\1 = 1, e = 4 5 (9127)
1
1
)\2 = 3, €y = 2 s (9128)
1
—1
A3 = -2 es=| 1 (9.129)
1
Thus, the solution is
—1 1 —1
X =c 4 e+l 2 |eM e 1 e 2 (9.130)
1 1 1
Expanding, we get
r1(t) = —cret + et —cze™ (9.131)
z2(t) = 4derel + 2coe® + czeH, (9.132)
x3(t) = cret + et + czem (9.133)
|
Example 9.6
For x € R3¢t € R, A € R? x R3, solve dx/dt = A - x where
2 -1 -1
A=[(2 1 -1 (9.134)
0 -1 1
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The eigenvalues and eigenvectors are

0
/\1 = 2, e = 1 5 (9135)
-1
1
Ao = 141, eo=| —i |, (9.136)
1
1
Az = 1—4, e3=/|1i |. (9.137)
1

Thus, the solution is

0 1 1
X = 1 Xy | —i | et peg | i | O (9.138)
-1 1 1
0 cost sint
= 1 |e*+cy| sint |e'+cy| —cost |eé, (9.139)
-1 cost sint

(9.140)
where ¢, = co + ¢3, ¢ = i(ca — c3).
9.5.1.2 < N eigenvectors
One solution of dx/dt = A -x is x = eA! - e, where e is a constant vector. If e, es,-- -, ey
are linearly independent vectors, then x,, = e -e,, n = 1,---, N, are linearly independent

solutions. We would like to choose e,,, n = 1,2,---, N, such that each e®!-e, is a series with
a finite number of terms. This can be done in the following manner. Since

Ao = ML A o (9.141)
= M. A (9.142)
= MAAD o (9.143)
1
= M (I + (A - M)t + (5) (A — A% + - ) -e. (9.144)
the series will be finite if
(A - XD)f-e=0, (9.145)

for some positive integer k.
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9.5.1.3 Summary of method
The procedure to find x,, (n =1,2,..., N), the N linearly independent solutions of

dx
—=A 9.146
where A is a constant, is the following. First find all eigenvalues \,, n =1,---, N, and as
many eigenvectors ey, 1 = 1,2, .-+, K as possible.
1. If K = N, the N linearly independent solutions are x,, = e*’e,,.

2. If K < N, there are only K linearly independent solutions of the type x;, = e*'ey.

To find additional solutions corresponding to a multiple eigenvalue A, find all linearly
independent g such that (A —\I)?-g = 0, but (A —AI)-g # 0. Notice that generalized
eigenvectors will satisfy the requirement, though it has other solutions as well. For each

such g, we have
Al.g=eM(g+t(A- M) g), (9.147)

which is a solution.

3. If more solutions are needed, then find all linearly independent g for which (A — AI)3-
g =0, but (A — \I)?- g # 0. The corresponding solution is

2
eAlg =M <g+t(A—)\I)-g+%(A—)\I)Z-g) : (9.148)

4. Continue until N linearly independent solutions have been found.

A linear combination of the N linearly independent solutions

N
X = Z CnXn, (9.149)
n=1
is the general solution, where ¢y, cs, ..., cy are arbitrary constants.

9.5.1.4 Alternative method

As an alternative to the method just described, which is easily seen to be equivalent, we can
use the Jordan canonical form in a straightforward way to arrive at the solution. Recall that
the Jordan form exists for all matrices. We begin with

dx
— = A -x. 1
o X (9.150)
Then we use the Jordan decomposition, Eq. (8354), A =S -J-S™! to write
dx _ S-J-S!x (9.151)

dt ——
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If we apply the matrix operator S™!, which is a constant, to both sides, we get

d [« _ -1
Now taking z = S™! - x, we get
dz
=7z 1
o z (9.153)

We then solve each equation one by one, starting with the last equation dzy/dt = Ayzy,
and proceeding to the first. In the process of solving these equations sequentially, there will
be feedback for each off-diagonal term which will give rise to a secular term in the solution.
Once z is determined, we solve for x by taking x =S - z.

It is also noted that this method works in the common case in which the matrix J is
diagonal; that is, it applies for cases in which there are n differential equations and n ordinary
eigenvectors.

[
Example 9.7

For x € R?,t € R}, A € R? x R3, find the general solution of
dx
— A 9.154
L (9.154)
where

O O =
O = =
= =W

A= ( ) . (9.155)

A has an eigenvalue A = 4 with multiplicity three. The eigenvector is

1
e= ( 0 ) , (9.156)
0
1
et ( 0 ) : (9.157)
0
0
g1 = ( 1 ) ) (9.158)
0

0 01 3 0
1)+t(0 0 1)(1)) (9.159)
0 00 0 0

). (9.160)
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Another generalized eigenvector

g2=| -3 [, (9.161)

gives the solution

2
et (gz +H(A =M g + (A - AI)? - gg) =
0 0 1 0 /2 0 0 1 0
et -3 |+t 0 01 3 |+5| 000 -3 : (9.162)
1 0 0 0 1 0 0 0 1
t2
2
=M —3+¢ |. (9.163)
1
The general solution is
1 t e
x=cre [ 0 | +cpe* 1 + 03e4t -3+t |, (9.164)
0 0 1

where c¢1, co, c3 are arbitrary constants.
Alternative method

Alternatively, we can simply use the Jordan decomposition to form the solution. When we form
the matrix S from the eigenvectors and generalized eigenvectors, we have

E 1 0 0
S=|e g g|=(0 1 -3 (9.165)
: 0 0 1
We then get
100
St=101 3], (9.166)
0 0 1
4 1 0
J=S"1.A.S=10 4 1 (9.167)
0 0 4
Now with z = S™1 - x, we solve dz/dt = J - z,
d z1 4 1 0 zZ1
z3 0 0 4 zZ3
The final equation is totally uncoupled; solving dzs/dt = 423, we get
23(t) = cze. (9.169)
Now consider the second equation,
dz
d—f = 4z, + 2. (9.170)
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Using our solution for z3, we get
d22

— =dat czelt (9.171)
Solving, we get
29(t) = coe* + cate. (9.172)
Now consider the first equation,
d
% =4z + 2. (9.173)
Using our solution for zo, we get
d
% = dz1 + cae® + cste. (9.174)
Solving, we get
1
21(t) = cre*t + Ete‘“ (2¢2 + tes) . (9.175)
so we have
cre't + Lte' (2co + tes)
z(t) = coett + cstett (9.176)
caelt
Then for x = S - z, we recover
1 t £
2
x=cre® [ 0| +eoe®™ | 1| +e3e® | =3+t |, (9.177)
0 0 1

which is identical to our earlier result.

|
Ezxample 9.8
Examine the linear homogeneous system dx/dt = A - x in terms of an explicit finite difference
approximation and give a geometric interpretation of the of the combined action of the differential and
matrix operator on Xx.

A first order explicit finite difference approximation to the differential equation takes the form

k1 _ Kk

X X

_ <k
N = A-x", (9.178)
P = xF 4 AtA - XF (9.179)
= (I+AtA)-x". (9.180)

Let us decompose A into a symmetric and anti-symmetric part:

A+ AT

A, = +T (9.181)
A — AT

Ap = ——, (9.182)

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

426 CHAPTER 9. DYNAMICAL SYSTEMS

so that A = Ay + A,. Then Eq. (@I80) becomes
<L = (T4 AtA, + AtA,) - x". (9.183)
Now since Ay is symmetric, it can be diagonally decomposed as
A, =Q-A,-Q7, (9.184)

where Q is an orthogonal matrix, which we will restrict to be a rotation matrix, and A, is a diagonal
matrix with the guaranteed real eigenvalues of A on its diagonal. It can also be shown that the
anti-symmetric A, has a related decomposition,

A, =U-A, UH, (9.185)

where U is a unitary matrix and A, is a diagonal matrix with the purely imaginary eigenvalues of A,
on its diagonal. Substituting Eqs. (@.I84[9.187)) into Eq. (@.I83), we get

= [T+ AIQ- A, QT +AtU - A, - U | xF, (9.186)

A, A,

Now since Q- QT =1=Q-I-Q”, we can operate on the first and third terms of Eq. ([@I80) to get

X1 = (Q-1-QT+AIQ-A,-QT+AiQ-QT-U-A,-UT.Q-QT) -xF,  (9.187)

XM= Q- (I+AtA, +A1QT-U-A,-U"-Q)- Q" -x, (9.188)

QY - x"*! = QT-Q-(I+AtA, +AQT-U-A,-UT.Q) QT -x". (9.189)
N—_——

=I

Now, let us define a rotated coordinate system as x = Q7 - x, so that Eq. [@I89) becomes

= 1+ AtA, +AIQT-U-A, - UP. Q| -%~ (9.190)
——
stretching rotation

This rotated coordinate system is aligned with the principal axes of deformation associated with Ag.
We see that the new value, X**1, is composed of the sum of three terms: 1) the old value, due to the
action of I, 2) a stretching along the coordinate axes by the term AtAg, and 3) a rotation, normal to
the coordinate axes by the term AtQ” - U - A, - UH . Q. We note that since both Q and U have a
norm of unity, that it is the magnitude of the eigenvalues, along with At that determines the amount of
stretching and rotation that occurs. Note that although A, and U have imaginary components, when

combined together, they yield a real result.

9.5.1.5 Fundamental matrix

If x,, n=1,---, N, are linearly independent solutions of dx/dt = A - x, then
Q= X1 X9 ... XN 5 (9191)
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is called a fundamental matriz. The general solution is

x=-c, (9.192)
where
&1
c = : . (9.193)
CN

The term e = Q(t) - 271(0) is a fundamental matrix.

[
Example 9.9

Find the fundamental matrix of the previous example problem.

The fundamental matrix is

1t L
Q=c| 0 1 -3+t (9.194)
0 0 1
so that )
1t 5 1
x=Q-c=e¢"| 0 1 —-3+¢ ca |- (9.195)
0 0 1 c3

9.5.2 Inhomogeneous equations

If A is a constant matrix that is diagonalizable, the system of differential equations repre-

sented by

dx
E:A~X+f(t), (9.196)
can be decoupled into a set of scalar equations, each of which is in terms of a single dependent
variable. From Eq. (8290), let S be such that S™'- A -S = A, where A is a diagonal matrix

of eigenvalues. Taking x = S - z, we get

a(s -
(dt 2 _A-S-u+1(t). (9.197)
dz
S- = A-S-z+1(1). (9.198)
Applying S~ to both sides,

dz oy -1
= =8 ;:&~S~z—|—S E(1), (9.199)
d
d—j = A-z+gt), (9.200)
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where A = S7'- A-S and g(t) = S™' - f(¢). This is the decoupled form of the original
equation.

[
Example 9.10
For z € R?,t € R!, solve

d

% = 2m 4 ay+1, (9.201)
d

% = 214220+t (9.202)

This can be written as

d(z\ (21 1 1
()= 2)(2)-(0) 0209
We have
(11 (3 -3 (10
S—<_1 1>, S —<§ % , A= 0 3 ) (9.204)
so that J )
217y _(10 21 L/r1-t
E(Zz)_(o 3)(22)+2<1+t>' (9.205)
The solution is
t
21 = ael+ 2 (9.206)
2t
2z = bedt — 5o (9.207)
(9.208)
which, using x1 = 21 + 22 and x93 = —2z1 + 22 transforms to
t 32 2 1
x1 = ae' +be’t — 9 + 3 (9.209)
2 2t
= —ae'+be*t - = — = 9.210
X9 ae' + be 5”3 ( )
[
Ezxample 9.11
Solve the system
d
d_}t( =A-(x—x%,)+Db, x(to) = Xo- (9.211)

Such a system arises naturally when one linearizes a non-linear system of the form dx/dt = f(x)
about a point x = x,. Here then, A is the Jacobian matrix A = 0f/0x|x=x,. Note that the system is
in equilibrium when

A (x—x,)=—Db, (9.212)
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or
x=%,—-A"! b (9.213)

Further note that if b = 0, the initial condition x = x, is also an equilibrium condition, and is the
unique solution to the differential equation.
First define a new dependent variable z:

z=x—-X%X,+A"'-b. (9.214)
So we have
x=z+%x,—A"' b (9.215)
At t = t,, we then get
z(t,) = A"'-b. (9.216)
Then substitute into the original differential equation system to get
d _ _ _
E(z—i—xo—Al-b) = A-(z—A7'-b)+b, z(t,) = A~' - b, (9.217)
d
d—f - Az, z(t,)=A"1b. (9.218)
Now assume that the Jacobian is fully diagonalizable so that we can take A = S - A -S™!. Thus, we
have
dz -1 ~1
$:S-A~S -z, z(t,) = A7 - b. (9.219)
Take now
w=S""1.2z z=S-w, (9.220)

so that the differential equation becomes

%(S-W):S-A-w, S-w(t,) =A"! b. (9.221)

Since S and S~ are constant, we can apply the operator S~! to both sides of the differential equation
system to get

S*l-%(s-w) = S!S Aw, S™'.S.-w(t,)=S"1 A" b, (9.222)
%(s—l.s-w) = I.Aw, I-w(t,)=S""A"1.b, (9.223)
%V = A-w, w(t,) =S 1 A7 b, (9.224)

(9.225)

This is in diagonal form and has solution
w(t) = eAlt=te) g1 A=1 b, (9.226)
In terms of z, then the solution has the form
2(t) =S . Ali=te) . g=1 . A=1 .}, (9.227)
Then using the definition of z, one can write the solution in terms of the original x as

X(t) =%, + (8- A 57 1) AT b, (9.228)
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Note that the time scales of evolution are entirely determined by A; in particular the time scales of
each mode, 7;, are 7;, = 1/);, where )\; is an entry in A. The constant vector b plays a secondary role
in determining the time scales.

