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The Mathematical Methods of Electrodynamics

1.1
Vector and Tensor Algebra

1.1.1
The Definition of a Tensor and Tensor Operations

In three-dimensional space, select a rectangular and rectilinear (Cartesian") system
of coordinates xi, x,, x3. Regard the space as Euclidean. This means that all axioms
of Euclidean geometry® and their consequences considered in school courses on
mathematics are valid in it. For instance, the square of the distance between two
close points is given by the following expression:

dI* = dx} + dxf +dx? .

Along with the original system of coordinates, consider some other systems of
common origin yet rotated with respect to the original one (Figure 1.1).

Figure 1.1 The rotation of the Cartesian system of coordinates.

1) René Descartes (Renatus Cartesius) 2) Euclid (lived in the third century BC) was
(1596-1650) was a French philosopher an ancient Greek scientist, “the father of
and mathematician, the founder of the geometry.” His mathematical treatise entitled
coordinates method. He introduced a large Elements is the best known. Euclid studied
number of mathematical concepts and various aspects of geometric optics.
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A scalar or invariant is a quantity that does not change when the system of coor-
dinates is rotated, that is, it is the same in either the original or the rotated system
of coordinates

S'=S=inv. (1.1)

For instance, d12 = dI’?2 = inv.

In three-dimensional space, a vector is the titality of three quantities V, (a =
1,2, 3) defined in all coordinate systems and transformed according to the follow-
ing rule:

Vo = 8apVp (1.2)
(summing of elements over the repeated symbol j3, from 1 to 3 is assumed). Here
Vj are the projections of the vector on an axis of the original system of coordinates,
V,, are the projections of the vector on an axis of the rotated system, and az are
the coefficients of the transformation, which are the cosines of the angles between

the f axis of the original system and the « axis of the rotated system. They may be
written through the single vectors (orts) of the coordinate axes:

Gap = €, - 5. (1.3)

In three-dimensional space, a tensor of rank 2 is a nine-component quantity T,
(each index varies independently assuming three values: 1, 2, 3) which is defined
in every system of coordinates and, when a coordinate system is rotated, is trans-
formed as the products of the components of the two vectors A, Vg, in the follow-
ing way:

T/,B = Gaulpy Tuy . (1.4)

a

In three-dimensional space, a tensor of rank s is a 3°-component quantity Tj _,
that is transformed as the product of s components of vectors:

Th o = 0pu-- o Tuo - (1.5)

Scalars and vectors may be regarded as tensors of rank 0 and 1, respectively.
Rotation matrix @ has the following properties:

1. Orthogonality
Gappy = O0ap, Gaulay = Opy , (1.6)
where
Ogp=1 if a=p and d,5=0 if a#p (1.7)
is Kronecker symbol?,

3) Leopold Kronecker (1823-1891) was a German mathematician, a specialist in algebra and theory
of numbers.
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2. The determinant of a rotation matrix equals 1:
deta=a|=1. (1.8)
3. The product of two rotation matrices

T=0g, Cup = Gaulup (1.9)

describes the evolution of a system resulting from two consecutive rotations,
first with matrix g and then with matrix @.” In the general case, rotation matri-
ces are noncommutative, that is,

a5+, (1.10)

As follows from property 1, a reverse matrix defined by the relation
a8 =08a"'=1 or alla.=ama,}=20 (1.11)
- - auPup = Yauyp = Ya .
results from the original matrix when the latter is transposed, that is, its
columns are substituted for lines and vice versa:

A =08, a,) == apa- (1.12)
The reverse transformation (1.2) looks like this:
Vg =agz, Ve . (1.13)

All vectors are transformed identically according to rule (1.2) when a coordinate
system is rotated. But they may behave in one of two ways if a system of coordinates
is inverted, that is,

Xy = —%q . (1.14)

Here the transformation matrix is a3 = —04p. Vectors whose components, just
like coordinates x,, change their signs during inversions are called polar (regu-
lar, real) vectors. Vectors whose components do not change sign as the result of
inversions of coordinate systems are called axial vectors or pseudovectors (an angu-
lar velocity, a cross-product of two polar vectors A x B, etc.) This definition also
includes tensors of arbitrary rank s: when the inversion of coordinates occurs, the
components of polar (regular) tensors acquire a factor of (—1)* and the components
of pseudotensors acquire a factor of (—1)° .

