Chapter 7

Coordinate Systems

In this chapter we assume again that all spaces (linear, flat, or Euclidean)
under consideration are finite-dimensional.

71 Coordinates in Flat Spaces

We assume that a flat space £ with translation space V is given. Roughly
speaking, a coordinate system is a method for specifying points in £ by
means of families of numbers. The coordinates are the functions that as-
sign the specifying numbers to the points. It is useful to use the coordinate
functions themselves as indices when describing the family of numbers that
specifies a given point. For most “curvilinear” coordinate systems, the co-
ordinate functions can be defined unambiguously only on a subset D of £
obtained from £ by removing a suitable set of “exceptional” points. Exam-
ples will be considered in Sect.74.

Definition: A coordinate system on a given open subset D of & is
a finite set ' C Map (D,R) of functions ¢ : D — R, which are called
coordinates, subject to the following conditions:

(C1) Ewvery coordinate c € T is of class C2.

(C2) For every x € D, the family (Vyc | ¢ € T') of the gradients of the
coordinates at x is a basis of V*.

(C3) The mapping ' : D — R, identified with the set T by self-indexing
(see Sect.02) and term-wise evaluation (see Sect.04), i.e. by I'(z) :=

(c(z) | c €T) for all x € D, is injective.
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278 CHAPTER 7. COORDINATE SYSTEMS

For the remainder of this section we assume that an open subset D
of £ and a coordinate system I" on D are given. Using the identification
V' = Lin(V, R)! 2 Lin(V,RY) (see Sect.14), we obtain

ViI'=(Vge|cel). (71.1)

The condition (C2) expresses the requirement that the gradient of
I' : D — Rl have invertible values. Using the Local Inversion Theorem
of Sect.68 and (C3) we obtain the following result.

Proposition 1: The range D := RngD of T is an open subset of
RY, the mapping v := T'|P : D — D is invertible and has an inverse
Y :=~" : D — D that is of class C?.

By (65.11), the family

(se | c€T) € Map (D, V)" = Map (D, V")

of partial derivziives of 1 with respect to the coordinates is related to the
gradient V¢ : D — Lin(R, V) of 4 by

V?ﬁ = 1HC(¢7C | cel)s (71.2)

where the value at ¢ € D of the right side is understood to be the linear
combination mapping of the family (¢,.(§) | ¢ € I'). Since ¢» = v, the
Chain Rule shows that Vi) is invertible with inverse (Vetp) ™t = (V') =
Vel for all £ € D. In view of (71.2), it follows that (¢,.(§) [c € T)is a
basis of V and, in view of (71.1), that

(Vi) (§) = 9q := { (1) ii Zj } (71.3)

for all ¢,d € T and all £ € D. We use the notation
b, :=,.0y, (B°:=Ve forall ceTl. (71.4)

By (C1) and Prop.1, b, : D — V and 8° : D — V* are of class C! for all
c € I'. Tt follows from (71.3) that

Bbg =65 forall ¢, del. (71.5)

By Prop.4 of Sect.23, we conclude that for each = € D, the family B(z) :=
(B°(x) | ¢ € T') in V* is the dual basis of the basis b(z) := (bc(z) | c € I') of
V. We call b : D — VI the basis field and 8 : D — V*I' the dual basis
field of the given coordinate system I'.
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Remark: The reason for using superscripts rather than subscripts as
indices to denote the terms of certain families will be explained in Sect.73.
The placing of the indices is designed in such a way that in most of the
summations that occur, the summation dummy is used exactly twice, once
as a superscript and once as a subscript. |}

We often use the word “field” for a mapping whose domain is D or an
open subset of D. If the codomain is R, we call it a scalar field; if the
codomain is V, we call it a vector field; if the codomain is V*, we call it a
covector field; and if the codomain is Lin), we call it a lineon field. If h
is a vector field, we define the component-family

[h] := ([h]¢ | ¢ € T') € (Map (Dom h, R))"

of h relative to the given coordinate system by [h](x) := lncg(lw)h(x) for all
x € Dom h, so that

h=> [h)"y, [h]°=p% forall ceT. (71.6)
del

If n is a covector field, we define the component family [n] := ([n]. | ¢ € T)
of m by [n](z) := lnclél(m)n(x) for all x € Domn, so that

n= Z[T/]dﬁd, Mlc =mb, forall cel. (71.7)
derl’

If T is a lineon field, we define the component-matrix [T] := ([T|% | (¢, d) €
I'?) of T by

- -1
[T](x) := (lnc(bc&gd | (c,d)er2)) T(z)

for all x € Dom T, so that

T= ) [T(b.2pBY. (71.8)
(c,d)eTl?