Lastly, one infers from the discussion of the matrix exponential, Eq. (8Z61I)), that eA(

S . At . S—1, so we get the final form of
x(t) = xo + (eAafto) _ 1) Al.b. (9.229)

t—to) _

9.5.2.1 Undetermined coefficients

This method is similar to that presented for scalar equations.

I
Ezxample 9.12
For x e R3t € R} A € R? x R3, f: R! — R3, solve dx/dt = A - x + f(t) with
4 1 3 3el
A={o0o4a1 |, = 0o |. (9.230)
0 0 4 0

The homogeneous part of this problem has been solved before. Let the particular solution be

xp = ce'. (9.231)
Substituting into the equation, we get
3
ce! =A-cet+ | 0 | (9.232)
0
We can cancel the exponential to get
3
I-A)-c=1( 0|, (9.233)
0
which can be solved to get
-1
c= 0 . (9.234)
0
Therefore,
-1
X =Xy + 0 el (9.235)
0

The method must be modified if f = ce*, where X is an eigenvalue of A. Then the
particular solution must be of the form xp = (co + tc; + t2cy + - - -)eM, where the series is
finite, and we take as many terms as necessary.
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9.5.2.2 Variation of parameters

This follows the general procedure explained in Section [3.3.2] page

9.6 Non-linear systems

Non-linear systems can be difficult to solve. Even for algebraic systems, general solutions do
not exist for polynomial equations of arbitrary degree. Non-linear differential equations, both
ordinary and partial, admit analytical solutions only in special cases. Since these equations
are quite common in engineering applications, many techniques for approximate numerical
and analytical solutions have been developed. Our purpose here is more restricted; it is to
analyze the long-time stability of the solutions as a function of a system parameter. We will
first develop some of the basic ideas of stability, and then illustrate them through examples.

9.6.1 Definitions

With z € RVt € R, f : RY — R, consider a system of N non-linear first-order ordinary
differential equations

dx,,

W:fn(xl,xg,---,z]v), n=1---,N. (9.236)
where t is time, and f,, is a vector field. The system is autonomous since f, is not a function
of t. The coordinates x1, zo, - - -, xy form a phase or state space. The divergence of the vector

field, divf, = ZnNzl Ofn/0x,, indicates the change of a given volume of initial conditions
in phase space. If the divergence is zero, the volume remains constant, and the system is
said to be conservative. If the divergence is negative, the volume shrinks with time, and the
system is dissipative. The volume in a dissipative system eventually goes to zero. This final
state to which some initial set of points in phase space goes is called an attractor. Attractors
may be points, closed curves, tori, or fractals (strange). A given dynamical system may have
several attractors that co-exist. Each attractor has its own basin of attraction in RY; initial
conditions that lie on this basin tend to that particular attractor.

The steady state solutions z,, = T, of Eq. (@230) are called critical (or fized, singular or
stationary) points. Thus, by definition

(@1, Tay -, Ty) =0, n=1,---,N, (9.237)

which is an algebraic, potentially transcendental, set of equations. The dynamics of the
system are analyzed by studying the stability of the critical point. For this we perturb the
system so that

Tp = Ty + Ty, (9.238)

where the ~ denotes a perturbation. If ||Z,|| is bounded for ¢ — oo, the critical point is said
to be stable, otherwise it is unstable. As a special case, if ||Z,|| — 0 as ¢ — oo, the critical
point is asymptotically stable.
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[
Example 9.13

Evaluate some of the properties of non-linear systems for the degenerate case of the linear system
d [z (0 -1 Z1
=00 ) () (9.239)

This is of the form dx/dt = A - x. This particular alibi mapping f = A - x was studied in an
earlier example in Sec. Here f; = —x5 and fo = x1 — x2 defines a vector field in phase space. Its
divergence is

: ofv | Of2
divf=—4+-——=0-1=-1, 9.240
v 8171 + 8$2 ( )
so the system is dissipative; that is, a volume composed of a set of points shrinks with time. In this
case the equilibrium state, f; = 0, exists at a unique point, the origin, z; =7T; = 0, 2o = T2 = 0. The
eigenvalues of A = 0f;/0x; are —1/2 4+ +/3i/2. Thus, p(A) = | — 1/2 4 /3i/2| = 1, the equilibrium is
stable, and the basin of attraction is the entire z1, zo plane.
Note that det A = 1, and thus the mapping A - x is volume- and orientation-preserving. We also

find from Eq. (Z301) that [|A|l2 = /(3 + v/5)/2 = 1.61803, so A operating on x tends to lengthen x.
This seems to contradict the dissipative nature of the dynamical system, which is volume-shrinking! A
way to reconcile this is to consider that the mapping of a vector x by the dynamical system is more
complicated. Returning to the definition of the derivative, the dynamical system can also be expressed,
using the so-called “implicit” formulation, as

k+1 k
Ty —T 0 -1 Ik+l
. At . .
Alirilo <w’§+1—z§ ) N Aliglo (1 —1> (xé"ﬂ > ’ (9.241)
At
Had the right-hand side been evaluated at k instead of k + 1, the formulation would be known as
“explicit.” We have selected the implicit formulation so as to maintain the proper dissipative property
of the continuous system, which for this problem would not be obtained with an explicit scheme. We

demand here that lima:—g :vf = x;,7 = 1,2. We focus small finite A¢, though our analysis allows for
large At as well, and rearrange Eq. ([@.241) to get

k+1 k+1 n
xy B 0 —At ] xf
<x§+1> a <At —At> <x§+1 + b )’ (9.242)

1 At x]f"'l - x’f
(—At 1+At> <x§+1> o <:c§ ’ (9.243)

k+1 14+At —At k
9511v _ TFAI+ALE  TFA+AL Ty (9.244)
phtl - At 1 zk | :
2 T+AL+ALZ 1+ AI+ALR 2
=B

So our dynamical system, for finite At, is appropriately considered as an iterated map of the form

X1 = B xF, (9.245)
where 1+AL —At
5 p)
B— ( 1+A£J{At 1+At1+At ) ' (9.246)
1+At+AL2 1+At+AL?
The matrix B has 1
detB= —————. 9.247
¢ 1+ AL+ A2 (9240

CC BY-NC-ND. 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

9.6. NON-LINEAR SYSTEMS 433

For At > 0, det B < 1 indicating a shrinking of the volume element, consistent with div f < 0. The
eigenvalues of B are
1+ At 4 V3
ST et (9.248)
1+ At + A2

which for small At expand as
At
1—(1ﬂ:\/§i)7+... (9.249)

More importantly, the spectral norm of B is the square root of the largest eigenvalue of B-B”. Detailed
calculation reveals this, and its series expansion in two limits, to be

1+ At+ 3AE% + Aty /14 At + SA2
B2 = (9-250)

14 2A¢t 4+ 3AE2 + 2A83 + At ’

dim Bl = 1- =+ (9.251)

, o 3EVE 1L A
Aim 1Bl = V"2 & A (9:252)

In both limits of At, we see that ||B||z < 1; this can be shown to hold for all At. It takes on a value
of unity only for At = 0. Then, since ||Bl||2 < 1, VAt, the action of B on any x is to diminish its
norm; thus, the system is dissipative. Now B has a non-zero anti-symmetric part, which is typically
associated with rotation. One could show via a variety of decompositions that the action of B on a
vector is to compress and rotate it.

9.6.2 Linear stability

The linear stability of the critical point is determined by restricting the analysis to a small
neighborhood of the critical point, i.e. for small values of ||Z;||. We substitute Eq. (@238))
into Eq. (@0.230), and linearize by keeping only the terms that are linear in #; and neglecting
all products of Z;. Thus, Eq. (0.236]) takes a linearized local form

AN
= > A (9.253)
j=1

Another way of obtaining the same result is to expand the vector field in a Taylor series
around z; = Z; so that

Eito. (9.254)

, (9.255)
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is the Jacobian of f, evaluated at the critical point. In matrix form the linearized equation
for the perturbation x is

dx
—=A-x 9.256
o (9.256)

The real parts of the eigenvalues of A determine the linear stability of the critical point
x = 0, and the behavior of the solution near it:

e If all eigenvalues have real parts < 0, the critical point is asymptotically stable.
o If at least one eigenvalue has a real part > 0, the critical point is unstable.

o [f all eigenvalues have real parts < 0, and some have zero real parts, then the critical
point is stable if A has k linearly independent eigenvectors for each eigenvalue of
multiplicity k. Otherwise it is unstable.

The following are some terms used in classifying critical points according to the real and
imaginary parts of the eigenvalues of A.

Classification Eigenvalues
Hyperbolic Non-zero real part
Saddle Some real parts negative, others positive
Stable node or sink All real parts negative
ordinary sink All real parts negative, imaginary parts zero
spiral sink All real parts negative, imaginary parts non-zero
Unstable node or source All real parts positive
ordinary source All real parts positive, imaginary parts zero
spiral source All real parts positive, imaginary parts non-zero
Center All purely imaginary and non-zero

Figures and show examples of phase planes for simple systems which describe
an ordinary source node, a spiral sink node, an ordinary center node, and a saddle node.
Figure gives a phase plane, vector field, and trajectories for a complex system with many
nodes present. Here the nodes are spiral and saddle nodes.
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Figure 9.6: Phase plane for system with ordinary source node and spiral sink node.
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9.6.3 Lyapunov functions

For z € RVt € R, f : RV — RY Consider the system of differential equations

dx,
%:fn(xlvx%”WxN)v n:1727"'7N7 (9257>
with z,, = 0 as a critical point. If there exists a V (21,29, -+, 2x) : RY — R! such that

e V>0 forz, #0,

e V=0 forxz, =0,

e dV/dt <0 for x, # 0, and
e dV/dt =0 for x, =0,

then the equilibrium point of the differential equations, x; = 0, is globally stable to all per-
turbations, large or small. The function V(xy,xs,- -, xy) is called a Lyapunow] function.

Although one cannot always find a Lyapunov function for a given system of differential
equations, we can pose a method to seek a Lyapunov function given a set of autonomous
ordinary differential equations. While the method lacks robustness, it is always straight-
forward to guess a functional form for a Lyapunov function and test whether or not the
proposed function satisfies the criteria:

1. Choose a test function V(xy,---,xy). The function should be chosen to be strictly
positive for x,, # 0 and zero for z,, = 0.

2. Calculate

dVv B oV dx, oV dxs oV dxy

G = tmdt Tomar T Y aen (9.258)

dv oV oV oV

pra a—xlfl(ifl,'“,l”N)+a—x2f2(931>"'>$N)+"'+%fN(I1,'“,$N)-
(9.259)

It is this step where the differential equations actually enter into the calculation.

3. Determine if for the proposed V (z1, - - -, #) whether or not dV/dt < 0, x,, # 0;dV/dt =
0,z, = 0. If so, then it is a Lyapunov function. If not, there may or may not be a
Lyapunov function for the system; one can guess a new functional form and test again.

I
Ezxample 9.1
Show that = 0 is globally stable, if

A’z

d
m— + 5d—:t” 1 krx + ko = 0, where m, 3, k1, ko > 0. (9.260)

3Alexandr Mikhailovich Lyapunovl, 1857-1918, Russian mathematician.
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This system models the motion of a mass-spring-damper system when the spring is non-linear.
Breaking the original second order differential equation into two first order equations, we get

dx

— = 9.261
7 Y, ( )
dy 5 kl k2 3

= = ——y—- —z-— —=z°. .262
dt my mx ma7 (9.262)

Here x represents the position, and y represents the velocity. Let us guess that the Lyapunov function
has the form
V(z,y) = ax® + by* + cx?, where a,b,c > 0. (9.263)

Note that V(z,y) > 0 and that V(0,0) = 0. Then

av OVdr OV dy

-— = .264
dt Oz dt+(9y dt’ (9.264)
dx sdx d
k k
= (2ax + dcx®)y + 2by (—ﬁy - —2903) , (9.266)
m m m
bk bk 2b
= 2<a——1) xy+2<2c——2> a3y — =By (9.267)
m m m

If we choose b = m/2, a = 1/2k;, ¢ = ko/4, then the coefficients on xy and 2%y in the expression for
dV/dt are identically zero, and we get

av

= = By (9.268)

which for 8 > 0 is negative for all y # 0 and zero for y = 0. Further, with these choices of a,b, ¢, the
Lyapunov function itself is

1 1 1
V = —kix? + ~ ko + —my? > 0. (9.269)
2 4 2
Checking, we see
av dx sdz dy
— = k= kox® — 2
7 a + koa? o + my Yo (9.270)
k k
= kixy + koxdy +my (—ﬁy S —2553) , (9.271)
m m
= kixy + koxdy — By? — krwy — kaady, (9.272)
= —pBy*<o. (9.273)

Thus, V is a Lyapunov function, and x = y = 0 is globally stable. Actually, in this case, V = (kinetic
energy + potential energy), where kinetic energy = (1/2)my?, and potential energy = (1/2)kjz? +
(1/4)koa*. Note that V(z,y) is just an algebraic function of the system’s state variables. When we
take the time derivative of V', we are forced to invoke our original system, which defines the differential
equations. We note for this system that precisely since V' is strictly positive or zero for all z,y, and
moreover that it is decaying for all time, that this necessarily implies that V' — 0, hence =,y — 0.
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9.6.4 Hamiltonian systems

Closely related to the Lyapunov function of a system is the Hamiltonian, which exists for
systems which are non-dissipative, that is those systems for which dV/dt = 0. In such a case
we define the Hamiltonian H to be the Lyapunov function H = V with dH/dt = 0. For
such systems, we integrate once to find that H(x;,y;) must be a constant for all z;, y;. Such
systems are said to be conservative.