The sum of two tensors of the same rank produces a third tensor of the same
rank with components

Qaﬁ = Taﬁ + Paﬁ . (1.15)

4) The family all rotation operations forms makes a group of three-dimensional rotations.
See Gel'fand et al. (1958).
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The direct products of the components of two tensors (without summing) constitute
a tensor whose rank equals the sum of the ranks of the factors, for instance,

Qapr = TupVi, (1.16)

where Q,p, is a tensor of rank 3.

The contraction of a tensor means the formation of a new tensor whose compo-
nents are produced by the selection of components with two identical symbols and,
further, their summing. For instance, Q.3 = A, is a vector and Qqp, = By is
another vector. Contraction decreases the rank of the tensor by 2, for instance,

S = T,, = inv (1.17)

is a scalar.

When an equality between tensors is written, the rule of the same tensor dimen-
sionality must be observed: only tensors of the same rank may be equated. This
means that the number of free symbols (over which no summation is done) must
be the same in the first and second members of an equality. The number of pairs
of “mute” symbols (those over which summing is done) may be any on the right
and on the left.

Tensors may be symmetric (antisymmetric) with respect to a pair of indices a
and f if their components satisfy the conditions

Qupu = Qpan  (Qapu = —pax) - (1.18)

Tensor components may be either real or complex numbers. In the latter case, the
concepts of Hermitian® and anti-Hermitian tensors play an important role. The
definition of a Hermitian tensor is as follows:

Th, =Ty, (1.19)

where the asterisk indicates complex conjugation. The definition of an anti-
Hermitian tensor is as follows:
h h*
Toh = —Toh (1.20)
In applications, invariant unit tensors 0,4 and ep; are very important. The for-
mer is a symmetric polar tensor whose components coincide with the Kronecker
symbol (1.7), whereas the latter is antisymmetric over any pair of indices, and its
components are determined by the following conditions:

(@) ew3 =1, ewpr=—€gar = —C€auip = €rap = €pia = —€rpa - (1.21)

5) Charles Hermite (1822-1901) was a French mathematician, the author of works on classical
analysis, algebra, and theory of numbers.
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It is called the Levi-Civita tensor.” Both tensors, transforming during rotations ac-
cording to rule (1.7), are peculiar in that their components have the same values in
all coordinate systems:

Oup = Oap ., Eups = Capi - (1.22)
Problems

1.1. Prove equality (1.8). What is the determinant of the transformation matrix if
rotation is accompanied by the inversion of the coordinate axes?

1.2. Prove the equalities 67 ; = d4p and e, = €q for an arbitrary rotation of a
coordinate system.

1.3. Write down the rule of transformation for the components of a pseudoten-
sor of rank s that would be valid not just for the rotation but also for the mirror
reflections of the coordinate axes.

1.4. Represent an arbitrary tensor of rank 2 T, 4 as the sum of a symmetric tensor
(Sap = Spa) and an antisymmetric tensor (A,p = —Ap,). Make sure that this
representation is unique.

1.5. Represent an arbitrary complex tensor of rank 2 T, 4 as the sum of a Hermitian
tensor (S é‘ﬂ =S ,z?;) and an anti-Hermitian tensor (A" p= —A%Z). Make sure that
this representation is unique.

1.6. Show that

1. the contraction of a symmetric tensor and an antisymmetric tensor equals zero:
SupAap = 0.

2. the contraction of two Hermitian tensors or two anti-Hermitian tensors of
rank 2 is a real number.

3. the contraction of a Hermitian tensor and an anti-Hermitian tensor of rank 2
is a purely imaginary number.

1.7. Show that the symmetry of a tensor is a property that is invariant with respect
to rotations, that s, a tensor that is symmetric (antisymmetric) over a pair of indices
in a certain system of reference remains symmetric (antisymmetric) over these
indices in every system rotated with respect to the original one.

1.8. Using rules (1.2)—(1.6) of tensor transformation, show that

1. A isavector (pseudovector) if A, B, = inv and B, is a vector (pseudovector).
Ag isavectorif A, = T,3Bg in any system of coordinates and T, is a tensor
of rank 2, and By is a vector;

3. Tuq = inv, where T, is a tensor of rank 2.

6) Tullio Levi-Civita (1873-1941) was an Italian mathematician who contributed to the development
of tensor analysis.
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4. e,p is a tensor of rank 2 if A, and B, are vectors and A, = e,5Bp in all
systems of coordinates. What is ¢4 if A, is a vector and B, is a pseudovector?
What is e, if A, and B, are both pseudovectors?