The matrix [T] is given by

[T]°q = B°Tby for all c¢,deT (71.9)
and characterized by

Th. = » [T]%by forall ceT. (71.10)

del’
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In general, if F is a field whose codomain is a linear space W constructed
from V by some natural construction, we define the component family [F|
of F as follows: For each z € DomF, [F|(z) is the family of components
of F relative to the basis of W induced by the basis b(z) of V by the
construction of W. For example, if F is a field with codomain Lin(V*,V)
then the component-matrix [F] := ([F]°¢ | (¢,d) € I'?) of F is determined by

F= )  [F]“b.®by). (71.11)
(c,d)eTl?
It is given by
[F]“d = 3°FB¢ for all ¢, deT (71.12)
and characterized by
FB°=) [F]%“b; forall ceTl. (71.13)
del’

A field of any type is continuous, differentiable, or of class C! if and only
if all of its components have the corresponding property.

We say that I" is a flat coordinate system if the members of I' are all
flat functions or restrictions thereof. If also D = &, then y =T : & — Rl
is a flat isomorphism. The point g := ¢(0) = v~ (0) € £ is then called the
origin of the given flat coordinate system. A flat coordinate system can
be specified by prescribing the origin ¢ € £ and a set basis b of V. Then
each member X of the dual basis b* can be used to specify a coordinate
¢c: E—=Rbyc(r):=Ax—q)forall z € &.

The basis field b (or its dual 3) is constant if and only if the coordinate
system is flat.

Let £ € D C R and ¢ € T be given and let 1(€£.c) be defined according
to (04.25). It is easily seen that Dom(£.c) is an open subset of R. We
call Rng1(§.¢) the coordinate curve through the point 1 (§) cooresponding
to the coordinate c. If I' is a flat coordinate system, then the coordinate
curves are straight lines.

Pitfall: It is easy to give examples of non-flat coordinate systems which
are “rectilinear” in the sense that all coordinate curves are straight lines.
Thus, there is a distinction between non-flat coordinate systems and “curvi-
linear coordinate systems”, i.e. coordinate systems having some coordinate
curves that are not straight. |
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Notes 71

(1) In all discussions of the theory of coordinate systems I have seen in the lit-
erature, the coordinates are assumed to be enumerated so as to form a list
('] i € n), n := dimE. The numbers in n! are then used as indices in all
formulas involving coordinates and components. However, when dealing with a
specific coordinate system, most authors do not follow their theory but instead use
the coordinates themselves as indices. I believe that one should do in theory what
one does in practice and always use the set of coordinates itself as the index set.
Enumeration of the coordinates is artificial and serves no useful purpose.

(2) Many textbooks contain a lengthy discussion about the transformation from one
coordinate system to another. I believe that such “coordinate transformations”
serve no useful purpose and may lead to enormous unnecessary calculations. In a
specific situation, one should choose from the start a coordinate system that fits the
situation and then stick with it. Even if a second coordinate system is considered,
as is useful on rare occasions, one does not need “coordinate transformations”.

72 Connection Components
Components of Gradients

Let a coordinate system I' on an open subset D of a flat space £& with
translation space V be given. As we have seen in the previous section, the
basis field b and the dual basis field 3 of the system I are of class C'.

We use the notations

C.l. .= BYVb.)b, for all c¢,decT (72.1)

and
D.,:=divb, for all cel. (72.2)

The functions C,% : D — R and D, : D — R are called the connection

components and the deviation components, respectively, of the system
T.

The connection components give the component matrices of the gradients
not only of the terms of the basis field b but also of its dual 3:

Proposition 1: For each coordinate ¢ € I', the component matrices of
Vb, and V3¢ are given by

Vb = (C.2 | (d,e) eT?) (72.3)

and

VB = (=Cs%| (d,e) €T?). (72.4)
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Proof: We obtain (72.3) simply by comparing (72.1) with (71.9). To
derive (72.4), we use the product rule (66.6) when taking the gradient of
(71.5) and obtain

(VB Tby+ (Vby) T8¢ =0 for all del.
Value-wise operation on b, gives
by(VB)be + B°(Vby)b, =0 for all d,eeTl.

The result (72.4) follows now from (72.1) and the fact that the matrix [V 3]
is given by
[VB) = (ba(VB°)be | (d,e) € T?).
|
Proposition 2: The connection components satisfy the symmetry rela-
tions
Cl. =0, for all ¢,decT. (72.5)
Proof: In view of the definition 8¢ := Ve we have V3° = VVe. The
assertion (72.5) follows from (72.4) and the Theorem on Symmetry of Second
Gradients of Sect.611, applied to c. i
Proposition 3: The deviation components are obtained from the con-
nection components by

De=)» Ct forall ceTl. (72.6)
del’

Proof: By (72.2), (67.1), and (67.2), we have D.(z) = tr(V;b.) for all
x € D. The desired result (72.6) then follows from (72.3) and (26.8). |}

Let W be a linear space and let F be a differentiable field with domain
D and with codomain WW. We use the notation

F.:=(Fot),.oy foral cel, (72.7)

which says that F.. is obtained from F by first looking at the dependence of
the values of F on the coordinates, then taking the partial c-derivative, and
then looking at the result as a function of the point. It is easily seen that

(VF)b,=F, forall cel. (72.8)

If F := f is a differentiable scalar field, then (72.8) states that the component
family [V f] of the covector field Vf : D — V* is given by

[Vl = (fclcel). (72.9)
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The connection components are all zero if the coordinate system is flat.
If it is not flat, one must know what the connection components are in order
to calculate the components of gradients of vector and covector fields.