With z € RV y € RVt ¢ RL f : R?Y — RV g : R?®N — RN We say a system of
equations of the form

%:fn(zla"'axN>y1>"'ayN)a E:gn(zla"'axN>y1>"'ayN)a ’n,:l,"',N,
(9.274)
is Hamiltonian if we can find a function H(z,,y,) : RY x RY — R! such that
dH  OH dx, OH dy,
- * In _o,  (9.275)

dt ox, dt oy, dt

dH OH OH
T ety ) g o) =0 (9.276)

This differential equation can at times be solved directly by the method of separation of
variables in which we assume a specific functional form for H (z;, y;).
Alternatively, we can also determine H by demanding that
oH  dx, oH dyn,

- . 9.277
oY, dt’ ox,, dt ( )

Substituting from the original differential equations, we are led to equations for H (x;,y;)

OH OH
ayl :fl(xlaaxNaylaayN)> 01', :_gl(zlaaxNaylaayN) (9278)

[
Example 9.15

Find the Hamiltonian for a linear mass spring system:

d%x dx .
m—s + kx =0, z(0) = o, pr . = . (9.279)

Taking dz/dt = y to reduce this to a system of two first order equations, we have

dx

E = f(xv y) =Y, ‘T(O) = Zo, (9280)
T B (9.251)

For this system N = 1.
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We seek H(z,y) such that dH/dt = 0. That is

dH OHdx OH dy
S Wty .282
dt Jx dt * Oy dt 0 (9.282)

Substituting from the given system of differential equations we have
o0H oH k
— — |(——2 ) =0. 9.283
oz’ * oy ( mx> ( )

As with all partial differential equations, one has to transform to a system of ordinary equations in
order to solve. Here we will take the approach of the method of separation of variables and assume a
solution of the form

H(z,y) = A(z) + B(y), (9.284)

where A and B are functions to be determined. With this assumption, we get

— — —x— =0. 9.285
4 dx mx dy ( )
Rearranging, we get
1dA k dB
—_— = (9.286)
xdr mydy

Now the term on the left is a function of x only, and the term on the right is a function of y only. The
only way this can be generally valid is if both terms are equal to the same constant, which we take to

be C'. Hence,
1dA k dB
" _C 9.287
rdr mydy ’ ( )
from which we get two ordinary differential equations:
dA dB Cm
—=C — = —y. 9.288
- x, - x Y ( )
The solution is ) Lo
Aw) = 5C02° + K1, Bly) = ETmy2 + K. (9.289)
A general solution is
1
H(z,y) = 5C (++ %y2) 4K+ K. (9.200)

While this general solution is perfectly valid, we can obtain a common physical interpretation by taking
C =k,Ky+ Ky =0. With these choices, the Hamiltonian becomes

1 1
H(z,y) = §kx2 + me? (9.291)
The first term represents the potential energy of the spring, the second term represents the kinetic
energy. Since by definition dH/dt = 0, this system conserves its mechanical energy. Verifying the
properties of a Hamiltonian, we see

dH OH dr OH dy
- = ==, 292
dt Ox dt Oy dt’ (9-292)
= kay+my (—£x> , (9.293)

m
= o (9.294)
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Since this system has dH/dt = 0, then H(z,y) must be constant for all time, including ¢ = 0, when the
initial conditions apply. So

1
H(x(t),y(t)) = H(@(0),y(0)) = 5 (kag + myg) - (9-295)
Thus, the system has the integral
1 1
3 (k2® + my?) = 5 (kaf + myg) - (9.296)

We can take an alternate solution approach by consideration of Eq. [@278) as applied to this
problem:

OH OH k
[ - _g= 1. 9.297
3 f=y, 5r = 9= 8 (9.297)
Integrating the first of these, we get
1
H(z,y) = §y2 + F(z). (9.298)
Differentiating with respect to x, we get
OH dF
—-— = — 9.299
ox dx’ ( )
and this must be JF L
— = —u. 9.300
dx mx ( )
So L
F(r) = —2* + K. 9.301
() = 50 + (9.:301)
Thus,
1
H(z,y) = 5 (k2® + my®) + K. (9.302)

We can choose K = 0, and since dH/dt = 0, we have H as a constant which is set by the initial
conditions, thus giving

1 1
5 (k2* + my?) = I (kxg +myg) (9.303)

which gives identical information as does Eq. ([@.290)).

9.7 Differential-algebraic systems

Many dynamic systems are better considered as differential-algebraic systems of equations
of the general form given in Eq. ([@48). There is a rich theory on such systems, which we
will not be able to fully exploit here. Instead, we shall consider briefly certain types of linear
and non-linear differential-algebraic systems.
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9.7.1 Linear homogeneous

Consider the system of homogeneous differential-algebraic equations of the form

dx
B- pri A -x. (9.304)
Here A and B are constant matrices, and we take B to be singular; thus, it cannot be
inverted. We will assume A is invertible. There is an apparent equilibrium when x = 0, but
the singularity of B gives us concern that this may not always hold. In any case, we can

assume solutions of the type x = ee* and substitute into Eq. (@.304) to get

B-exeM = A-eeV, (9.305)
B-e = A-e, (9.306)
(A-)B)-e = 0. (9.307)

Eq. ([@307) is a generalized eigenvalue problem in the second sense, as considered in Sec.[83.2]

[
Example 9.16

Solve the linear homogeneous differential-algebraic system

M 9% (9.308)
0 = 2a1 — . (9.309)

While this problem is simple enough to directly eliminate x5 in favor of x1, other problems are not that
simple, so let us illustrate the general method. In matrix form, we can say

12 N (101 )
o) (2)=04)-() @310
Taking z; = e;eM and o = ege™ gives
1 2 . (&) A\t - 1 1 . €1 A\t
/\<O O> <€2>e _ <2 _1> <€2>e | (0.311)
A2\ (&1 . 1 1 . €1
G o) () = G A)(8) 0312
1—XA 1-2X e 0
( St )-(62) (0) (0.313)

The determinant of the coefficient matrix must be zero, giving

SN 212\ = o, (9.314)
14 A—244N = 0, (9.315)
A= g (9.316)

With this generalized eigenvalue, our generalized eigenvectors in the second sense are found via
—2 123\ (e 0
5 5/ ). =
( 9 1 e 0) (9.317)
2 1
AN 0
(2 _1) () (0) (9.318)
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By inspection, the non-unique solution must be of the form

(2) =0 <;) (9.319)

) el e315/5
<x2 > = (20183t/5 . (9.320)
There is only one arbitrary constant for this system.
A less desirable approach to differential algebraic systems is to differentiate the constraint. This

requires care in that an initial condition must be imposed which is consistent with the original constraint.
Applying this method to our example problem gives rise to the system

So the general solution is

dCCl dCCQ -
dCCl dIQ

o0 &2 ), 9.322
dt dt ( )

In matrix form, this gives
1 2 N 11 )
(2 5)(2) - (b0)(2) 029
d:El
@) - N 9.324
(4) - (11)(2) 020

The eigenvectors of the coefficient matrix are A = 0 and A = 3/5. Whenever one finds an eigen-
value of zero in a dynamic system, there is actually a hidden algebraic constraint within the system.

Diagonalization allows us to write the system as
dxy 2 -1 /,3 2 2
o I > 5 3 (9.325)
x 2 )
( G ) ( - ) ( 0 0/\-3 3 2

EANE 2 2 1
Py i) de ) = S i) ) (9.326)

3 3 dt 3 3 2

Regrouping, we can say

ulr= O
[eowt =

win

2

i

3
0
)

O ujw

d 3
G ta2) = (21 +a), (9.327)
d
Z(S2mtm) = 0. (9.328)
Solving gives
T 4a0 = O/, (9.329)
—2x1 +x9 = C(Cs. (9.330)

So the problem with the differentiated constraint yields two arbitrary constants. For consistency with
the original formulation, we must take Cy = 0, thus s = 2z;1. Thus,

T = %016“/5, (9.331)
Ty = 2016“/5. (9.332)

Because (' is arbitrary, this is fully consistent with our previous solution.
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9.7.2 Non-linear

Let us consider two simple non-linear examples for differential-algebraic equation systems.

|
Example 9.17

Solve
dx
- = v (9.333)
2?4yt = 1, (9.334)
z(0) = 0.99 (9.335)

The system is non-linear because of the non-linear constraint. However, we can also view this
system as a Hamiltonian system for a linear oscillator. The non-linear constraint is the Hamiltonian.
We recognize that if we differentiate the non-linear constraint, the system of non-linear differential
algebraic equations reduces to a linear system of differential equations, dz/dt = —y, dy/dt = x, which
is that of a linear oscillator.

Formulated as a differential-algebraic system, we can say

(é 8)(%:%) = <x2+_yy2_1>a 2(0) = 0.99. (9.336)

We might imagine an equilibrium to be located at (x,y) = (41,0). Certainly at such a point dz:/dt = 0,
and the constraint is satisfied. However, at such a point, dy/dt # 0, so it is not a true equilibrium.
Linearization near (£1,0) would induce another generalized eigenvalue problem in the second sense.
For the full problem, the form presented is suitable for numerical integration by many appropriate
differential-algebraic software packages. We do so and find the result plotted in Fig. For this

X y 1

AN AWANEN AR
(AVARVARN VAL SRR NG )

Figure 9.9: Solution to the differential-algebraic system of Eq. (@.330]).

system, what is seen to be a pseudo-equilibrium at (z,y) = (41, 0) is realized periodically. The point
is not a formal equilibrium, since it does not remain there as ¢t — oco. We also clearly see that the
trajectory in the (z,y) plane is confined to the unit circle, as required by the constraint.

|
Example 9.18

Solve
dx

= g2 9.337
7 y* + xy, ( )
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202 + 92 = 1, (9.338)
z(0) = 0. (9.339)

Formulated as a differential-algebraic system, we can say

10 AN y? +ay _
(0 O)(%> _ (2x2+y2_1 . z(0)=0. (9.340)

We could linearize near the potential equilibria, located at (z,y) = (+1/v/3, F1/v/3), (£1/1/2,0). This
would induce another generalized eigenvalue problem in the second sense. For the full problem, the
form presented is suitable for numerical integration by many appropriate differential-algebraic software
packages. We do so and find the result plotted in Fig. For this system, a true equilibrium at

y
1.0

0.5

t 0.0 X

-0.5

Figure 9.10: Solution to the differential-algebraic system of Eq. (0.340).

(z,y) = (1/v/3,—1/+/3) is realized. We also clearly see that the trajectory in the (z,%) plane is confined
to the ellipse, as required by the constraint.

9.8 Fixed points at infinity

Often in dynamic systems there are additional fixed points, not readily seen in finite phase
space. These fixed points are actually at infinity, and such points can play a role in deter-
mining the dynamics of a system as well as aiding in finding basins of attraction. Fixed
points at infinity can be studied in a variety of ways. One method involves the so-called
Poincaré sphere. Another method uses what is called projective space.

9.8.1 Poincaré sphere

For two-dimensional dynamic systems, a good way is to transform the doubly-infinite phase
plane onto the surface of a sphere with radius unity. The projection will be such that points
at infinity are mapped onto the equator of the sphere. One can then view the sphere from
the north pole and see more clearly how the dynamics develop on the surface of the sphere.
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I
Ezxample 9.19
Using the Poincaré sphere, find the global dynamics, including at infinity, for the simple system

dx

= = 9.341
dt % ( )
dy

= = . 9.342
= Y ( )

Obviously the equilibrium point is at (x,y) = (0,0), and that point is a saddle node. Let us project
the two state variables z and v into a three-dimensional space by the mapping R? — R3:

X = —* (9.343)

VItaZ+y?

y = Y (9.344)

VIta?+y2
1
7 = (9.345)

VItaZ+y2

We actually could alternatively analyze this system with a closely related mapping from R? — R?, but
this makes some of the analysis less geometrically transparent.

Note that
lim X = 1 Yy<oo, (9.346)
IimY = 1 Vz<oo. (9.347)
Y—00

Note further if both x and y go to infinity, say on the line y = mx, then

1
im X = — 9.348
T—00,y=mz vm?2 +1 ( )
im Y = — (9.349)
T—00,y=mx m2 4+ 1
lim X?4+Y? = 1. (9.350)

T—00,y=mx

So points at infinity are mapping onto a unit circle in (X,Y’) space. Also, going into the saddle node
at (x,y) = (0,0) along the same line gives

%im X = z+..., (9.351)
z—0,y=mx
lim Y = y+.... (9.352)

z—0,y=mx

So the original and transformed space have the same essential behavior near the finite equilibrium point.
Last, note that

X2+Y2+ZQ—I2+y2+1—

= = 9.353
1+a22+y? ( )

Thus, in fact, the mapping takes one onto a unit sphere in (X, Y, Z) space. The surface X2+Y?+22 =1
is called the Poincaré sphere. One can actually view this in the same way one does an actual map of
the surface of the Earth. Just as a Mercatoif] projection map is a representation of the spherical surface

4Geradus Mercator, 1512-1594, Flemish cartographer.
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of the earth projected onto a flat surface (and vice versa), the original (z,y) phase space is a planar
representation of the surface of the Poincaré sphere.
Let us find the inverse transformation. By inspection, it is seen that

X
= — 9.354
T Z ) ( )
Y
= —. 9.355
y 7 (9.355)
Now apply the transformation, Eqs. (@354J0:355) to our dynamical system, Eqs. (O3410342):
d (X X
= (E) - 2. (9.356)
———— ~~
dx/dt ®
d (Y Y
= <E) - -3 (9.357)
————
dy/dt -y
Expand using the quotient rule to get
1dX X dZ X
7@ Pdi 7 (9.358)
1dy Y dZ Y
@ a7 (9:359)
Now on the unit sphere X2 + Y2 4+ Z2 = 1, we must have
2XdX +2YdY +2ZdZ =0, (9.360)
so dividing by dt and solving for dZ/dt, we must have
dz XdX YdY
- (9.361)

dt — Zdt  Z dt’
Using Eq. ([@361) to eliminate dZ/dt in Eqs. [@3580.359), our dynamical system can be written as