5. AgpiBapisavectorif A,p; and B,g are tensors of ranks 3 and 2, respectively.

6. T,pPup is a pseudoscalar if T, and P,pg are a tensor and a pseudotensor of
rank 2, respectively.

1.9. Show the rule of the transformation of an aggregate of volumetric integrals
Tup = [ %4xpdV in the cases of rotation and mirror reflection (x,, xg are Carte-
sian coordinates).

1.10. Show that the components of an antisymmetric tensor of rank 2 A,p =
—A g, (either polar or axial) may be identified by the components of a certain vector
C, (either axial or polar) because they are transformed in the same way in the case
of rotation or reflection. In this case, C, is called the vector dual to tensor A 4.

1.11. Prove the following equalities:

[A X B]a = eaﬁ;,AﬁB;, 5

AL Ay A,
[Ax B]-C=eu;AuBsCi=|B1 B, Bsl. (1.23)
G G G

How are the vector, the dual vector, and the mixed products transformed in the
cases of rotation and reflection if all three vectors are polar?

1.12. Show that if the respective components of two vectors are proportional in a
certain system of coordinates, then they are also proportional in any other system
of coordinates. Vectors such as these are called parallel vectors.

1.13. The area of an elementary parallelogram constructed on the small vectors
dr and dr’ is represented by vector dS directed along a normal to the plane of the
parallelogram and, by the absolute value, is equal to its area. Write down dS, in
tensor notation.

1.14. Write down, in tensor notation, the volume dV of the elementary paral-
lelepiped constructed on the small vectors dr,dr’, dr”. How is it transformed in
the cases of rotation and reflection?

1.15. Prove the identities
(Ax B)-(Cx D)—(A-C)(B-D)+ (A-D)(B-C) =0,
(AXB)-(Cx D)+ (BxC)-(Ax D)+ (CxA)-(BxD)=0,
AxXx(BxC)+ Bx(CxA)+Cx(AxB)=0,
(Ax B)x (Cx D)—(A-[Bx D]))C + (A-[Bx C)D =0,
(AX B)x (Cx D)~ (A-[Cx D)B+ (B-[CxD)A=0. (1.24)



1.1 Vector and Tensor Algebra |7

1.16. In a spherical system of coordinates, the two directions n and n’ are deter-
mined by the angles ¥, a and ¥/, o’. Find the cosine of the angle 6 between them.

1.17. In certain cases, it may be more convenient to consider the complex cyclic
components

FA, £iA,
VIR
of the vector A instead of its Cartesian components. Express the scalar and vector

products of two vectors through their cyclic components. Also, express the cyclic
components of the radius vector through spherical functions.”

Aygy = Ay=A,, (1.25)

1.18. Write down the matrix g of the transformation of the components of a vector
in the case of the rotation of the Cartesian system of coordinates around the Ox;
axis by angle a.

1.19. Form the matrices of the transformation of basic orts when changing from
Cartesian to spherical coordinates and back and from Cartesian to cylindrical coor-
dinates and back.

1.20. Find the matrix g of the transformation of the components of a vector in
the case of the rotation of the coordinate axes determined by the Euler angles® a;,
0, and a, (Figure 1.2) by mutually multiplying matrices corresponding to rotation
around the Ox;3 axis by angle a;, around the line of nodes ON by angle 6, and
around the Oxj axis by angle a;.

\ N
Figure 1.2 The specification of the rotation of Cartesian axes by Euler angles a1, 6, a,.

1.21. Find the matrix D(a;6 a3) used for transforming the cyclic components of
vector (1.25) when rotating the system of coordinates. The rotation is determined
by the Euler angles a4, 8, and a, (Figure 1.2).

7) The definition of spherical functions is given in Section 1.3; see the answer to Problem 1.118*

8) Leonard Euler (1707-1783) was an outstanding mathematician, astronomer, and physicist who
astonished his contemporaries by his efficiency, and range of interests. He was born and studied
in Switzerland, but for most of his life worked at the Saint Petersburg Academy of Sciences. Pierre
Laplace called him the teacher of all mathematicians of the second half of the eighteenth century.
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1.22. Show that the matrix of an infinitesimal rotation of a coordinate system may
be written as @ = 1 + €, where € is an antisymmetric matrix (¢, = —é&g4). Find
the geometric meaning of €.

1.23. Show that the representation of a small rotation by vector d¢ used in the
solution of the previous problem is only possible in relation to quantities of the
first order of smallness. In the next order, the vector of the resulting rotation is not
equal to the sum of the vectors of individual rotations and the relevant matrices do
not commute.