Proposition 4: Let h be a differentiable vector field and n a differen-
tiable covector field with component-families [h] and [n], respectively. Then
the component-matrices of Vh and Vn have the terms

[Vh]4 =[]+ Y [h]°C.%, (72.10)
ecl’
and
(Vn)ea = [M)ea — > _Mle Ca (72.11)
ecl

forall c,d € T.

Proof: To obtain (72.10), one takes the gradient of (71.6);, uses the
product rule (66.5), the formula (71.9) with T := Vh, the formula (72.9)
with f := [h]¢ and (72.3). The same procedure, starting with (71.7); and
using (72.4), yields (72.11). |

It is easy to derive formulas analogous to (72.10) and (72.11) for the
components of gradients of other kinds of fields.

Proposition 5: Let 17 be a differentiable covector field. Then the compo-
nent-matriz of Curln := Vn—(Vn)" : Dommn — Lin(V, V*) (see Sect.611)
s given by

[Curln]ed = [M]e:a — M]ae for all ¢, deT. (72.12)

Proof: By Def.1 of Sect.611, the components of Curln are obtained
from the components of Vn by

[Curl n]cq = [VNea — [VN]a. for all ¢, deT.

After substituting (72.11), we see from (72.5) that the terms involving the
connection components cancel and hence that (72.12) holds. ||

Note that the connection components do not appear in (72.12).

Proposition 6: Let h be a differentiable vector field. The divergence
of h is given, in terms of the component family [h] of h and the deviation
components, by

divh = "([h]° + [h]°D.). (72.13)
cel

Proof: Using (71.6); and Prop.1 of Sect.67, we obtain

divh = (V([h]°)b. + [h]°div b,).
cel
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Using (72.8) with F := [h]¢ and the definition (72.2) of D., we obtain the
desired result (72.13). B
Proposition 7: Let F be a differentiable field with codomain Lin(V*, V).
Then the component family of div F : DomF — V (see Def.1 of Sect.67) is
given by
[div FJ* = Y ([F]“.q + [F]'Da) + ) [FI*C.“ (72.14)
del’ (e,d)el?
forallceT.
Proof: Let ¢ € T be given. Then 3°F is a differentiable vector field. If
we apply Prop.2 of Sect.67 with W :=V, H:=F, and p := 3°, we obtain
div(B°F) = B¢div F + tr(F ' V3°). (72.15)
It follows from (72.4), Prop.5 of Sect.16, (23.9), and (26.8) that
r(FTVE) =— > [F“C.C,
(e,d)el?
and from Prop.6 that
div(B°F) = > ([8°F)".q + [B°F]*Dy).
del’

Substituting these two results into (72.15) and observing that [div F|¢ =
Bdiv F and [B°F]¢ = [F]¢ for all d € T, we obtain the desired result
(72.14). B

Assume now that the coordinate system I' is flat and hence that its basis
field b and the dual basis field 8 are constant. By (72.1) and (72.2), the
connection components and deviation components are zero. The formulas
(72.10) and (72.11) for the components of the gradients of a differentiable
vector field h and a differentiable covector field 1 reduce to

[Vh]% = [h]%,  [Vn]ed = [n]ea, (72.16)

valid for all ¢,d € I'. The formula (72.13) for the divergence of a differen-
tiable vector field h reduces to

divh = [h]%, (72.17)

and the formula (72.14) for the divergence of a differentiable field F with
values in Lin(V*, V) becomes

[div F]° =) "[F]“)y for all ce€T. (72.18)
del’
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Notes 72

(1) The term “connection components” is used here for the first time. More traditional
terms are “Christoffel components”, “Christoffel symbols”, “three-index symbols”,
or “Gamma symbols”. The last three terms are absurd because it is not the symbols
that matter but what they stand for. The notations {,Jk} or ;7 instead of our
C.4. are often found in the literature.

(2) The term “deviation components” is used here for the first time. I am not aware
of any other term used in the literature.

(3) The components of gradients as described, for example, in Prop.4 are often called
“covariant derivatives”.

73 Coordinates in Euclidean Spaces

We assume that a coordinate system I' on an open subset of a (not necessarily
genuine) Euclidean space £ with translation space V is given. Since V is an
inner-product space, we identify V* = V. so that the basis field b as well as
the dual basis field 3 of T" have terms that are vector fields of class C'. We
use the notations

Geg:=b.-by forall ¢, del (73.1)

and
—cd .