1dX X [ XdX YdY X
EE‘?(‘EE‘EE) =7 (9.362)
dz/dt
1dY Y [ XdX Ydy Y
7d 7 (7%7%) = 7 (9.363)
dz/dt
Multiply Egs. (03620.363]) by Z3 to get
dx dX _dy
24 X (X=—+4+Y— ) = 7°X 364
@ ( @ dt) ’ (9.364)
dy dX _.dy
20 el el —  _ 72
7 +Y(X = +Ydt) Z3Y. (9.365)
Regroup to find
dx dy
X2+ ZH— + XY— = 7°X 9.366
(X°+2%) - + XY — ; (9.366)
dX dy
XYE+(Y2+Z2)E = —Z%. (9.367)
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Now, eliminate Z by demanding X2 +Y?2 + Z2 =1 to get
X ay

(1— YQ)E +XY— = (1-X2-YHX, (9.368)
XY% +(1— X%% = —(1-X2-Y?Y. (9.369)

Solve this quasi-linear system for dX/dt and dY/dt to get

dx
— = X- X3+ XY?, (9.370)
dy
= = Y+ Y3 - X%, (9.371)

The five equilibrium points, and their stability, for this system are easily verified to be

(X,Y) (0,0), saddle, (9.372)
(X,Y) = (1,0, sink, (9.373)
(X,Y) = (-1,0), sink, (9.374)
(X,Y) = (0,1), source, (9.375)
(X,Y) (0,-1), source. (9.376)

Note that in this space, four new equilibria have appeared. As we are also confined to the Poincaré
sphere on which X2 +Y?2 + Z2? = 1, we can also see that each of the new equilibria has Z = 0; that is,
the new equilibrium points lie on the equator of the Poincaré sphere. Transforming back to the original
space, we find the equilibria are at

(@,9) (0,0),  saddle, (9.377)
(@,y) = (00,0),  sink, (9.378)
(z,y) = (-00,0),  sink, (9.379)
(z,y) = (0,00),  source, (9.380)
(x,y) = (0,—00), source. (9.381)

Phase portraits showing several trajectories projected into (X,Y) and (X,Y, Z) space are shown
in Fig. Fig. represents the Poincaré sphere from above the north pole; Fig. depicts
the entire Poincaré sphere. On the sphere itself there are some additional complexities due to so-called
anti-podal equilibrium points. In this example, both the north pole and the south pole are saddle
equilibria, when the entire sphere is considered. For more general problems, one must realize that
this projection induces pairs of equilibria, and that usually only one member of the pairs needs to be
considered in detail.

Additionally, one notes in the global phase portraits two interesting features for two-dimensional
phase spaces:

e except at critical points, individual trajectories never cross each other,
e all trajectories connect one critical point to another, and
e it formally takes an infinite amount of time to reach a critical point.

Any trajectory can also be shown to be a so-called invariant manifold. An invariant manifold is a
set of points with the special property that if any one of them is used as an initial condition for the
dynamic system, the time-evolution due to the dynamic system restricts the system to the invariant
manifold. Certain of these manifolds are so-called slow invariant manifolds in that nearby trajectories
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10" source
Figure 9.11: Global phase portraits of the system dx/dt = x, dy/dt = —y: a) projection
from the Poincaré sphere onto the (X,Y") plane, b) full projection onto the Poincaré sphere
in (X,Y, Z) space.

are attracted to them. The line Y = 0, and so y = 0, represents a slow invariant manifold for this
system. Note that a finite initial condition can only approach two fixed points at infinity. But the curve
representing points at infinity, Z = 0, is an invariant manifold. Except for trajectories that originate
at the two source points, a point at infinity must remain at infinity.

9.8.2 Projective space

When extended to higher dimension, the Poincaré sphere approach becomes lengthy. A more
efficient approach is provided by projective space. This approach does not have the graphical
appeal of the Poincaré sphere.

[
Ezxample 9.20

Using projective space, find the global dynamics, including at infinity, for the same simple system

dx

— .382
u .. (9.382)
dy

Again, it is obvious that the equilibrium point is at (z,y) = (0,0), and that point is a saddle
node. Let us project the two state variables z and y into a new two-dimensional space by the mapping
R? — R2:

(9.384)

Ry |~

(9.385)
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Note along the line y = mx, as © — oo, we get X — 0, Y — m. So for z # 0, a point at infinity in
(x,y) space maps to a finite point in (X,Y") space. By inspection, the inverse mapping is

1
= —= 9.386
T X ) ( )
Y
= —. 9.387
y X (9.387)
Under this transformation, Eqgs. (0.382H9.383) become
d (1 1
= (}> = + (9.388)
d (Y Y
= (}> = 5 (9.389)
Expanding, we find
1 dX 1
Xa T X (9.390)
1dY Y dX Y
- = ——. 391
X dt X2 dt X (9-391)
Simplifying gives
dX
— = =X 9.392
= : (9.392)
dy dX
X—-Y— = -—-XY. 9.393
dt dt ( )
Solving for the derivatives, the system reduces to
dX
— = =X 9.394
o : (9.394)
dy
— = =2Y. 9.395
o (9.395)

By inspection, there is a sink at (X,Y’) = (0,0). At such a point, the inverse mapping tells us x — oo
depending on whether X is positive or negative, and y is indeterminate. If we approach (X,Y") = (0,0)
along the line Y = mX, then y approaches the finite number m. This is consistent with trajectories
being swept away from the origin towards x — 400 in the original phase space, indicating an attraction
at * — +oo. But it does not account for the trajectories emanating from y — +oo. This is because
the transformation selected obscured this root.

To recover it, we can consider the alternate transformation X = x/y, Yy =1 /y. Doing so leads to
the system dX /dt = 2X, dY /dt = Y, which has a source at (X,Y) = (0,0), which is consistent with
the source-like behavior in the original z,y space as y — *+o0o. This transformation, however, obscures
the sink like behavior at x — F-o0.

To capture both points at infinity, we can consider a non-degenerate transformation, of which there
are infinitely many. One is X = 1/(z + 1), Y = (z — y)/(z + y). Doing so leads to the system
dX/dt = —XY, dY /dt =1 — Y?2. This system has two roots, a source at (X,Y) = (0,—1) and a sink
at (X,Y) = (0,1). The source corresponds to y — +o0. The sink corresponds to & — =oc.
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9.9 Fractals

In the discussion on attractors in Section [@.6.1], we included geometrical shapes called frac-
tals. These are objects that are not smooth, but occur frequently in the dynamical systems
literature either as attractors or as boundaries of basins of attractions.

A fractal can be defined as a geometrical shape in which the parts are in some way similar
to the whole. This self-similarity may be exact, i.e. a piece of the fractal, if magnified, may
look exactly like the whole fractal. Before discussing examples we need to put forward
a working definition of dimension. Though there are many definitions in current use, we
present here the Hausdorff-Besicovitch dimension D. Tf N, is the number of ‘boxes’ of side
length € needed to cover an object, then

In N
D = lim — ¢

lig 3/ (9.396)

We can check that this definition corresponds to the common geometrical shapes.

1. Point: N, =1,D = 0 since D = lim,_,, 22L =0,

—1Ine

2. Line of length I: N, =1/¢, D =1 since D = lim,_ In(/e) _ Inizlne _ 9

—1Ine —1Ine

3. Surface of size [*: N, = (I/€)*, D = 2 since D = lim,_,g 1“(_121£i2) = 2ni2lne — 9

4. Volume of size I3: N, = (I/€)®, D = 3 since D = lim,_,g 1“(_%5:) = 31n—lIn3elnE - 3.

A fractal has a dimension that is not an integer. Many physical objects are fractal-like, in
that they are fractal within a range of length scales. Coastlines are among the geographical
features that are of this shape. If there are NN, units of a measuring stick of length ¢, the
measured length of the coastline will be of the power-law form €N, = ¢!~ where D is the
dimension.

9.9.1 Cantor set
Consider the line corresponding to k£ = 0 in Fig. @121 Take away the middle third to leave

i}
N - O

~ XXX
e
H W

Figure 9.12: Cantor set.

Safter [Felix Hausdorff, 1868-1942, German mathematician, and [Abram Samoilovitch Besicovitch, 1891-
1970, Russian mathematician.
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the two portions; this is shown as &k = 1. Repeat the process to get k =2.3,.... If k — oo,
what is left is called the Cantorfl set. Let us take the length of the line segment to be unity
when k = 0. Since N, = 2" and ¢ = 1/3F, the dimension of the Cantor set is

In NV, . ln2k_l{:ln2_ln2

D =lim B kln3  In3

20 Tn(1/e)  kooo In 3k

= 0.6309. . .. (9.397)

It can be seen that the endpoints of the removed intervals are never removed; it can be
shown the Cantor set contains an infinite number of points, and it is an uncountable set. It
is totally disconnected and has a Lebesgue measure zero.

9.9.2 Koch curve
Here we start with an equilateral triangle shown in Fig. [0.13 as £ = 0. Each side of the

/\V/\Y/\

k=0 k=1 k=2
VRSV S

Figure 9.13: Koch curve.

original triangle has unit length. The middle third of each side of the triangle is removed,
and two sides of a triangle drawn on that. This is shown as kK = 1. The process is continued,
and in the limit gives a continuous, closed curve that is nowhere smooth. Since N, = 3 x 4F
and € = 1/3%, the dimension of the Koch] curve is

. InN, . In(3)4k . In3+kInd In4
D=1 =1 = lim 2 TEE R 961 .
0In(1/e)  komo I3k ks klIng e (9:398)

The limit curve itself has infinite length, it is nowhere differentiable, and it surrounds a finite
area.

9.9.3 Menger sponge

An example of a fractal which is an iterate of an object which starts in three-dimensional
space is a “Menger sponge.”ﬁ A Menger sponge is depicted in Fig. [0.14

9Georg Ferdinand Ludwig Philipp Cantor, 1845-1918, Russian-born, German-based mathematician.

Niels Fabian Helge von Koch, 1870-1924, Swedish mathematician.

8Karl Menger, 1902-1985, Austrian-born mathematician and member of the influential “Vienna Circle.”
He served on the faculties of the Universities of Amsterdam, Vienna, Notre Dame, and the Illinois Institute
of Technology.
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x
s | E ek -‘*-A.-T;t;
H S
= o w R
Figure 9.14: Menger sponge.
9.9.4 Weierstrass function
For a, b, t € R, W : R — R', the Weierstras$) function
W(t) = Z a® cos b*t, (9.399)
k=1

where a is real, b is odd, and ab > 14 37 /2. It is everywhere continuous, but nowhere differ-
entiable! Both require some effort to prove. A Weierstrass function is plotted in Fig.[0.15 Its

W(t)
1.0

o5
E -l M’ “\\2 e u . WM[ 05 t
i I . l“‘ 0. .

-050

Figure 9.15: Four term (k = 1,...,4) approximation to the Weierstrass function, W (t) for
b=13,a=1/2.

fractal character can be seen when one recognizes that cosine waves of ever higher frequency
are superposed onto low frequency cosine waves.

9.9.5 Mandelbrot and Julia sets
For z € C!,c € C!, the Mandelbrotfd set is the set of all ¢ for which

Zhp1l = 20+ (9.400)

9Karl Theodor Wilhelm Weierstrass, 1815-1897, Westphalia-born German mathematician.
10Benoit. Mandelbrot, 1924-2010, Polish-born mathematician based mainly in France.
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stays bounded as k — oo, when 2, = 0. The boundaries of this set are fractal. A Mandelbrot
set is sketched in Fig. [0.106l

Figure 9.16: Mandelbrot set. Black regions stay bounded; colored regions become unbounded
with shade indicating how rapidly the system becomes unbounded. Image generated from
http://cs.clarku.edu/~djoyce/julia/explorer.html.

Associated with each ¢ for the Mandelbrot set is a J uli set. In this case, the Julia set
is the set of complex initial seeds 2o which allow zj,; = 27 + ¢ to converge for fixed complex
c. A Julia set for ¢ = 0.49 4 0.57i is plotted in Fig. Q.17

Figure 9.17: Julia set for ¢ = 0.49+0.57:. Black regions stay bounded; colored regions become
unbounded with shade of color indicating how rapidly the system becomes unbounded. Image
generated from http://cs.clarku.edu/~djoyce/julia/explorer.html.

9.10 Bifurcations

Dynamical systems representing some physical problem frequently have parameters associ-
ated with them. Thus, for v € RV, t € RL,r € R, f : RY — RY, we can write

dtn
dt

HGaston Maurice Julia, 1893-1978, Algerian-born French mathematician.

= fulz1, 29, - xN;T) (R=1,--+ N), (9.401)
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where r is a parameter. The theory can easily be extended if there is more than one param-
eter.

We would like to consider the changes in the behavior of t — oo solutions as the real
number 7, called the bifurcation parameter, is varied. The nature of the critical point may
change as the parameter r is varied; other critical points may appear or disappear, or its
stability may change. This is a bifurcation, and the r at which it happens is the bifurcation
point. The study of the solutions and bifurcations of the steady state falls under singularity
theory.

Let us look at some of the bifurcations obtained for different vector fields. Some of the
examples will be one-dimensional, i.e. z € R}, r € R, f: R — R

Z—f = f(z;r). (9.402)
Even though this can be solved exactly in most cases, we will assume that such a solution
is not available so that the techniques of analysis can be developed for more complicated
systems. For a coefficient matrix that is a scalar, the eigenvalue is the coefficient itself. The
eigenvalue will be real and will cross the imaginary axis of the complex plane through the
origin as r is changed. This is called a simple bifurcation.

9.10.1 Pitchfork bifurcation
For v € RY,t € R, r € R, ry € R!, consider

dx
— = —z(2® — (r —1p)). (9.403)
dt
The critical points are T = 0, and £+/r — . 7 = 1 is a bifurcation point; for r < ry there
is only one critical point, while for r > ry there are three.

Linearizing around the critical point T = 0, we get

dz .
pri (r —ro)Z. (9.404)
This has solution
z(t) = z(0) exp ((r — ro)t) . (9.405)

For r < rg, the critical point is asymptotically stable; for » > rq it is unstable.