1.1.2
The Principal Values and Invariants of a Symmetric Tensor of Rank 2

The selection of a system of coordinates wherein a certain tensor has the simplest
structure is of great practical importance. Consider the selection of such a system
for a symmetric tensor of rank 2.

If vector n satisfies the condition

Saphp = Sng, a,f =123, (1.26)

where S is a certain scalar, then the direction that is determined by vector n is called
the principal direction of the tensor, vector n is called the proper vector of the tensor,
and S is called its principal value.

Example 1.1

Reducing a real (S, = S;‘ﬂ) symmetric (S,p = Sgq) tensor of rank 2 to diagonal
form means finding such a system of axes wherein only the diagonal components
of the tensor are not equal to zero. Specify a way of calculation of the principal
values and the principal directions of such tensor.

Solution. Use the system of algebraic equations (1.26) to find the proper vectors
and principal values of the tensor in question. Normalize the proper vectors to 1:
nyng = 1. The equations (1.26) and the properties of the tensor S, show us that
the proper values of S are real scalars: S = n; Sugng = S*. They follow from the
condition of equality to zero of the determinant of the system (1.26):

|Sup — SOupl = 0. (1.27)

This is a cubic algebraic equation whose solution, in relation to S, includes three
real roots: S, S@ S In the general case, they are different from each other,
although multiple roots (S} = S@ # SB or SO = S@ = S0O)) are possible.
Here, the bracketed indices are not tensor symbols!

In the case of different roots, inserting the values found for S, one by one,
in the system in (1.26) results in two projections of each of the proper vectors
nty #* n' #* n through the third one, which is determined by the condition
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of normalization. All the proper vectors are real because the coefficients of (1.26)
are real. They are mutually perpendicular, which follows from the same system of
equations: (S® — S@)(n) . n?) = 0. The same goes for the other two pairs. Re-
garding the proper vectors as the orts of the system of coordinates (they determine
the principal axes of the tensor), use (1.26) to find the form of the tensor in this
system of axes:

sh0 0
S=1o0 s@ o ]. (1.28)
0 0 &
In the case of two repeated roots, S = S@), the proper vectors n(") and n®

are determined ambiguously, that is, any pair of mutually perpendicular directions
may be selected in the plane perpendicular to n®. If all three roots are the same,
then any three mutually perpendicular directions may be regarded as the principal
axes. (|

Problems

1.24. Is it possible to reduce an arbitrary real tensor of rank 2 (T3 # Tp,) to the
diagonal form by rotating its system of coordinates in physical three-dimensional
space? What about a Hermitian tensor of rank 2 (T;‘IB = Té‘;‘)?

1.25. Write down a real symmetric tensor of rank 2 S, in an arbitrary system
of coordinates through its principal values S, S@, S® and the orts n!;’ of the
principal axes.

1.26. Using the characteristic (1.27), compile the invariants relative to rotation
from the components of an arbitrary tensor of rank 2 Ty 4.

1.27. Using the theorem for the expansion of the determinant in the elements of
a row or a column, find the components of the inverse tensor Ta_ﬁl. Its definition
coincides with that of (1.11) for the inverse matrix. Indicate the condition of the
existence of an inverse tensor.

1.28. Prove the identities
€apyCapy =6,

CapyCapo = 26)/0 ;

CapyCave = (3,81/(3)/0 - 6/30(3)/1/ = ‘

CapyCuve = éa,uéﬁvéya + 6(11/6[506;//4 + 6(106[3/46;/1/

_6avéﬁ#‘5w - 60#‘5[506%} - 6aaéﬂvéw
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Oau  Opu

Oyu
= (3011/ 6/31/ 6;/1/
6aa 6ﬁa 6ya

Using the third identity, prove the formula of vector algebra

Ax[Bx C]=B(A-C)—C(A- B).

1.29. Write down the following in the invariant vector form:

1. eaﬁyeaakeyveekweAﬂAancw ,
2. eaﬁyepal(eyveekweAUAﬂBpBaCwCV .

1.30. Prove the identity
TaﬁAaBﬁ — TaﬁAﬁBa =2C- (AX B) ,

where T, is an arbitrary tensor of rank 2, A and B are vectors, and C is the vector
of the dual antisymmetric part of the tensor Tyg.

1.31. Present the product (A- (B x C))(A’- (B’ x C’)) as the sum of members that
contain only the scalar products of the vectors.

Hint: Apply the theorem for the multiplication of determinants or use the pseu-
dotensor egg, .