G":=p°pB% forall cdeT, (73.2)

so that G := (Geq | (¢,d) € T?) and G := (ECd | (c,d) € T'?) are symmetric

matrices whose terms are scalar fields of class C!. These scalar fields are
called the inner-product components of the system I'. In terms of the
notation (41.13), G and G are given by

G(z) = Gp), G(z)= G (73.3)

for all x € D. Since B(x) is the dual basis of b(x) for each x € D, we obtain
the following result from (41.16) and (41.15).

Proposition 1: For each x € D, the matriz G(x) is the inverse of G(z)
and hence we have

3 GG =6 forall cdeT. (73.4)
ecl
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The basis fields b and 3 are related by
be=Y GuB, 8= Gy (73.5)
del’ del’

forallceT.

The following result shows that the connection components can be ob-
tained directly from G and G.

Theorem on Connection Components: The connection components
of a coordinate system on an open subset of a Fuclidean space can be obtained
from the inner-product components of the system by

1 ——
cd, = 5 Z Gdf(ch;e + Gec — Geerf) (73.6)
fer

forall c,d,e € T.
Proof: We use the abbreviation

Bege :=bg - (Vbe)b, for all ¢,d,eel. (73.7)

By (72.1) and Prop.1 we have

Ccde = Zadecfea Bcde = Z Gdfccfe (738)
fer fer

for all ¢,d,e € I". We note that, in view of (73.8)2 and (72.5),
B.ge = Bege for all c¢,d,eeT. (73.9)

Let ¢,d,e € I" be given. Applying the Product Rule (66.9) to (73.1), we
find that
VGes = (Vb.) by + (Vby) "b,.

Hence, by (72.8), (41.10), and (73.7) we obtain
ch;e == (Vch) . be = Bcde + Bdce‘

We can view this as a system of equations which can be solved for B4
as follows: Since ¢, d, e € I were arbitrary, we can rewrite the system with
¢, d, e cyclically permuted and find that

ch;e = Bcde + Bdcm

Gde;c = Bdec + Bedm
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Gec;d = Becd + Bced

are valid for all ¢,d,e € I'. If we subtract the last of these equations from
the sum of the first two and observe (73.9), we obtain

ch;e + Gde;c - Gec;d = 2Bcde7

valid for all ¢,d,e € I'. Using (73.8)1, we conclude that (73.6) holds. |
For the following results, we need the concept of determinant, which
will be explained only in Vol.Il of this treatise. However, most readers
undoubtedly know how to compute determinants of square matrices of small
size, and this is all that is needed for the application of the results to special
coordinate systems. We are concerned here with the determinant for RT'. In
Vol.IT we will see that it is a mapping det : Lin Rl' — R of class C' whose
gradient satisfies
(Vi det)N = det(M)tr(MLN) (73.10)
for all M € Lis R and all N € Lin RY. If M € Lin Rl 22 R is a diagonal

matrix (see Sect.02), then det(M) is the product of the diagonal of M, i.e.
we have
det(M) = [ [ M. (73.11)
cel

We have det(M) # 0 if and only if M € Lin RY is invertible. Hence, since
G has invertible values by Prop.1, deto G : D — R is nowhere zero.

Theorem on Deviation Components: The deviation components of
a coordinate system on an open subset of a Fuclidean space can be obtained
from the determinant of the inner-product matrixz of the system by

(detoG);c
deto G
Proof: By (73.10), the Chain Rule, and Prop.1 we obtain

D.=2 for all cel. (73.12)
(deto Q). = (det o G)tr(GG.). (73.13)
On the other hand, by (73.6) and (72.6), we have

1 —d
De=35 Y. G'(Grea+ Grac— Geasp): (73.14)
(d.f)er?
Since the matrices G and G are symmetric we have

Z ch chd— Z el Gdcf— Z feh chf7

(d,f)erz (f,d)er? (d,f)er?
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and hence, by (73.14), Prop.5 of Sect.16, and (26.8),

1 —df |
D= > GGy = Etr(GG;C).
(d,f)er?

Comparing this result with (73.13), we obtain (73.12). i
In practice, it is useful to introduce the function

g:=+/]deto G|, (73.15)

which is of class C! because det o G is nowhere zero. Since detoG = +g¢2,
(73.12) is equivalent to

De=% forall cel. (73.16)
g

Remark: One can show that the sign of det o G depends only on the
signature of the inner product space V (see Sect.47). In fact det o G is strictly
positive if sig 7V is even, strictly negative if sig =V is odd. In particular, if
£ is a genuine Euclidean space, det o G is strictly positive and the absolute
value symbols can be omitted in (73.15). |

The identification ¥V = V* makes the distinction between vector fields
and covector fields disappear. This creates ambiguities because a vector
field h now has two component families, one with respect to the basis field
b and the other with respect to the dual basis field 3. Thus, the symbol [h]
becomes ambiguous. For the terms of [h], the ambiguity is avoided by careful
attention to the placing of indices as superscripts or subscripts. Thus, we
use ([h]¢ | c € T') := B h for the component family of h relative to b and
([h]c | c€T) :=Db-h for the component family of h relative to 3 (see also
(41.17)). The symbol [h] by itself can no longer be used. It follows from
(73.5) that the two types of components of h are related by the formulas

M =>"G"hls  [he=Y GuMl, (73.17)

der del’

valid for all ¢ € I". To avoid clutter, we often omit the brackets and write
he for [h]¢ and h, for [h]. if no confusion can arise.