Notice that the function V(z) = 22 satisfies the following conditions: V' > 0 for x # 0,
V =0 for x =0, and dV/dt = (dV/dx)(dx/dt) = —22*(2* — (r — ry)) < 0 for r < . Thus,
V(z) is a Lyapunov function and Z = 0 is globally stable for all perturbations, large or small,
as long as r < rg.

Now let us examine the critical point & = \/r — rg which exists only for r > ry. Putting
x =T + Z, the right side of Eq. (@0.403) becomes

@)=~ (Vr=ro+3) (Vi=ro+3)" = (r=10)). (9.406)
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Linearizing for small Z, we get

dz -
pri —2(r — ro)Z. (9.407)
This has solution
Z(t) = 2(0) exp (=2(r — ro)t) . (9.408)

For r > ry, this critical point is stable. The other critical point T = —/r — ¢ is also found
to be stable for r > ry. The results are summarized in the bifurcation diagram sketched in
Figure Q.18 At the bifurcation point, r = r¢, we have

.
g

Figure 9.18: Sketch of a pitchfork bifurcation. Heavy lines are stable equilibria; dashed lines
are unstable equilibria.

dx 3
= 3, 4
= (9.409)

This equation has a critical point at x = 0 but has no linearization. We must do a non-linear
analysis to determine the stability of the critical point. In this case it is straightforward.
Solving directly and applying an initial condition, we obtain

_ z(0)
2(t) = + NiETTOR (9.410)
tlggo z(t) = 0. (9.411)

Since the system approaches the critical point as t — oo for all values of z(0), the critical
point x = 0 is unconditionally stable.

9.10.2 Transcritical bifurcation
For z € Rt € R, r € RY,ry € R, consider

dr

i —z(x — (r—rop)). (9.412)
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The critical points are T = 0 and r — ry. The bifurcation occurs at r = ry. Once again the
linear stability of the solutions can be determined. Near = 0, the linearization is

dzx -
o= (r —ro)Z, (9.413)
which has solution
z(t) = z(0) exp ((r — ro)t) . (9.414)

So this solution is stable for r < 1. Near T = r — ¢, we take & = x — (r — (). The resulting
linearization is

dz .
== —(r —ro)Z, (9.415)
which has solution
Z(t) = 2(0) exp (—(r — ro)t) . (9.416)

So this solution is stable for r > rg.
At the bifurcation point, r = r¢, there is no linearization, and the system becomes

dz 9
i A1
o x°, (9.417)

which has solution
z(0)

z(t) = Tr o0 (9.418)

Here the asymptotic stability depends on the initial condition! For z(0) > 0, the critical
point at # = 0 is stable. For x(0) < 0, there is a blowup phenomena at ¢ = —1/x(0). The
results are summarized in the bifurcation diagram sketched in Figure [9.19

X
< "
’
2 1o

4

Figure 9.19: Sketch of a transcritical bifurcation. Heavy lines are stable equilibria; dashed
lines are unstable equilibria.
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9.10.3 Saddle-node bifurcation

For x € R, t € R, r € RY, ry € R, consider

dx
i —22 + (r — 7). (9.419)

The critical points are ¥ = ++/r — ry. Taking * = x F y/r — rg and linearizing, we obtain

e NG (9.420)

which has solution
Z(t) = £(0) exp (F/1 — rot) . (9.421)

For r > ry, the root * = +4/r — ry is asymptotically stable. The root x = —\/r —1¢ is
asymptotically unstable.
At the point, r = rq, there is no linearization, and the system becomes

dz 9
— = - 422

which has solution
z(0)

= e (9.423)

x(t)
Here the asymptotic stability again depends on the initial condition For z(0) > 0, the critical
point at # = 0 is stable. For x(0) < 0, there is a blowup phenomena at ¢ = —1/x(0). The
results are summarized in the bifurcation diagram sketched in Figure [0.20

X

A

A
Y

pJ

S
oo
Sy
-
....
e,

Y

Figure 9.20: Sketch of saddle-node bifurcation. Heavy lines are stable equilibria; dashed
lines are unstable equilibria.
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9.10.4 Hopf bifurcation

To give an example of complex eigenvalues, one must go to a two-dimensional vector field.

[
Ezxample 9.21
With z,y,t,7,ro € R, take

d

d—f = (r—ro)z—y—x(x®+19%), (9.424)
dy 7 2 2

o = x+(r—ro)y —ylz® +y°). (9.425)

The origin (0,0) is a critical point. The linearized perturbation equations are

)07 2)6)

The eigenvalues A of the coefficient matrix are A = (r — ro) 4. For r < 1o, the real part is negative,
and the origin is stable. At r = rg there is a Hop bifurcation as the eigenvalues cross the imaginary
axis of the complex plane as r is changed. For r > r(, a periodic orbit in the (z,y) phase plane appears.
The linear analysis will not give the amplitude of the motion. Writing the given equation in polar
coordinates (p, 0) yields

d
- = plr—ro) =", (9.427)
do
— = 1. 9.428
- (9.428)

This is a pitchfork bifurcation in the amplitude of the oscillation p.

9.11 Lorenz equations

For independent variable t € R!, dependent variables (z,y, )T € R?, and parameters o,7,b €
R, ¢ >0,r>0,b>0, the Loren equations are

dz

i — 42
"= oy, (9.429)
d

d—?j = rr—y—zxz, (9.430)
dz

—_— = — : 431
7 bz + xy (9.431)

The bifurcation parameter will be taken to be 7.

12Eberhard Frederich Ferdinand Hopf, 1902-1983, Austrian-born, German mathematician.
13Edward Norton Lorenz, 1917-2008, American meteorologist.
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9.11.1 Linear stability

The critical points are obtained from

7—T = 0, (9.432)
T—y—Tz = 0, (9.433)
—bz+Ty = 0, (9.434)
which gives
T 0 b(r —1) —/b(r—1)
7 1=10], br—1) |, | =0 =1) |- (9.435)
Z 0 r—1 r—1

Note when r = 1, there is only one critical point at the origin. For more general r, a linear
stability analysis of each of the three critical points follows.

e T =7 =z = (. Small perturbations around this point give

d z -0 o 0 x
pr g | = r —1 0 0 (9.436)
z 0 0 —=b z
The characteristic equation is
A+ N+ Ao +1)—a(r—1)) =0, (9.437)
from which we get the eigenvalues
1
A=—b, A= (—(1 vo) £/ +0)? —do(l— r)) . (9.438)

For 0 < r < 1, the eigenvalues are real and negative, since (1 + ) > 4o(1 —r). At
r = 1, there is a pitchfork bifurcation with one zero eigenvalue. For r > 1, the origin
becomes unstable.

e T=7y=+/b(r—1),Z=r—1. We first note we need r > 1 for a real solution. Small
perturbations give

d z —0 o 7
7 y | = 1 —1 —/b(r —1) Y (9.439)
z Vo(r —1) +/b(r—1) —b z
The characteristic equation is
N+ (0 +b+ 1N+ (0 +7)bA + 20b(r — 1) = 0. (9.440)
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This system is difficult to fully analyze. Detailed analysis reveals of a critical value of
r:

o0 +b+3)

e c—b—-1

(9.441)

At r = r. the characteristic equation, Eq. (@440), can be factored to give the eigen-

values
2 1
A=—(c+b+1), A:iu/%, (9.442)
0’ — —

If o > b+ 1, two of the eigenvalues are purely imaginary, and this corresponds to
a Hopf bifurcation. The periodic solution which is created at this value of r can be
shown to be unstable so that the bifurcation is subcritical.

If r=7r.and o < b+ 1, one can find all real eigenvalues, including at least one positive
eigenvalue, which tells us this is unstable.

We also find instability if » > r.. If r > r. and ¢ > b+ 1, we can find one negative
real eigenvalue and two complex eigenvalues with positive real parts; hence, this is
unstable. If r > r., and ¢ < b+ 1, we can find three real eigenvalues, with at least one
positive; this is unstable.

For 1 <r <r.and o < b+ 1, we find three real eigenvalues, one of which is positive;
this is unstable.

For stability, we can take
l<r<r, and o>b+1. (9.443)

In this case, we can find one negative real eigenvalue and two eigenvalues (which could
be real or complex) with negative real parts; hence, this is stable.

e T =7 =—/b(r—1),Z=r—1. Analysis of this critical point is essentially identical
to that of the previous point.

For a particular case, these results are summarized in the bifurcation diagram of Fig. @211
Shown here are results when o = 10, b = 8/3. For these values, Eq. (0.241]) tells us r. = 24.74.
Note also that ¢ > b+ 1. For real equilibria, we need » > 0. The equilibrium at the origin
is stable for r € [0,1] and unstable for » > 1; the instability is denoted by the dashed
line. At r = 1, there is a pitchfork bifurcation, and two new real equilibria are available.
These are both linearly stable for r € [1,7.]. For r € [1,1.34562], the eigenvalues are both
real and negative. For r € [1.134562,r.], two of the eigenvalues become complex, but all
three have negative real parts, so local linear stability is maintained. For r > r., all three
equilibria are unstable and indicated by dashed lines. As an aside, we note that because of
non-linear effects, some initial conditions in fact yield trajectories which do not relax to a
stable equilibrium for < r.. It can be shown, for example, that if 2(0) = y(0) = 2(0) = 1,
that r = 24 < r. gives rise to a trajectory which never reaches either of the linearly stable
critical points.
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r XI

Figure 9.21: Bifurcation diagram for Lorenz equations, with o = 10, b = 8/3.

9.11.2 Non-linear stability: center manifold projection

This is a procedure for obtaining the non-linear behavior near an eigenvalue with zero real
part. As an example we will look at the Lorenz system at the bifurcation point » = 1. Recall
when r = 1, the Lorenz equations have a single equilibrium at the origin. Linearization of
the Lorenz equations near the equilibrium point at (0,0, 0) gives rise to a system of the form

dx/dt = A - x, where

-0 0o 0
A = 1 -1 0
0 0 —b

1
A= 0, ee=1| 1/,
Ay = _(0+1)a €2 =
0
)\3 = —b, €3 = 0
1

(9.444)

(9.445)

_10 , (9.446)
0

(9.447)

The fact that A\; = 0 suggests that there is a local algebraic dependency between at least two
of the state variables, and that locally, the system behaves as a differential-algebraic system,

such as studied in Sec. 0.7
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We use the eigenvectors as a basis to define new coordinates (u, v, w) where

T 1 —0 0 u
Y = 1 1 0 v . (9.448)
z 0 0 1 w

This linear transformation has a Jacobian whose determinant is J = 1+ ¢; thus, for o > —1,
it is orientation-preserving. It is volume-preserving only if ¢ = 0 or —2. Inversion shows
that

T+ oy

= 9.449

B l+o’ ( )
y—x

= 9.450

! l+o’ ( )

w o=z (9.451)

In terms of the new variables, the derivatives are expressed as

dx du dv

dy du dv
dz dw
T (9.454)

so that original non-linear Lorenz equations (.4299.43T]) become

du dv
a — Ua = 0'(1 + U)U, (9455)
du dv
4+ 2 = 1 —(u — A4
p + o (1+0)v— (u—ov)w, (9.456)
d
d_:lg) = —bw+ (u—ov)(u+v). (9.457)

Solving directly for the derivatives so as to place the equations in autonomous form, we get

d

d—QZ = Ou-— g U(u — ov)w = Aju + non-linear terms, (9.458)
dv 1 .

— = —(1+o0)v-— (u— ov)w = A + non-linear terms, (9.459)
dt 1+o

d

d—quj = —bw + (u— ov)(u+v) = Agw + non-linear terms. (9.460)

The objective of using the eigenvectors as basis vectors is to change the original system to
diagonal form in the linear terms. Notice that the linear portion of the system is in diagonal
form with the coefficients on each linear term as a distinct eigenvalue. Furthermore, the
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eigenvalues Ay = —(1 + o) and A\3 = —b are negative ensuring that the linear behavior
v=-e" 0+ and w = e~ takes the solution very quickly to zero in these variables.

It would appear then that we are only left with an equation in u(t) for large ¢t. However,
if we put v = w = 0 in the right side, dv/dt and dw/dt would be zero if it were not for the
u? term in dw/dt, implying that the dynamics is confined to v = w = 0 only if we ignore
this term. According to the center manifold theorem it is possible to find a manifold (called
the center manifold) which is tangent to u = 0, but is not necessarily the tangent itself, to
which the dynamics is indeed confined.

We can get as good an approximation to the center manifold as we want by choosing new
variables. Expanding Eq. (0.460), which has the potential problem, we get

d
d—qf = —bw +u® — (0 — Duv — ov?. (9.461)
Letting
U2
W=w— n (9.462)
so that —bw + u? = —bw, we can eliminate the potential problem with the derivative of w.
In the new variables (u,v,w), the full Lorenz equations are written as
du o u?
= = _ — D4 — 9.463
7 1+U(u av)(w—i—b), ( )
d 1 2
d_: = —(1+o0)v— 1+U(u—av) <7IJ+%> , (9.464)
dw 2 2
d—qu;} = —b — (0 — Duv — ov* + b(liia)u(u —ov) (111 + %) : (9.465)

Once again, the variables v and w go to zero quickly. Formally setting them to zero, we

recast Egs. (9.46310.465)) as

du o 3

e 4

dt b(l+o) (9.466)
dv 1 3

dw 20 4

2 = 77 a4 4

dt 21 +o) (9.468)

Here, dv/dt and dw /dt approach zero if u approaches zero. Now the equation for the evolution
of u, Eq. (0.460]), suggests that this is the case. Simply integrating Eq. (0.466]) and applying
an initial condition, we get

ult) = jE(”(O))\/ b1+ :)(iz;()u(o»%’ (9.469)
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which is asymptotically stable as ¢ — co. So to this approximation the dynamics is confined
to the v = w = 0 line. The bifurcation at » = 1 is said to be supercritical. Higher order
terms can be included to obtain improved accuracy, if necessary.

