MATH 20550 Change of coordinates Fall 2016

1. ONE VARIABLE SUBSTITUTION
Usual version: u = ¢(z) and find h(u) such that f(z) = h(t(x))t'(x) and then

/ flz)dx = /t(b) h(u) du

Version used for trig substitution: z = s(u) and s(¢) = a, s(d) =b
b d
/ f(x)dx = / f(s(w)s'(u) du

2. COORDINATES

A coordinate system is just a special type of vector function of a vector variable. There are
coordinate systems in all dimensions and they take as input a k-vector and return as value a k-
vector. A coordinate system should also preserve dimension in a sense we will make precise as
we go along. We call any function T: S — RF a C'-transformation where all the partials of the
functions in T exist and are continuous, S C R* and S is a k-dimensional region in the following
sense. For any x € R¥, let B,(r) be the ball of radius r centered at x. The interior of S consists of
all the points in v € S for which there exists an r > 0 with By(r) C S. Then S is a k-dimensional
region provided every point in S is as close to an interior point as you like. The part of S not in
the interior is called the boundary.

e R* is a k-dimensional region.

e A closed interval is a 1-dimension region with boundary the two end-points.
e A disk is a 2-dimension region with boundary a circle.

e A ball is 3-dimension region with boundary a sphere.

Here are some 2-dimensional examples of transformations.

Ry(r,0) =(rcos@,rsinf)

Ry(z,y) = (W, arctan (%)) x#0

Rs(u,w) =(u* — w?, uw)

Here are some 3-dimensional examples:
Ti(r,0,z) =(rcosf,rsinb, z)
T5(p, 0, ¢) = (pcosfsin g, psinfsin @, p cos ¢, )
Ty(a, B,7) =(a® =% af, a + 5 +7)

If S is a k-dimensional region and if 7: S — R¥ is a transformation, let
T(S {w € R* whenever there exists v S with T(v w}

We say T is a chcmge of coordinates from S to R = T'(S) provided T is a C’l—transformation, R is
a k-dimensional region and whenever T'(x;) = T'(x3) for x1, x5 € S, then either x; = x5 or at least
one of them is on the boundary of S. We call this last condition the one-to-one condition. It can
also be stated as

T is one-to-one on the interior of S
which means

Given x; and x5 in the interior of S, T'(x1) = T'(x2) if and only if x; = Xs.
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The goal of this section is to describe how to evaluate a multiple integral over R in terms of a

multiple integral over S.
/ / raa= [ / fo13(T)| dA
ool e

where T' is a change of coordinates with 7'(S) = R and J(7') is a function, called the determinant
of the Jacobian of T. (The Jacobian of T is the matrix of which you are taking the determinant.)
There is one additional issue. The book usually writes something like

J[ raa= [[ £-3maua

E Change of Variahles in a Double Integral Suppose that T is a C' transformation
whose Jacobian is nonzero and that maps a region S in the uv-plane onto a region
R in the xy-plane. Suppose that f is continuous on R and that R and § are type I or
type II plane regions. Suppose also that T is one-to-one, except perhaps on the
boundary of S. Then

a(x, y)

du d
a(u, v) wav

I Gy da = [ £(xtw, ). vt )

R

I don’t like this because it seems to commit you to evaluating your integral as dudv when it
might be easier to do it as dvdu, (or even convert it to polar coordinates) which is why we write
dA in a double integral. On the other hand on one side of the equation we are working in xy space
and on the other side in uw space. Hence I like to write the change of coordinate equations when
T:S— R as

1) // fdAy = // £ 13T dAy,
) // f Ve, = /// £ 13T AV,

which helps me keep track of which coordinates and region belong on which side.
Remark: You don’t care what type of regions you have. For example you want to use polar
coordinates to integrate over an annulus R in zy space even though an annulus is of neither type.
The corresponding region S' is a rectangle.
Remark: The book leaves the interpretation of “one-to-one except possibly on the boundary” for
you to figure out. We defined it as one-to-one on the interior of S. This does not mean that there
is an inverse transformation 7! from the interior of R back into S.

As an example, in polar coordinates, if R is the unit disk, S is 0 < r < 1, 0 < 0 < 27 which is
a rectangle in rf space. The image of the interior of S under polar coordinates is the part of the
unit disk minus the boundary circle minus that part of the z-axis with 0 < x < 1. Points which
are close to the positive x-axis but on opposite sides coms from points in 76 space which are nearly
a distance 27 apart. Hence there is no way to extend the inverse function for polar coordinates to
all of the interior of the disk.



3. THE JACOBIAN
To define the Jacobian, suppose the transformation is

R(U, w) = (l'(u7 w)7 y(“? w))

or

P(a,B,7) = (z(a, 8,7), y(o, 8,7), 2(a, 5,7))

Then
oz O
u OJw
J(R) = det
9y 9y
ou w
o0 0 0a
da 0p 0O~
Jdy 0Jdy 0Jy
P) = -7 Z7 ZI
J(P) = det Ja 05 94
Jda 0 0y
With variables as above we will also write
ox,y)
o(u,w) J(R)
o(z,y, 2
— 2~ = J(P
e, B,7) (P)

4. CHANGE OF COORDINATES

Recall that for a transformation 7" to be a change of coordinates, T': S — R, several things must
happen. Typically the function in 7" will have all the continuous partials you like. You may think
that the condition that R = T'(S) must be a region is going to be difficult to check but a theorem
guarantees that if 7' is a C'! transformation with J(T') # 0 on S, then R will be a region.