A lineon field T has four component matrices because of the identifica-
tions LinV = LinV* = Lin(V, V*) = Lin(V*, V). The resulting ambiguity is
avoided again by careful attention to the placing of indices as superscripts
and subscripts. The four types of components are given by the formulas
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[T]°% = pB°-Tby, [T]? = b, TG,

[T]cd = b.-Thy, [T]Cd _ ,BC'T,@d, (73.18)

valid for all ¢,d € I'. The various types of components are related to each
other by formulas such as

T =Y. = Y @@, (73.19)
eel’ (e,f)er?

valid for all ¢,d € I'. Again, we often omit the brackets to avoid clutter.
Using (73.16) and the product rule, we see that Props.6 and 7 of Sect.72
have the following corollaries.
Proposition 2: The divergence of a differentiable vector field h is given
by

1
divh == "(g[h]°)... (73.20)
g cel
Proposition 3: The components of the divergence of a differentiable
lineon field T are given by

: C 1 C e C
[div T]° = => (g[T]Va+ Y [T]“Cc% (73.21)
g del’ (e,d)er?

forallceT.

Using Def.2 of Sect.67 and observing (72.9) and (73.17);, we obtain the
following immediate consequence of Prop.2.

Proposition 4: The Laplacian of a twice differentiable scalar field f is
given by

Af =2 S (G L) (73.22)

(c,d)er?
Notes 73

(1) If his a vector field, the components [h]° of h relative to the basis field b are often
called the “contravariant components” of h, and the components [h]. of h relative
to the dual basis field 3 are then called the “covariant components” of h. (See also
Note (5) to Sect.41.)

(2) If T is a lineon field, the components [T|.q and T°* are often called the “covariant
components” and “contravariant components”, respectively, while [T].% and [T]4
are called “mixed components” of T.
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74 Special Coordinate Systems

In this section a genuine FEuclidean space £ with translation space V is
assumed given.

(A) Cartesian Coordinates: A flat coordinate system I' is called a
Cartesian coordinate system if (Ve | c € I') is a (genuine) orthonormal basis
of V. To specify a Cartesian coordinate system, we may prescribe a point
q € £ and an orthonormal basis set ¢ of V. For each e € ¢, we define a
function ¢ : £ — R by

clx):=e-(x—gq) forall ze€k. (74.1)

The set I' of all functions ¢ defined in this way is then a Cartesian coordinate
system on £ with origin ¢. Since e is orthonormal, we have 3° = b, for all
c € . The mapping I' : & — RI defined by I'(z) := (c¢(z) | ¢ € T) for all
x € & is invertible and its inverse 1) : R — & is given by

WY€) =q+ ) &b, foral ¢eR'. (74.2)

cel

The matrices of the inner-product components of I' are constant and given
by G = G = lgr. If h is a vector field, then [h]¢ = [h]. for all ¢ € " and if
T is a lineon field, then [T]¢; = [T]*¢ = [T].4 = [T]cq for all ¢,d € T'. Thus,
all indices can be written as subscripts without creating ambiguity. Since
detoG = 1 and hence g = 1, the formulas (73.20), (73.22), and (73.21)
reduce to

divh = ) [hle,

cel’
Af = Zf;c;c; (743)
cel’
[diV T]C = Z[T]cd;da
del’

respectively.

(B) Polar Coordinates: We assume that dim & = 2. We prescribe a
point ¢ € &, a lineon J € SkewV N OrthY (see Problem 2 of Chap.4) and
a unit vector e € V. (J is a perpendicular turn as defined in Sect.87.) We
define h : R —V by

h := expy o(tJ)e = cose +sinJe (74.4)
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(see Problem 9 of Chap.6). Roughly, h(t) is obtained from e, by a rotation
with angle t. We have

h*(t) = Jh(t) for all t€R, (74.5)

and hence
h-h®*=0, |h/=h* =1 (74.6)
We now consider the mapping ¥ : P* x R — & defined by
U(s,t) :==q+sh(t) for all (s,t) €P* xR. (74.7)
It is clear that W is of class C!, and, in view of (65.11), its gradient is given
by
Vis) ¥ = Incygy sheryy for all (s 1) € P* x R.
It is clear from (74.6) that (h(¢),sh®(t)) is a basis of V for every (s,t) €
P* x R and hence that V¥ has only invertible values. It follows from the
Local Inversion Theorem of Sect.68 that WU is locally invertible. It is not

injective because ¥(s,t) = W(s,t + 2m) for all (s,t) € P* x R. An invertible
adjustment of ¥ with open domain is ¢ := \Il]% where

D:=P*x]0,27[, D:=¢&)\ (q¢+Pe). (74.8)
We put v := ¢~ and define r : D - Rand § : D — R by (r,0) := v|%".