We next focus attention on a particular case where the parameters were chosen to be
r=1,0=1, and b = 8/3. Figure gives the projection onto the (u,w) phase space of
several solution trajectories calculated in (u,v,w) phase space for a wide variety of initial
conditions along with the center manifold, @ = w —u?/b = 0. It is seen that a given solution

Lorenz equation solutions

at bifurcation point,

r=1,0=1b=8/3 W sample
X=U-V,y=u+V, Z=wW trajectories

0.8

0.6]
i center manifold
w-u’/b=0

0.2]

| stable
- equilibrium

10 05 ¢ 0.5 10 "

Figure 9.22: Projection onto the (u,w) plane of solution trajectories (blue curves) and center
manifold (black curve) for Lorenz equations at the bifurcation point; r =1, 0 = 1, b = 8/3.

trajectory indeed approaches the center manifold on its way to the equilibrium point at the
origin. The center manifold approximates the solution trajectories well in the neighborhood
of the origin. Far from the origin, not shown here, it is not an attracting manifold.

We can gain more insight into the center manifold by transforming back into (x,y, 2)
space. Figure shows in that space several solution trajectories, a representation of the
surface which constitutes the center manifold, as well as a curve embedded within the center
manifold to which trajectories are further attracted. We can in fact decompose the motion
of a trajectory into the following regimes, for the parameters r =1, 0 =1, b = 8/3.

e Very fast attraction to the two-dimensional center manifold, w = 0: Because b > o +1,
for this case, w approaches zero faster than v approaches zero, via exponential decay
dictated by Eqgs. (@464, @.465]). So on a time scale of 1/b, the trajectory first approaches
w = 0, which means it approaches w — u?/b = 0. Transforming back to (z,y,2) via
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Figure 9.23: Solution trajectories (blue curves) and center manifold (green surface and black
curve) for Lorenz equations at the bifurcation point; r =1, 0 =1, b = 8/3.

Eqs. (@.4499.457)), a trajectory thus approaches the surface

2

1 T oy 3 (x+y ?
= — = - ) 9.470
S I g 8( 2 ) (9.470)
——
u o=1,b=8/3

e [uast attraction to the one-dimensional curve, v = 0: Once on the two dimensional
manifold, the slower time scale relaxation with time constant 1/(o + 1) to the curve
given by v = 0 occurs. When v = 0, we also have x = y, so this curve takes the
parametric form

x(s) = s, (9.471)
y(s) = s, (9.472)
1 s o5\’ 3 4
() b(1+a+1+0) 8’ (9.473)
o=1,b=8/3

e Slow attraction to the zero-dimensional equilibrium point at (0,0,0): This final relax-
ation brings the system to rest.
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For different parameters, this sequence of events is modified, as depicted in Fig.[0.24] In

Figure 9.24: Solution trajectories (blue curves) and center manifold (green surface and black
curve) for Lorenz equations at the bifurcation point; a) r =1, 0 =1, b = 100, and b) r = 1,
o =100, b= 8/3.

Fig. 0.27h, we take r = 1, 0 = 1, b = 100. By Eqgs. ([Q.4640.465)), these parameters induce
an even faster relaxation to w = 0; as before, this is followed by a fast relaxation to v = 0,
where z = y, and a final slow relaxation to equilibrium. One finds that the center manifold
surface w = 0 has less curvature and that the trajectories, following an initial nearly vertical
descent, have sharp curvature as they relax onto the flatter center manifold, where the again
approach equilibrium at the origin.

In Fig. 024b, we take r = 1, o0 = 100, b = 8/3. By Egs. (.464[0.469), these parameters
induce an initial very fast relaxation to v = 0, where x = y. This is followed by a fast
relaxation to the center manifold where w = 0, and then a slow relaxation to equilibrium at
the origin.

9.11.3 Transition to chaos

By varying the bifurcation parameter r, we can predict what is called a transition to chaos.
We illustrate this transition for two sets of parameters for the Lorenz equations. The first will
have trajectories which relax to a stable fixed point; the second will have so-called chaotic
trajectories which relax to what is known as a strange attractor.
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[
Ezxample 9.22

Consider the solution to the Lorenz equations for conditions: o = 10, r = 10, b = 8/3 with initial
conditions z(0) = y(0) = z(0) = 1.

We first note that » > 1, so we expect the origin to be unstable. Next note from Eq. (@.441]) that

101048 +3
= o(c+b+3) (10+3+3) _ 470 — 924.74. (9.474)
o—b—1 10-8—-1 19

So we have 1 < r < r.. We also have ¢ > b+ 1. Thus, by Eq. (0-443]), we expect the other equilibria to
be stable. From Eq. (@43H), the first fixed point we examine is the origin (Z,7,%) = (0,0,0). We find
its stability by solving the characteristic equation, Eq. (0.437):

A+b)N+No+1)—a(r—1) = 0, (9.475)
8
</\ + §> (A2 4111 -90) = o. (9.476)
Solution gives
8 1
A=—2 A=3 (—11 + \/481) , (9.477)
Numerically, this is A = —2.67,—16.47,5.47. Since one of the eigenvalues is positive, the origin is

unstable. From Eq. ([@435]), a second fixed point is given by

8
T = b(r—1)= ,/5(10— 1) = 26 = 4.90, (9.478)
8
7 = br—1)= ,/5(10 —1) = 2v6 = 4.90, (9.479)
Z = r—1=10-1=09. (9.480)
Consideration of the roots of Eq. ([@440) shows the second fixed point is stable:
N4 (o+b+ 1N+ (0 +7)bA+20b(r—1) = 0, (9.481)
41 160
PR 3/\2 + A48 = 0. (9.482)
Solution gives
A= —1248, A=—0.595+6.17 7. (9.483)
From Eq. (@438), a third fixed point is given by
8
T = —/br—1)= —,/5(10 —1) = —2V6 = —4.90, (9.484)
8
7 = —b(r—1)= —,/5(10 —1) = —2V6 = —4.90, (9.485)
Z = r—1=10-1=09. (9.486)

The stability analysis for this point is essentially identical as that for the second point. The eigenvalues
are identical A = —12.48, —0.595 £ 6.174; thus, the root is linearly stable. Because we have two stable
roots, we might expect some initial conditions to induce trajectories to one of the stable roots, and
other initial conditions to induce trajectories to the other.

Figure[@. 25 shows the phase space trajectories in (z, y, z) space and the behavior in the time domain,
x(t),y(t), z(t). Examination of the solution reveals that for this set of initial conditions, the second
equilibrium is attained.
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Figure 9.25: Solution to Lorenz equations, ¢ = 10, r = 10, b = 8/3. Initial conditions are
2(0) =y(0) = 2(0) = 1.
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I
Ezxample 9.23
Now counsider the conditions: o = 10, r = 28, b = 8/3. Initial conditions remain x(0) = y(0) =
z(0) = 1.

The analysis is very similar to the previous example, except that we have changed the bifurcation
parameter r. We first note that r > 1, so we expect the origin to be an unstable equilibrium. We next

note from Eq. (@441 that

olc+b+3) 10(10+5+3) 470
= =— =24.74 9.487
o—b—1 10-5-1 19 ’ (6.487)

Te =

remains unchanged from the previous example. So we have r > r.. Thus, we expect the other equilibria
to be unstable as well.

From Eq. (@.435)), the origin is again a fixed point, and again it can be shown to be unstable. From
Eq. ([@433), the second fixed point is now given by

Vo(r—1) = 2(28 — 1) = 8.485, (9.488)

T =
7 = Vblr—1) = 2(28 — 1) = 8.485, (9.489)
Z = r—1=28-1=27. (9.490)

Now, consideration of the roots of the characteristic equation, Eq. ([@.440]), shows the second fixed point
here is unstable:

Nt (@+b+ 1A+ (0 +7)bA+20b(r—1) = 0, (9.491)
41 304
AP+ ?V A+ 1440 = 0. (9.492)
Solution gives
A= —13.8546, A =0.094+10.2 4. (9.493)

Moreover, the third fixed point is unstable in exactly the same fashion as the second. The consequence
of this is that there is no possibility of achieving an equilibrium as ¢ — oco. More importantly, numerical
solution reveals the solution to approach what is known as a strange attractor. Moreover, numerical
experimentation would reveal an extreme, exponential sensitivity of the solution trajectories to the
initial conditions. That is, a small change in initial conditions would induce a large deviation of a
trajectory in a finite time. Such systems are known as chaotic.

Figure shows the phase space trajectory, the strange attractor, and the behavior in the time
domain of this system which has underwent a transition to a chaotic state.
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20 |

0 ‘ ‘ ‘ ‘ -t
5 10 15 20 25

Figure 9.26: Phase space trajectory and time domain plots for solution to Lorenz equations,
o =10, r = 28, b = 8/3. Initial conditions are z(0) = y(0) = 2(0) = 1.
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Problems

1. For the logistics equation: xpi11 = ro(l — xx);0 < 2 < 1,0 < r < 4, write a short program which
determines the value of x as k — oo. Plot the bifurcation diagram, that is the limiting value of = as
a function of r for 0 < r < 4. If r; is the 7*" bifurcation point, that is the value at which the number
of fixed points changes, make an estimate of Feigenbaum’s constant,

§ = lim ‘=t ” "
n—00 T'p — I'n41
2. If

x dy

S + Yo = T 1,
dx dy
i A — 1

(@+y)— +z— y+1,
write the system in autonomous form,

dx
E - f(xa y)7
dy
o = 9@y

Plot curves on which f = 0,9 = 0 in the z,y phase plane. Also plot in this plane the vector field
defined by the differential equations. With a combination of analysis and numerics, find a path in
phase space from one critical point to another critical point. For this path, also known as heteroclinic
orbi, plot x(t), y(t) and include the path in the (x,y) phase plane.

3. Show that for all initial conditions the solutions of

dx
dt
dy
dt
dz

dt

= —z+a’y—y?
= —a3 42y — 62,
= 2y,

tendtor=y=2=0ast — .
4. Draw the bifurcation diagram of
3 2
— =z"+z((r—3)°-1),
Y (=)
where r is the bifurcation parameter, indicating stable and unstable branches.

5. A two-dimensional dynamical system expressed in polar form is

dp

o = Pl=2)p=3),
o

- = 2

Find the (a) critical point(s), (b) periodic solution(s), and (c) analyze their stability.

41n contrast, a homoclinic orbit starts near a critical point, travels away from the critical point, and then
returns to the same critical point.

CC BY-NC-ND.| 29 July 2012, Sen & Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

474 CHAPTER 9. DYNAMICAL SYSTEMS

6. Find a critical point of the following system, and show its local and global stability.
dx

i (z-2)((y—1)7%-1),
% = (2—y)((x—2)2+1),
dz

o = (4-—2z).

7. Find the general solution of dx/dt = A - x where

1 -3 1
A= 2 -1 -2
2 -3 0
8. Find the solution of dx/dt = A - x where
1 0 -1
A= -1 2 1 ,
1 0 1
and
0
x(0)=1 0
1
9. Find the solution of dx/dt = A - x where
1 -3 2
A= 0 -1 0 ,
0 -1 -2
and
1
x(0)=1| 2
1
10. Find the solution of dx/dt = A - x where
1 0 0
A=(01 -1,
01 1
and
1
x(0)=| 1
1
11. Express
dIl 2 -
a T T =0
dCCl dIQ
— +3— =0
a T

in the form dx/dt = A - x and solve. Plot the some solution trajectories in x1, x2 phase plane and as
well as the vector field defined by the system of equations.
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12.

13.

14.

15.

16.

17.

Classify the critical points of

dx

— = —y—3
pm r—=yY )
dy 2

— = — 1
I y—ax°+ 1

and analyze their stability. Plot the global (x,y) phase plane including critical points and vector
fields.

The following equations arise in a natural circulation loop problem

v,

dt - y I
@ = a—zx
at ’
dz

2 —b
dt Ty )

where a and b are nonnegative parameters. Find the critical points and analyze their linear stability.
Find numerically the attractors for (i) a =2, b=1, (ii) a = 0.95, b = 1, and (iii) a =0, b = 1.

Sketch the steady state bifurcation diagrams of the following equations. Determine and indicate the
linear stability of each branch.

d 1

d_:tc = - (5—r> 2z —1),

ccli_:tc = —x((z—2)2—(r—1)).
The motion of a freely spinning object in space is given by
dz
a Yz,
% = 2z,
dz
a LY,

where z, 7, z represent the angular velocities about the three principal axes. Show that 22 +y2+22 is a
constant. Find the critical points and analyze their linear stability. Check by throwing a non-spherical
object (a book?) in the air.

A bead moves along a smooth circular wire of radius a which is rotating about a vertical axis with
constant angular speed w. Taking gravity and centrifugal forces into account, the motion of the bead
is given by
d*0
v a2
where 6 is the angular position of the bead with respect to the downward vertical position. Find the
equilibrium positions and their stability as the parameter u = aw?/g is varied.

= —gsinf + aw? cosfsin b,

Find a Lyapunov function of the form V = az? + by? to investigate the global stability of the critical
point x = y = 0 of the system of equations

d

d—f = —22° 4 32y,
dy 2 3

P A
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18. Let
11 2
A= 011
0 0 1
Solve the equation
dx
T A
dt *

Determine the critical points and their stability.
19. Draw the bifurcation diagram of

dz 2 2 2 2
= =@ =2)" =2 + 1)~ 1)+ (r = 1),

where 7 is the bifurcation parameter, indicating the stability of each branch.
20. Show that for all initial conditions the solutions of

dx
dt
dy
dt
dz
dt

= —z+a’y—y?
= —a23 42y — 62,

= 2y,

tendtor=y=2=0ast — .
21. Draw the bifurcation diagram of

dx

E:x3+x((r—2)3—1),

where r is the bifurcation parameter, indicating stable and unstable branches.