Typically the condition J(7T') # 0 is easy enough to check. The one-to-one condition may be
harder to check. For classical coordinate systems we have worked out the answers below and
illustrated some techniques for verifying the condition in other cases. In general one-to-one can be
a difficult problem.

5. EXAMPLES

Example. Consider polar coordinates T'(r,0) = (r cos @, rsinf). Then

orcosf Orcosf

I(T) = det or 00 — det c9s9 —rsind 0?04 rsin?0 —
Orsinf Orsind sinf  rcosf
or 06

Note J(T) >0ifr > 0. If r;, > 0 with T(Tl, 61) = T(Tg, 02), then r; = J(T(l, ‘91)) = J(T(Q, 62)) =
r9, cosfy = cos by and sin6; = sinfy, then 6, = 05 + 2kn for any integer k. Hence one choice for S
is [0,00) x [0,27] and T'(S) = R?. If it is convenient you can use any other interval for 6 as long as
it has length < 27.
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Example. Consider spherical coordinates T'(p, 0, ») = (pcos 8 sin ¢, psin @ sin ¢, p cos ¢). Then

Opcosfsing Opcoshsing 0O pcoshsing
dp 006 [9X0)
Opsinfsing 0Jdpsinfsing 0O psinbsin @ cosfsing —psinfsing pcosbcosg
J(S) = det 8p PY) 8¢ = det |sinflsing pcosfsing psinfcosp| =
cos ¢ 0 —psin ¢
0 pcos ¢ 0 pcos ¢ 0 pcos ¢
dp 00 [9X0)

—psinfsing pcosfcos
pcosfsing psinfcos

cosflsing —psinfsing|

cos ¢ det sinfsing  pcosfsing|

—0(7) — psin ¢ det

cos ¢(—p* cos gsin ¢) — 0 — psin ¢(psin® ¢) = —p*(cos® psin ¢ + sin® @) = —p? sin ¢

Check that if S is the set 0 < p < 00, 0 < ¢ < 7, 0 < 0 < 27, the interior is 0 < p < o0,
0<¢<m0< 0 <27, and on the interior, R is one to one and J(R) > 0 so S is a solid and
P(S) =TR3.

Example. Consider T'(u,w) = (u* — w?, uw). Then

9 (u? —w?) 9 (u? —w?)
IT) = det| 2" Ow | et
0 (uw) 0 (uw)

ou Jw

2u —2w

_ 2 2
W u—2(u + w?)

One way to deal with the one to one requirement is to give an explicit formula for the solution to
T(u,w) = (a,b). In this case u? —w? = a and vw = b. Since T'(u, w) = T(—u, —w) it makes sense to

b? a+va?+ 40?
2

b
restrict to w > 0. Then w = — and then v>—— = a or u*—au?®—b*> = 0sou? = . Since

U u?2

a+ vVa? + 4b? \/a+\/a2+4b2 V20

5 and since u > 0, u = . Then w

V2 Vot Va+ i

It follows that 7" is one to one when 7" is restricted to the set {(u,v) € (0,00) X (—00,00)} and
J > 0 there. Hence on the closure S = [0,00) X (—00,00), T: [0,00) X (—00,00) — R? is one to
one and J > 0 on the interior.

To work out the image of T'(S) note that the function

u? >0, u? =

\/x+ x? + 4yy? V2y
\/§ \/x‘i‘ $2+4y2

has positive first coordinate whenever the second coordinate is defined and it satisfies T'(P(z,y)) =

P(z,y) =

(x,y). Aslong as y # 0, \/x + /22 +4y? > 0. If y =0, \/x + v/ x? + 4y? is still positive unless
z < 0.
Hence R = T(S) contains R? minus the non-positive z-axis. But for (z,0) with x < 0,

T(0,v/=z) = (2,0) so R =R~



Example. Consider T'(u,w) = (au + fw, yu + dw) for four numbers «, /3, v and §. Then
J(au+ fw) 0 (au+ fw)

J(T) = det Ju dw = det | g
O (yu+ow) 0 (yu+ dw) v
Ju ow

Hence J(T') is non-zero if and only if det

: g‘ # 0. Solving two equations in two unknowns shows

T ((5@ 2 767 —BCLZ— Oéb) — (a,)

that

where ¢ = det '3 5‘ # 0. Hence T(R?) = R%

The first two examples, cylindrical and spherical, and the last, any linear example, will get you
a long way through this course once you add the following theorem.

Suppose T': S — R is a change of coordinates. Suppose S; C S and S; is a k-dimensional region.
Then T: Sy — Ry =T(S1) is also a change of coordinates.