Then I' := {r, 0} is called a polar coordinate system. The function r is
given by

r(x)=|r—q| for all xe€D. (74.9)

and the function 6 is characterized by Rng6 =]0, 27| and

h(0(z)) = i (;)q for all z € D. (74.10)

The values of the coordinates of a point x are indicated in Fig.1; the argu-
ment x is omitted to avoid clutter.
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by

;///\
9

Figure 1.

If we interpret the first term in a pair as the r-term and the second as
the #-term of a family indexed on I' = {r, 8}, then the mappings v and
above coincide with the mappings denoted by the same symbols in Sect.71.
Since ® is an adjustment of the mapping ¥ defined by (74.7), it follows from
(714)1 that

b, =ho 0, by = r(h® o 0). (74.11)

By (74.6) we have b, -bg =0, |b,| =1, and |bg| = r (see Fig.1). Hence the
inner-product components (73.1) are

Gro=0, Gop=1, Ggg =12 (74.12)

The value-wise inverse G of the matrix G is given by

-7 —-7rr — 1
G'=0G" =1, G"= - (74.13)
By (73.11) we have det o G = 72, and hence g := /| det o G| becomes
g=r. (74.14)

Using the Theorem on Connection Components of Sect.73, we find that the
only non-zero connection components are

1
Co’r = C,09 = - Co"g = —. (74.15)
The formula (73.20) for the divergence of a differentiable vector field h
becomes

)

divh = %(r[h]r);r + ). (74.16)
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The formula (73.22) for Laplacian of a twice differentiable scalar field f
becomes

Af = %(rf;r);r + T%f;e;e. (74.17)

The formula (73.21) for the components of the divergence of a differentiable
lineon field T yields

[divT]" = 1(T™), + T —rT%,

(74.18)
divT)? = 1(rT), +T%y+ (T + T).
T ) ) T

(On the right sides, brackets are omitted to avoid clutter.)

Remark: The adjustment of ¥ described above is only one of several
that yield a suitable definition of a polar coordinate system. Another would
be obtained by replacing (74.8) by

D:=P*x |—-m, 7], D:=¢&\ (¢ —Pe). (74.19)

In this case § would be characterized by (74.10) and Rngf = |—m, 7[. B
(C) Cylindrical Coordinates: We assume that dim& = 3. We first
prescribe a point ¢ € £ and a unit vector f € V. We then put U := {f}+
and prescribe a lineon J € Skewl/ N Orthi/ and a unit vector e € U. We
define h : R — V by (74.4) and consider the mapping ¥ : P* xRx R — &

defined by

U(s,t,u) := q+ sh(t) + uf. (74.20)

It is easily seen that W is of class C! and locally invertible but not injective.
An invertible adjustment of ¥ with open domain is v := \IJ|%, where

D :=P*x]0,27[ x R, D := &\ (q+ Pe + Rf). (74.21)
We put v := ¢~ and define the functions r,0, z, all with domain D, by
(r,0,z) := 4|¥*. Then I := {r,0,z} is called a cylindrical coordinate
system. let E be the symmetric idempotent for which RngE = U (see
Prop.4 of Sect.41). Then the functions r and z are given by

r(x)=|E(x—q)|, z(z)=f -(x—q) for all x €D, (74.22)

and 6 is characterized by Rng 6 =10, 27| and

h(f(z)) = E(z —q) for all zeD. (74.23)

1
r(x)
The values of the coordinates of a point x are indicated in Fig.2; the argu-
ment x is omitted to avoid clutter.
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Figure 2.

If we interpret the first term in a triple as the r-term, the second as the
f-term, and the third as the z-term of a family indexed on I" = {r, 6, z},
then the notation + and 1 above is in accord with the one used in Sect.1.
By the same reasoning as used in Example (B), we infer from (74.20) that
the basis field b of T' is given by

b, =ho 6, byp=rh*cd), b,=f. (74.24)

The matrices G and G of the inner-product components of I' are diagonal
matrices and their diagonals are given by

Gy =1, Gog=1%, G, =1, (74.25)
g -1 a”-1 -1 74.26
— 4 — 7"_2’ — 4. ( . )

The relation (74.14) remains valid and the only non-zero connection com-
ponents of I' are again given by (74.15). The formulas (74.16), (74.17), and
(74.18) must be replaced by

divh = =(rh"), +h%)+h*_, (74.27)

Af =

I3

1
(rf;v");r + r_gf;(?;@ + fizzs (7428)
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and

1
[div )" = (T, + T ¢+ T, — rT%,
1 1
[div T])? = ;(TTQ”);T +T% 5+ 1%, + ;(T”Q + 1), (74.29)
1
[div T)" = ~(T), + T 5 + T ...

(Brackets are omitted on the right sides.)