22. Solve the system of equations dx/dt = A - x where

-3 0 20
0 -2 0 0
A= 0 0 11
0 0 0 0
23. Find a Lyapunov function for the system
dz
= — 92
dt Z v,
W gy
dt '

24. Analyze the local stability of the origin in the following system

dx 3
— = —2z+y+3z+8y°,
dt

d

d—ZZ = —6y—5z+22°

d

d_j = z+x2+y3.
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25. Show that the origin is linearly stable
d
= = -y’ 1),
d
= = (@ +y’ - 1),
dt
where a,b > 0. Show also that the origin is stable to large perturbations, as long as they satisfy
2?2 +y% < 1.
26. Draw the bifurcation diagram and analyze the stability of
dx 3 1
- 1) —
i~ e r=lo g
where 7 is the bifurcation parameter.
27. Find the dynamical system corresponding to the Hamiltonian H (z,y) = 22 + 22y + y? and then solve
it.
28. Show that solutions of the system of differential equations
d
d_:tc = —T+ y3 - Zga
d
d—z; = =-y —+ 33 —_ ;173,
d
eventually approach the origin for all initial conditions.
29. Find and plot all critical points (Z,7) of
d
d_gtc = (r—1)z —3zy* — 25,
d
d_g; = (r=1y-32%y -y’
as functions of r. Determine the stability of (Z,7) = (0,0), and of one post-bifurcation branch.
30. Write in matrix form and solve
dx n
B p
dt Y )
d
d_zt/ = z+ux,
dz n
— = x+uy.
dt Y
31. Find the critical point (or points) of the Van der Pol equation

A’z
dt?

d
—a(l—xz)d—:tc—i-x:O, a >0,

and determine its (or their) stability to small perturbations. For a = 1, plot the dx/dt, x phase plane
including critical points and vector fields.
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32. Counsider a straight line between = = 0 and = = [. Remove the middle half (i.e. the portion between
x =1/4 and x = 31/4). Repeat the process on the two pieces that are left. Find the dimension of
what is left after an infinite number of iterations.
33. Classify the critical points of
dx
B _9
I T+y—2
dy 2
— = 2y-— 1
i y—z-+1
and analyze their stability.
34. Determine if the origin is stable if dx/dt = A - x, where
3 -3 0
A= 0 -5 =2
-6 0 -3
35. Find a Lyapunov function of the form V = az? + by? to investigate the global stability of the critical
point x = y = 0 of the system of equations
d
d—f = —22% 4 32y,
dy 2 3
a ry—=y -
36. Draw a bifurcation diagram for the differential equation
d
7 = =36 =),
where r is the bifurcation parameter. Analyze linear stability and indicate stable and unstable
branches.
37. Solve the following system of differential equations using generalized eigenvectors
d
d_gtc = —Sr+2y+=z,
dy
— = —by+3
It Y+ 5z,
dz
— = —bz.
dt ?
38. Analyze the linear stability of the critical point of
dx
= = 9 2
dt y+ys,
d
d_ZtJ = —r+222
39. Show that the solutions of
dz 3
P
dy 3
at Y

tend to (0,0) as t — oc.
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40.

41.

42.

43.

44.

45.

46.

47.

Sketch the bifurcation diagram showing the stable and unstable steady states of

dx (1 )
—=rz(l—x)—x

dt ’
where r is the bifurcation parameter.

Show in parameter space the different possible behaviors of

% = a+2%y— 2z — =,
% = bx— x2y,
where a,b > 0.
Show that the Hénon-Heiles system
ZQT;C = —z— 2y,
% = —y+y*—a?

is Hamiltonian. Find the Hamiltonian of the system, and determine the stability of the critical point

at the origin.
2 1
=(0e)

Sketch the steady state bifurcation diagrams of

Solve dx/dt = A - x where

using the exponential matrix.

dx

i (z—7)(x+7r)((z -3+ (r—1)*=1),

where 7 is the bifurcation parameter. Determine the linear stability of each branch; indicate the stable
and unstable ones differently on the diagram.

Classify the critical point of
d’z

W‘F(T’—To)xzo.

Show that x = 0 is a stable critical point of the differential equation

dz 2n+1
T = — 1;) Nayx

where a,, >0, n=0,1,---, V.
Find the stability of the critical points of the Duffing equation

d*z dx 3
W:CLE—ZXE‘FI :O,

for positive and negative values of a and b. Sketch the flow lines.
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48. Find a Lyapunov function to investigate the critical point x = y = 0 of the system of equations

d

d—f = 223+ 3237,

dy 2 3

pri A

49. The populations z and y of two competing animal species are governed by
dr 5
G € rY,
dy
E = -y + xTy.
What are the steady-state populations? Is the situation stable?

50. For the Lorenz equations with b = 8/3, r = 28, and initial conditions x(0) = 2, y(0) = 1, 2(0) = 3,
numerically integrate the Lorenz equations for two cases, 0 = 1, ¢ = 10. For each case plot the
trajectory in (x,y, z) phase space and plot x(t),y(¢), z(t) for ¢ € [0,50]. Change the initial condition
on x to 2(0) = 2.002 and plot the difference in the predictions of = versus time for both values of o.

51. Use the Poincaré sphere to find all critical points, finite and infinite of the system

d
d_gtc = 2z —2uxy,
dy 2 2
— = 2y-— .
7 y—z°+y
Plot families of trajectories in the x,y phase space and the X,Y projection of the Poincaré sphere.
52. For the Lorenz equations with ¢ = 10, b = 8/3, and initial conditions z(0) = 0, y(0) = 1, 2(0) = 0,

numerically integrate the Lorenz equations for three cases, r = 10, r = 24, and r = 28. For each case,
plot the trajectory in (z,y, z) phase space and plot x(¢), y(t), z(t) for t € [0,50]. Change the initial
condition on z to (0) = 0.002 and plot the difference in the predictions of = versus time for all three
values of r.
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Appendix

The material in this section is not covered in detail; some is review from undergraduate
classes.

10.1 Taylor series

The Taylor series of y(x) about the point z = x, is

dy 1 d?y , 1 d% 5
y(z) = y(zo) + ar . (. — ) + 9 A2 - (x — )" + 6 dud . (T — )"+ ...
1 da
e L (10.1)
nl da™ |, _
I
Ezxample 10.1
For a Taylor series of y(x) about = 0 if
(1) = = (10.2)
y(z) = T )

Direct substitution reveals that the answer is

@) =1 me s CHERD o CWER DR =D (103
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10.2

sin x sin y
sin x cos y

COS T COS Y

sin? z
sin x cos x

COS2 i

sin® z

sin? x cos &

sin z cos®

COS3 T

sin*
.3
sin” « cos ©
sin? z cos? x
3

sin x cos” x

COS4 T

sin®

sin? z cos
sin® x cos? x

sin? z cos® x

Trigonometric relations

1 1
3 cos(z —y) — 3 cos(z +y),

1 1
5 sin(x + y) + 5 sin(zx — y),

1
cos(z —y) + 3 cos(x +y),

. 1.

sinx — —sin 3z
4 )

cos T — ZCOS 3x,

sinx + 1 sin 3z,

cosx + 1 cos 3z,
1

1
—cos 2z + 3 cos 4,

[\)

1
sin 2x — 3 sin 4z,

— —cos4
8cos x,

1
sin 2z + 3 sin 4x,

1 1
+ 5 cos 2z + 3 cos 4,

1
sinx — 6 sin 3z + 6 sin 5,

1
cos T — 6 cos 3r + 6 COS O,

sin x + 6 sin 3x — 6 sin 5,
1

1 1
——C0ST — — COS 3T — — COS bz,

8 16 16

0| — 00|~ VWO ERIFROIWERIW R RIFRRIW NP~ N
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sinzcos'z = —sinz+ isin?)x—i- isin Sa (10.23)
8 16 16 ’ '
5 1
cos’r = gcosx—l— ECOS3$—|— Ecosfw. (10.24)
10.3 Hyperbolic functions
The hyperbolic functions are defined as follows:
0 _ -0
sinh§ = % (10.25)
0 ,—0
coshf) = —|—26 (10.26)
10.4 Routh-Hurwitz criterion
Here we consider the Routh—HurWit criterion. The polynomial equation
aps" +a1s" 4. 4 an_1s+a, =0, (10.27)
has roots with negative real parts if and only if the following conditions are satisfied:
e aj/ag,as/ag, ... a,/ag >0,
e D;>0,i=1,...,n.
The Hurwitz determinants D; are defined by
Dl = daq, (1028)
Dy = | M % (10.29)
apg ag
a; asz as
D3 = apg Az a4 |, (1030)
0 a; das
ayp az as ... Q2p—1,
o G2 Q4 ... Q2p—2,
0 ay ag ... 0Aa9p—3,
D, = 0 ay as ... a9y, |’ (1031)
0 0 0 ap

with a; =0, if ¢ > n.

"Edward John Routh, 1831-1907, Canadian-born English mathematician, and[Adolf Hurwitz, 1859-1919,

German mathematician.
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10.5 Infinite series

Definition: A power series is of the form

> an(z—a)". (10.32)

The series converges if | — a| < R, where R is the radius of convergence.

Definition: A function f(z) is said to be analytic at x = a if f and all its derivatives exist
at this point.
An analytic function can be expanded in a Taylor series:

f(x) = f(a) + f(a)(z — a) + %f"(a)(fﬂ —a)’ 4 (10.33)

where the function and its derivatives on the right side are evaluated at x = a. This is a
power series for f(x). We have used primes to indicate derivatives.

I
Ezxample 10.2
Expand (1 + 2)™ about x = 0.

flz) = (1+a2)", (10.34)
f0) = 1, (10.35)
F0) = n, (10.36)
f70) = n(n-1), (10.37)
: (10.38)
(1+z)" = l+4+nz+ %n(n—l):z:Q—i--u (10.39)
A function of two variables f(z,y) can be similarly expanded
B of of
faw) = 1|+ 5| w0+ G| v
162 ,  &f
BTl A v O
10%f 9
§a—y2 a7b(y — b) + - (1040)

if f and all its partial derivatives exist and are evaluated at z = a, y = b.
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10.6 Asymptotic expansions

Definition: Consider two function f(x) and g(z). We write that
f([lf) ~ g(l’), lf hmx—>a % - ]_
f(z) = o(g(x)), if lim,_., Lx; — 0

g(x
f(z) = O(g(2)), if lim,_, [£2

=constant;
g(x) )

10.7 Special functions

10.7.1 Gamma function

The Gamma function may be thought of as an extension to the factorial function. Recall the
factorial function requires an integer argument. The Gamma function admits real arguments;
when the argument of the Gamma function is an integer, one finds it is directly related to
the factorial function. The Gamma function is defined by

[(z) = / e "t dt. (10.41)
0

Generally, we are interested in = > 0, but results are available for all x. Some properties are:

1. T(1) = 1.

2. I'z)=(z—1)I'(z —1), x> 1.

3. I (z)=(x—-1)(z—-2)---(z—r)I'(x—r), x>r.
4. I'(n) = (n — 1)!, where n is a positive integer.

5. T(x) ~ (/22" (1 + 5= + 5507 + - - ), (Stirling’s formula).

Bender and Orszag show that Stirling’sﬁ formula is a divergent series. It is an asymptotic
series, but as more terms are added, the solution can actually get worse. The Gamma
function and its amplitude are plotted in Fig. IOl

10.7.2 Beta function
The beta function is defined by

B(p,q) = /0 P11 — )17t da. (10.42)
Property:
B(p,q) = Tp)Ia) (10.43)
PY T T+ '

2James Stirling, 1692-1770, Scottish mathematician and member of a prominent Jacobite family.
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T'(x)
15 [T )|
10 108
5 10*

-4 -3 2 4
> 10
- 10-8

Figure 10.1: Gamma function and amplitude of Gamma function.

-15 -10 -5 0 5 10 15

10.7.3 Riemann zeta function

This is defined as

((z)=> n". (10.44)

The function can be evaluated in closed form for even integer values of z. It can be shown
that ¢(2) = 72/6, ((4) = 71/90, ((6) = 76/945, ..., ((2n) = (=1)"" By, (27)?"/2/(2n)!,
where Bs, is a so-called Bernoulli number, which can be found via a complicated recursion
formula. All negative even integer values of x give ((x) = 0. Further lim, ., {(z) = 1. For
large negative values of x, the Riemann zeta function oscillates with increasing amplitude.
Plots of the Riemann zeta function for = € [—1,3] and the amplitude of the Riemann zeta
function over a broader domain on a logarithmic scale as shown in Fig.

€k

40 |

20 -

20 L

40

Figure 10.2: Riemann zeta function and amplitude of Riemann zeta function.
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10.7.4 Error functions

\/_ 0 7 .

and the complementary error function by

erfc () =1 —erf z. (10.46)

The error function and the error function complement are plotted in Fig. [[0.3]

erf (x) erfc (x)
1 2
0.5 15

Figure 10.3: Error function and error function complement.

The imaginary error function is defined by
erfi (z) = —i erf (iz), (10.47)

where z € C!. For real arguments, z € R!, it can be shown that erfi (z) = —i erf (iz) € R
The imaginary error function is plotted in Fig. [0.4] for a real argument, z € R

erfi(x)

10}

Figure 10.4: TImaginary error function, erfi (x), for real argument, x € R!.
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10.7.5 Fresnel integrals
The FresneH integrals are defined by

T t2
C(z) = / cos dt, (10.48)
0 2
x t2
S(z) = / sin ~— dt. (10.49)
0 2
The Fresnel cosine and sine integrals are plotted in Fig. [10.5]
) S()
0.75
0.5
0. 25
7.5 5 2.5 2.5 5 7.5 X 2.5 5 7.5
-0.2
0.\75

Figure 10.5: Fresnel cosine, C(x), and sine, S(x), integrals.