6. SOLVING FOR REGIONS

The hardest part of these problems is that you start with a region R and a coordinate change T
and you need to find a region S so that 7'(S) = R. In the polar, cylindrical and spherical cases we
have discussed this. Here is an example of the linear case.

Example: For example, let R be the parallelogram

\

The lines are 2x +4y =4, 20 + 4y = —2, x — 3y = 0 and = — 3y = 2 and YOU should be able to
figure out which is which without any trouble.

Instead of starting with 7', let us write T (z, y) = (2x+4y, x—3y) or u = 2z +4y and w = —3y.

If S is the rectangle v = 2, u = —2, w = 0, w = 2 then T7'(R) = S. Then T(S) = R by the
definition of the inverse transformation.

To compute the determinant of the Jacobian we seem to need to find a formula for 7' (which we
can do) but it is easier to use equation (3) below. Suppose

T_l(-T, y) = (gl (.T, y)a 62('177 y))

In general you will need to solve equations in order to work out f(x,y) in terms of v and w and
to compute J(7') which is some function of u and w.



However, given T, you can work out J(7~!) which will be a function of z and y. It is a theorem
~1

generalizing the formula (x) = that
dv T W)
(3) J(T) = .
- J(T-Y)oT
In our example
O(u,w) 2 4
- ~ 10
oz, y) ‘1 —3‘
Hence
0z.9) _ 4
O(u, w)

We need to find T such that T~! is the inverse transformation to 7" or more explicitly solve
u = 2x + 4y and w = x — 3y for x and y as functions of v and w.

1
~(u—2
1O(u w) so

T, w) — (%(:m 4 dw), ll—o(u - 2w))

1
In this case z = E(?)u + 4w) and y =

Check

T(T’l(:z:, y)) =T (2z+4y, x—3y) = (%(3(21‘ + 4y) + 4(x — 3y)), %((23& +4y) — 2(z — 3y))) = (z,y)

1 |
= 4 4
810(3u+ w) 610(3u+ w)
J(T) = det du duw —det |93 Y 06— 0.04 = —0.1
5 1 ) 5 1 ) 0.1 —0.2
1—O(u— w) E(u— w)
ou ow

as computed above.

Hence
/ f(z,y)dA = //01 f( (3u + 4w), 110(u—2w)> dA

Example: Here is an example where the transformation is so simple it is hard to believe that it
could be useful.

T(u,w) = (au, bw)

2 2

for positive constants a and b. Suppose R is the inside of the elhpse — + e = 1. The inverse of T
u w

Tz, y) = (—, —).
s T () = (5,5
‘ T y ‘ 22 P

Ifwewrlteu:—andw:gthenlfu2+w =1, ——|—b—2—1801f5'1su +w? < 1 then

a

T(S) = R.



) = ab so

//fxydA //abfxydA—ab// uwdA

Since S is the unit disk, you may very well want to use polar coordinates on / /
u24+w2<1

Compute J(7")

() an

Example: A common situation occurs when R is the region between two pairs of level curves. In
the parallelogram example above, the region can be described as the region between the level curves
of 2x + 4y and x — 3y: specifically between 2z + 4y = 4 & 2x + 4y = —2 and between xz — 3y = 0
& x—3y=2.

In general, if R is the region between ¢4 (z,y) = ¢1 & l1(x,y) = ¢ and ly(x,y) = dy & lo(z,y) = do
then setting u = ¢1(z,y) an w = fy(x,y) is often a useful choice for T since S = T!(R) is the
rectangle ¢; < u < ¢, di < w < ds.

If you can solve u = ¢ (z,y) and w = ly(x,y) for  and y as functions of u and v you will be able
to finish.

Problems 11, 14, and 22 (at least) are of this sort.

22. An important problem in thermodynamics is to find the work
done by an ideal Carnot engine. A cycle consists of alternating
expansion and compression of gas in a piston. The work done
by the engine is equal to the area of the region R enclosed by
two isothermal curves xy = a, xy = b and two adiabatic
curves xy = ¢, xy" =d, where 0 < a < band 0 < ¢ < d.
Compute the work done by determining the area of R.

Let v = zy and w = zy'* so the region in uw space is the rectangle a < u < b, ¢ < w < d.

0u 0u
O(u, w) oxr 0Jy y 3y g
- B = Lday™" —ay'" = 0.4ay* = 04
2z, 1) deta_w dw det| 15 g o) = Loy =yt = 0day™ = 04w
or 0Oy
r,y) 1
O(u,w)  0.4w

Then

Jh= Lo

s [ [ gyt
4/, ). w04 c

7. “SUBSTITUTION”

Sometimes you need help with the function you are trying to integrate. Examples of this sort

are things like f <m) or more generally f (
=y

U = gl(xay)a w = gQ(xay)

You have written down the transformation 7-(z,y) =
f(z,y) is terms of v and w. Then solve for u and w as functions of z and y and work out S =T

Zl(xay)

). Here you can try the “substitution”
62 (‘Ta y)

(61 (x,y), lo(x, y)) and it is easy to write
“H(R).