(D) Spherical Coordinates: We assume dim & = 3 and prescribe ¢,
f, and J as in Example (C). We replace the formula (74.20) by

U(s,t,u):=q+ s(cos(t)f + sin(t)h(u)). (74.30)

The definition of D in (74.21) must be replaced by

D :=P* x |0, 7] x |0, 2~], (74.31)

but D remains the same. Then ¢ := \I/]% is invertible, and the functions

7,0, ¢, all with domain D, are defined by v := ¢ and (r, 0, ¢) := 'leg. Then
I':= {r,0,¢} is called a spherical coordinate system. The functions r
and 6 are given by

r(x) =|z —q|, 6(x)=arccos <%> for all ze€D (74.32)

and ¢ is characterized by Rng ¢ =]0, 27| and

1

h(p(z)) = ME@ —gq) foral zeD (74.33)

where E is defined as in Example (C). The values of the coordinates of a
point x are indicated in Fig.3, again with arguments omitted.
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Figure 3.

By the same procedure as used in the previous examples, we find that
the basis field b of T' is given by

b, = (cosof)f + (sinof)(ho ),
by = r(—(sinof)f + (cosof)(ho ¢)), (74.34)
b, = r(sinof)(h®o ¢).

The matrices G and G of the inner-product components are again diagonal
matrices and their diagonals are given by

Grr =1, Gog =12, Gy =r?(sinch)? (74.35)
=TT —06 1 —pp 1

=1 = = = ——. 4.
¢ » G r2’ ¢ r2(sin o 0)2 (74.36)

By (73.11) we have det o G = r*(sin 0 §)? and hence g := /| det o G| becomes
g =r2(sino). (74.37)

Using (73.6), we find that the only non-zero connection components are
0 0 1 r
Cy’r =Clg=Cu% =C%, = o Co"g = —r, (74.38)

1

Colo=C0" = Gnop

C,'p = —r(sin09)2, C@% = —(sincos) o 6.
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The formulas (73.20) and (73.22) for the divergence and for the Laplacian

specialize to

. 1 1 :
divh = T—Q(rQhr);r + Sinoe((smoﬁ)he);g +h?%,

and

1

Af = ﬁ(TQf;r);r + ((sino ) f.p).0 + 5 1

r2(sinof) r2(sino §)2 ¥

the formula (73.21) for the divergence of a lineon field gives

) 1 1 )
[div T]" = T—Q(T2T”);T + sin—oﬁ((smo G)TTQ);(; + T,

— T — r(sin 0 6)>T%%,

1 . 00 0
(im0 ) T") + T,

1
[divT]? = T—2(7’2T€T);r+

1

+ (T 4 T") — ((sincos) o ) T#%,
T

1

; .

1
[div T]? = =(@*T9).,. + W((sino 0)T#%), + T¥%,,

r2

1
+ —(T"° +T%") + (T¥Y + 19%).
.

tano @

(Brackets are omitted on the right sides to avoid clutter.)

Notes 74

(74.39)

(74.40)

(74.41)

(1) Unfortunately, there is no complete agreement in the literature on what letters to
use for which coordinates. Often, the letter ¢ is used for our 6 and vice versa. In
cylindrical coordinates, the letter p is often used for our . In spherical coordinates,

one sometimes finds w for our .

(2) Most of the literature is very vague about how one should choose the domain D for

each of the curvilinear coordinate systems discussed in this section.

75 Problems for Chapter 7

(1) Let I' be a coordinate system as in Def.1 of Sect.71 and let 3 be the
dual basis field of I'. Let p : I — D be a twice differentiable process
on some interval I € SubR. Define the component-functions of p® and

p.. by
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[p*]:= (B op)p®, [p**]°:= (B op)p®® (P7.1)
forall ceT.

(a) Show that

[p*] = (cop)® (P7.2)

and

[p**] = (cop)** + X (geyerz(Cacop)(dop)®(eop)®  (PT7.3)

for all ¢ € ', where C denotes the family of connection compo-
nents.

(b) Write out the formula (P7.3) for cylindrical and spherical coor-
dinates.

(2) Let I' be a coordinate system as in Def.1 of Sect.71 and let b be
the basis field and @ the dual basis field of I'. If F is a field whose
codomain is Lin(V, LinV) = Liny(V?,V), then the component family
[F] € (Map (Dom F,R))T” of F is given by

[F|qe := B°F(be,bg) for all ¢,d,ecT. (P7.4)

(a) Show: The components of the gradient VT of a differentiable
lineon field T are given by

VTl = [T + X per ([TVa Cfe —[T)% Cale) (P7.5)

for all ¢,d,e € T.

(b) Show that if the connection components are of class C!, they
satisfy

Colesr = Col e+ X ger (C9e Cyly —CI5 Cyle) =0 (PT.6)

for all ¢,d,e, f € I'. (Hint: Apply the Theorem on Symmetry of
Second Gradients to b, and use Part (a).)