10.7.6 Sine-, cosine-, and exponential-integral functions

The sine-integral function is defined by

Si(z) = / SIS e (10.50)
o £
and the cosine-integral function by
Ci(z) = —/ Cogsg de. (10.51)

The sine integral function is real valued for z € (—o00,00). The cosine integral function is
real valued for z € [0, 00). We also have lim,_,o, Ci(z) — —o0. The cosine integral takes on
a value of zero at discrete positive real values, and has an amplitude which slowly decays as
x — 00. The sine integral and cosine integral functions are plotted in Fig.

The exponential-integral function is defined by

Ei(z) = —][_OO %S d¢ :][_x %& de. (10.52)

The exponential integral function is plotted in Fig. [0.7 Note we must use the Cauchy
principal value of the integral if = > 0.

3Augustin-Jean Fresnel, 1788-1827, French physicist noted for work in optics.
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Si (x) Ci (%)
1.5 0.4

1
0.5 0.2

Figure 10.7: Exponential integral function, Ei(z).

10.7.7 Elliptic integrals
The Legendre elliptic integral of the first kind is

_ [ dn
F(y, k) —/0 Nk (10.53)

Another common way of writing the elliptic integral is to take 1 = sin ¢, so that

¢ d
Fo, k) = / ¢ (10.54)
0 /(1 —k2sin® ¢)
The Legendre elliptic integral of the second kind is
v(1— kz 2
B = [ U ay (10.55)
o (L=7?)

which, on again using n = sin ¢, becomes

¢
B, k) = /O J1— k2sin? ¢ do. (10.56)
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The Legendre elliptic integral of the third kind is
¢ d
iy h) = | 0 | (10.57)
0 (1 +mnsin®@)y/(1 — k2sin® ¢)
which is equivalent to
¢
I(¢p,n, k) :/ 1 — k2sin® ¢ do. (10.58)
0
For ¢ = 7/2, we have the complete elliptic integrals:
w/2 d
F (f, k) - / ¢ (10.59)
2 0 (1 — k2 sin? ¢)
w/2
E (f, k) _ / V1= k2sin? 6 do, (10.60)
2 0
T w/2
1 (—, n, k) - / 1= k2sin® ¢ do. (10.61)
2 0
10.7.8 Hypergeometric functions
A generalized hypergeometric function is defined by
o (an)i(az)y -~ (ap)p ¥
F,({ar,...,a,},4b1,...,b,} ;) = —, 10.62
p (I({ 1 P} { 1 q} ) kz:; (bl)k(b2)k(bq)k k! ( )
where the rising factorial notation, (s)y, is defined by
I(s+k)
=——7. 10.63
() = =1 (10.63)

There are many special hypergeometric functions. If p = 2 and ¢ = 1, we have Gauss’s hy-
pergeometric function o Fy ({ay, as},{b1};x). Since there are only three parameters, Gauss’s
hypergeometric function is sometimes denoted as o F} (a, b, ¢, x). An integral representation

of Gauss’s hypergeometric function is

e b = %/0 7L =) (1L — tw) 7 dt

(10.64)

For special values of parameters, hypergeometric functions can reduce to other functions

such as tanh™".
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10.7.9 Airy functions

The Airy functions Ai (x), and Bi (z) are most compactly defined as the two linearly in-
dependent solutions to the second order differential equation y” — xy = 0, yielding y =
C1Ai (z) + C3Bi (x). They can be expressed in a variety of other forms. In terms of the
so-called confluent hypergeometric limit function ¢F}, we have

Ai(z) = moﬂ ({};{;};%x?’) —ﬁoﬂ ({};{%};%x?’) , (10.65)
B = i (0:{3)57) - Ton (0:{3)5¢) . 0o

3

The Airy functions are plotted in Fig. [0.8 In integral form, the Airy functions are, for

Ai(x),Bi(x)
L
1457— / Bi(X)

10F /

W\WMW(% x

050

Figure 10.8: Airy functions Ai (z) and Bi ().

x € R,

o 1
Ai () = —/ cos <§t3 + xt) dt, (10.67)
0

v
Bi (z) = l/ <exp (—lt?’ + xt) + sin <1t3 + xt)) dt. (10.68)
T Jo 3 3
10.7.10 Dirac ¢ distribution and Heaviside function

Definition: The Diradl §-distribution (or generalized function, or simply function), is defined

by
8 .
/a F@)5(z — a)d — { ‘}(a) L i 5:% (10.69)

4Paul Adrien Maurice Dirac, 1902-1984, English physicist.
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From this it follows that
0(x—a) = 0ifz#a, (10.70)
/OO 0(x—a)dx = 1. (10.71)
The J-distribution may be imagined in a limiting fashion as
0z —a) = el_i>%l+ Az —a), (10.72)
where A (z — a) has one of the following forms:
1.
0 ifr<a-—g,
Az —a)=4 * fa—§<z<a+5§, (10.73)
0 ifox>a+§,
2. .
Az —a) = =t ) (10.74)
3.
Az —a) = J%e—@—a)% (10.75)
The derivative of the function
0 if v <a-g,
WMe—a)=S f(z—a)+3 fa—5<z<a+§, (10.76)
1 if v >a+3,
is Ac(z —a) in Eq. (I0.73)). If we define the Heavisidd] function, H(z —a), as
H(x—a)= elir(% h(z — a), (10.77)
then
%H(aj —a)=0(z—a). (10.78)

The generator of the Dirac function A (x — a) and the generator of the Heaviside function
h(x — a) are plotted for a = 0 and € = 1/5 in Fig. [0.9 As € — 0, A, has its width decrease
and its height increase in such a fashion that its area remains constant; simultaneously h

has its slope steepen in the region where it jumps from zero to unity as ¢ — 0.

J0liver Heaviside, 1850-1925, English mathematician.
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h (x)
A0

5 1

Dirac Heaviside
. 4 . 0.8

delta function step function
generator 3 generator 0.6

2 0

1 0.
-1 -0.5 0.5 1 -1 -0.5 0.5 1

X

Figure 10.9: Generators of Dirac delta function and Heaviside function, A.(z — a) and
h(x — a) plotted for a = 0 and € = 1/5.

10.8 Total derivative

A function of several variables f(z1,xs, - -, x,) may be differentiated via the total derivative
df  0f dvy  Of dwy af dx,
At~ Owy dt < omdt T ow, dt (10.79)
Multiplying through by dt, we get the useful formula
of of of
df = ——d ——d dz,,. 10.
/ O0xq $1+8x2 2t +8xn * (10.80)
10.9 Leibniz’s rule
Differentiation of an integral is done using Leibniz’s rule, Eq. (L293)):
b(z)
y(x) = / flx, t)dt, (1081)
a(x)
d d [ db d a() t
ylx) _ 4 Fadt = £z b)) f a2 4 / @1 1y (10.82)
dx A J o) dx dx b(z) Ox

10.10 Complex numbers

Here we briefly introduce some basic elements of complex variable theory. Recall that the
imaginary number i is defined such that

i =1, i=+—1L (10.83)
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10.10.1 Euler’s formula

We can get a very useful formula Fuler’s formula, by considering the following Taylor ex-
pansions of common functions about ¢t = 0:

. 1 1 1 1

_ 22, 423 4t tos
e = 1—|—t+2't —|—3't +4‘t —|—5't (10.84)
sint = 0+t+01t2 1t3+01t4+ 1t5 (10.85)
B 210 3l T ‘
t = 140t 1t2+01t3+1t4+01t5 (10.86)
cost = o T o TR :
With these expansions now consider the following combinations: (cost +isint)|,_, and
€'li_io:
- . o 13 1, .15
cosf +isinf = 1+29——9 —1—9 —I——'Q —I—z§9 +..., (10.87)
. I IR
e = 1+i0+ = (ze) 3'( 9)3 + E(z’e)‘* + 5(@0)5 +...,  (10.88)
= 1446 — 592 93+ 94—|—z 95 (10.89)

As the two series are identical, we have Euler’s formula
¢ = cosf +isinf. (10.90)
Powers of complex numbers can be easily obtained using de Moivre i formula:

inf

e = cosnb + isinnd. (10.91)

10.10.2 Polar and Cartesian representations

Now if we take x and y to be real numbers and define the complex number z to be
z = x4+ 1y, (10.92)

we can multiply and divide by /2% + y2 to obtain

:m(

(10.93)

x _ Yy
+1 .
/1'2 +y2 /1’2 +y2)
Noting the similarities between this and the transformation between Cartesian and polar
coordinates suggests we adopt

— S22 — r ing—- 9
r=\z*+y? cos@—\/m, sm@—\/m. (10.94)

9Abraham de Moivre, 1667-1754, French mathematician.
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Figure 10.10: Polar and Cartesian representation of a complex number z.

Thus, we have

z = r(cosf+isind), (10.95)
z = re¥. (10.96)

The polar and Cartesian representation of a complex number z is shown in Fig. [0.T0
Now we can define the complex conjugate Z as

zZ = x—1y, (10.97)
— x . Yy
Z = 12+ y? —1 , 10.98
Y ( /$2+y2 /$2_|_y2> ( )
Z = r(cosf —isinf), (10.99)
zZ = r(cos(—0) +isin(—0)), (10.100)
zZ = re’® (10.101)
Note now that
2z = (v4iay)(wv—iy) =2> +y* = |2 (10.102)
= refre™ =r? = |22 (10.103)
We also have
0 _ —if
sinf = % (10.104)
0 ,—if
cosf = %. (10.105)
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10.10.3 Cauchy-Riemann equations

Now it is possible to define complex functions of complex variables W (z). For example take
a complex function to be defined as

W(z) = 224z, (10.106)
= (z+iy)* + (z +1iy), (10.107)

= 22+ 22yi —y* + x + iy, (10.108)
(®+z—y*) +i(ey+y). (10.109)

In general, we can say
W(z) = ¢(z,y) + iv(z,y). (10.110)
Here ¢ and v are real functions of real variables.
Now W (z) is defined as analytic at z, if dW/dz exists at z, and is independent of the
direction in which it was calculated. That is, using the definition of the derivative
aw W(zo + Az) — Wi(z,)

— = ) 10.111
dz Az (10 )

Zo

Now there are many paths that we can choose to evaluate the derivative. Let us consider
two distinct paths, y = C] and x = Cy. We will get a result which can be shown to be valid
for arbitrary paths. For y = C1, we have Az = Ax, so

. Ag) — .
awl Wiz, + iy, + Azx) — W(x, + iy,) _ ow (10.112)
dz |, Ax oz |,
For x = Cs, we have Az = 1Ay, so
dW _ Wz, + iy, + zéy) — Wz, + iy,) _ 1 8_W _ 8_W (10.113)
dz |, 1Ay i Oy |, oy |,
Now for an analytic function, we need
ow ow
—| == = 10.114
ox y 9y |, ( )
or, expanding, we need
op 0P [0 O
-7 -~ = = - 10.11
ax+lax Z<8y+28y , (10.115)
o 0
= — —i—. 10.11
o i o (10.116)
For equality, and thus path independence of the derivative, we require
0 _ oy 0 _ % (10.117)

or Oy’ oy  Or
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These are the well known Cauchy-Riemann equations for analytic functions of complex
variables.

Now most common functions are easily shown to be analytic. For example for the function
W (z) = 2% + z, which can be expressed as W (z) = (z* + x — 9?) + i(2zy + y), we have

o(r,y) = 2 +a -y Px,y) =2y +y, (10.118)
o Y
5. = 2w+l - =2y, (10.119)
% = -2y, 8_1# =2zx + 1. (10.120)
dy dy

Note that the Cauchy-Riemann equations are satisfied since d¢/0x = 0v /0y and ¢ /0y =
—01/0z. So the derivative is independent of direction, and we can say

daw W

= | = (e D) +i(2y) =2 +iy) + 1 =22+ 1. (10.121)
dz ox

Yy
We could get this result by ordinary rules of derivatives for real functions.
For an example of a non-analytic function consider W(z) =Z. Thus

W(z) =x —1iy. (10.122)

So ¢ = x and Y = —y, 0¢/0xr = 1, 0p/dy = 0, and I /dx = 0, O /Jy = —1. Since
0¢/0x # O /dy, the Cauchy-Riemann equations are not satisfied, and the derivative depends
on direction.

Problems

1. Find the limit as  — 0 of
4 cosh  + sinh(arctanln cos2x) — 4

e % +arcsinz — V1 + 22

2. Find d¢/dz in two different ways, where

o= [ avi

3. Determine
(a) Vi,
(b) i V/i.
4. Write three terms of a Taylor series expansion for the function f(xz) = exp(tanz) about the point
x = /4. For what range of x is the series convergent?
5. Find all complex numbers z = z + iy such that |z 4+ 2i| = |1 + 4.
6. Determine lim,, ., 2, for z, = 2 + ((n +1)/(n + 2))i.

n
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7. A particle is constrained to a path which is defined by the function s(z,y) = 22 +y — 5 = 0. The
velocity component in the a-direction, dz/dt = 2y. What are the position and velocity components
in the y-direction when x = 4.
8. The error function is defined as erf (z) = % Iy e du. Determine its derivative with respect to z.
9. Verify that
2 -
lim SIne dz = 0.
n—oo | nw
10. Write a Taylor series expansion for the function f(z,y) = 22 cosy about the point z = 2, y = 7.
Include the 22, y? and xy terms.
11. Show that
o0 2
10 :/ e~ cos2tx dt,
0
satisfies the differential equation
d
—¢ + 2¢x = 0.
dx
12. Evaluate the Dirichlet discontinuous integral
I l/oo Sina:z:dx7
T ) o T
for a € (—00,00). You can use the results of example 3.11, Greenberg.
13. Defining
23 a3
u(y) = 5—>
3 :L'2 + y2 )
except at x = y = 0, where u = 0, show that u,(z,y) exists at = y = 0 but is not continuous there.
14. Using complex numbers show that

(a) cos®z = L(cos3z + 3cosx),

(b) sin®z = 1(3sinz — sin 3x).
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