(3) Let I' be a coordinate system on an open subset D of a genuine Eu-
clidean space £ with translation space V and let b be the basis field of
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I'. Assume that the system is orthogonal in the sense that b.,eb; =0
for all ¢,d € T" with ¢ # d. Define

be :=|be] forall ceT (P7.7)
and
ec:i=1p= forall ceT, (P7.8)

so that, for each z € D, e(x) := (e.(x) |c € T) is an orthonormal basis
of V. If h is a vector field with Dom h C D, we define the family (h) :=
((h).|c € T") of physical components of h by (h)(z) := lnc;év)h(:c)
for all x € D, so that

(h),=hee. for all ceTl. (P7.9)

Physical components of fields of other types are defined analogously.

(a) Derive a set of formulas that express the connection components
in terms of the functions b., and b4, ¢,d € I'. (Hint: Use the
Theorem on Connection Components of Sect.73.)

(b) Show that the physical components of a vector field h are related
to the components [h]¢ and [h]., ¢ € T, by

[h]. = b.(h)., [h]¢= i(h>c for all cel (P7.10)

(c) Show that the physical components of the gradient Vh of a dif-
ferentiable vector field h are given by

(Vhyeq = (h)eg—p2e(h)g  if c#£d,
(P7.11)

(Vh)ee = (bt D p5(h).
ec\{c}

foralle, deT.

(4) Let a 2-dimensional genuine inner-product space £ be given. Assume
that a point ¢ € £, an orthonormal basis (e, f) and a number ¢ € P*
have been prescribed. Consider the mapping ¥ : (e +P*)x]0,e] — &
defined by
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U(s,t):=q+ t(ste+ /(s2 —£2)(e2 — 2)f). (P7.12)

(a)

(f)

Af =

(2)

Compute the partial derivatives ¥,; and ¥, and show that ¥ is
locally invertible.

Show that W is injective and hence that D := Rng V¥ is open and
that ¢ := W|R"8 is invertible.
Put v := ¢~ and define the functions A, from D to R by

(A ) := 7|®°. Show that T' := {\,u} is a coordinate-system
on D; it is called an elliptical coordinate system.

Show that the coordinate curves corresponding to the coordinates
A and p are parts of ellipses and hyperbolas, respectively, whose
foci are ¢ — €e and ¢ + ee. Show that D = ¢ + P*e + P*f.

Using Part (a), write down the basis field (b; |7 € {\, u}) of the
system {\, u}, and show that the inner-product components are
given by

)\2_ 2

g (P7.13)

)\2_ 2
Gry=0, Gyx=752Ls, Guu= ooz

Show that the Laplacian of a twice differentiable scalar field f
with Dom f C D is given by

oI ) — =
(x )\25_)5; ) ( A2 2f;)\).)\ I %fﬂt . (P7.14)
; s

22

Compute the connection components of the system {\, u}.

(5) Let a 3-dimensional genuine inner-product space £ with translation

space V be given. Assume that ¢, f and J are prescribed as in Example
(C) of Sect.74 and that h : R — V is defined by (74.4). Define ¥ :
P* xP* xR — & by

(s, t,u) = q+ 5(s? — t*)f + sth(u). (P7.15)

(a) Compute the partial derivatives of U and show that VU is locally

invertible.

(b) Specify an open subset D of P* x P* x R and an open subset D

of € such that 1 := \I/\% is invertible.
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(¢) Show that v := v and («a, 3,0) := 7|R3 define a coordinate sys-
tem I' := {«, 3,0} on D; it is called a paraboloidal coordinate
system.

(d) Show that the coordinate curves corresponding to the coordinates
« and (B are parabolas with focus gq.

(e) Using Part (a), write down the basis field (b; | i € {«, 3,0}) of
the system and compute the inner-product components.

(f) Find the formula for the Laplacian of a twice differentiable scalar
field in paraboloidal coordinates.

(g) Compute the connection components of the system {a, 3, 6}.

(6) Let T be a coordinate system on an open subset D of a Euclidean

space £ and let 3 be the dual basis field of I". Let @Cd, c,d € T, be
defined by (73.2) and g by (73.15).

(a) Show that the Laplacian of the coordinate ¢ € I is given by

Ac=13"(4G").q. (P7.16)

del’
(b) Given ¢ € T', show that the components of the Laplacian of 3¢
are given by

[AB)y = <1Z ) (P7.17)
d

ecl

(Hint: Use B¢ = V¢ and Part (a)).
(c) Let h be a twice differentiable vector field with Domh C D. Show

that the components of the Laplacian of h are given by

[Ah]c = A[h]ﬁ‘

> | (36@™e) mla—2>"C @ ae | (PT18)

(d,e)er? o« fer

for all ¢ € T', where C.% f, ¢, d, f €T, are the connection compo-
nents of I'. (Hint: Use Prop.5 of Sect.67.)

(d) Write out the formula (P7.18) for cylindrical coordinates.