1.32. Show that the only vector whose components are the same in all systems of
coordinates is a null vector, that any tensor of rank 3 whose components are the
same in all systems of coordinates is proportional to eg,, and that any tensor of
rank 4 whose components are the same in all systems of coordinates is proportional
to (6aﬂ6yv + 6a,ué/3v + 5(“,(3,3’“).

1.33. Regard n as a unit vector whose directions in space are equiprobable. Find
the mean values of its components and their products — n,, ny,ng, nengn,,
ngnghy n, —using the transformational properties of the quantities sought.

1.34. Find the average values for all directions of the expressions (a-n)2, (a-n)(b-n),

(a-n)n, (ax n)?, (@axn)-(bxn), (a-n)(b-n)(c-n)(d-n),if nis a unt vector whose
all directions are equiprobable and a, b, ¢, d are constant vectors.

Hint: Use the results obtained in the previous problem.

1.35. Write down all possible invariants of polar vectors n, and n’ and pseudovec-
tor L.

1.36. What independent pseudoscalars may be made of two polar vectors n and n’
and one pseudovector I? What independent pseudoscalars may be made of three
polar vectors nq, n,, and ns3?
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1.1.3
Covariant and Contravariant Components

In physics, many problems require nonorthogonal and curvilinear systems of coor-
dinates be used so that the relations between the old and new coordinates are non-
linear and different from (1.2). The transition to new coordinates may not come
down to just the simple and obvious rotation of axes. One of the most important
areas where such a mathematical apparatus needs to be used is special and, espe-
cially, general relativity.

Closing this section, we will come up with the definition of tensors with re-
spect to overall transformations of coordinates and consider their basic proper-
ties in three-dimensional Euclidean space. This is appropriate because in three-
dimensional space the meaning of many concepts and relation is more obvious
and transparent than in four-dimensional space-time of the relativistic theory. We
will begin by immersing ourselves in these issues by considering a case that is half
way between Cartesian rectangular coordinates and common coordinates when the
coordinate axes of the reference frame are still rectilinear but become nonorthogo-
nal (oblique or affine coordinates).

Example 1.2

Three noncoplanar and nonorthogonal unit vectors ey, e;, and e; are selected as the
basic vectors in a three-dimensional Euclidean space. Three systems of rectilinear
lines passing through every point of the space and parallel to the basic vectors
are the coordinate lines. Build a mutual basis e!, €2, e* which, by definition, is
connected to the original basis by the following relations:

0, :
e“.eﬁ =0% = 1 « #ﬁ (129)
, a=p.

Will the vectors of the mutual basis be unit vectors?

Expand an arbitrary vector A (including also the radius vector r) in vectors e,
and e’ of the original and mutual bases. Show the geometric meaning of its com-
ponents in both cases (in the first case, they are called contravariant and are labeled
with upper indices, A!, A2, A%, In the second case, they are covariant, and are la-
beled with lower indices, A1, A;, A3).

Solution. In accordance with (1.29), e! must be perpendicular to e, and e;3. Look
for it in the form of e! = ke, x e3 and, from the condition of normalization e'-e; =
1, find

k:

1
V. oei-(eaxes)’



12

1 The Mathematical Methods of Electrodynamics

where k™! = V is the volume of the parallelepiped built on the vectors of the
original basis. V > 0 if the right-hand system of coordinates is selected. Therefore,

_ es ><ey
—V ,

a

e (1.30)

where a, 8, and y form a cyclic permutation. Radius vector r and any other vectors
are expanded in basic vectors in the usual way:

F=xe +x6°+x6 = x'e; + x%e; + xe3 . (1.31)
Multiplying the first equality, in a scalar way, by e, we find
Xq = €q-T. (1.32)

Therefore, the geometric meaning of the covariant components is revealed by pro-
jecting the radius vector, in the usual way, by lowering perpendiculars from the end
of the vector onto the coordinate axes. When this has been done, the directions of
the contravariant basic vectors, by which the covariant components of the vector are
multiplied, do not coincide with the directions of the coordinate axes (Figure 1.3)
and have no unit lengths. For instance, if vector e; is orthogonal to e; and e, and
the angle between the latter is ¢, then |e!| = |e?| = 1/sin ¢ and the length of
the hypotenuse OB = |xje!| = x;/sing > x;. However, the length of the leg
OC = x;. As follows from (1.31) and Figure 1.3, the contravariant components
result from projecting the vector onto the coordinate axes with segments parallel
to the axes. For them, a representation identical to (1.32) is valid:

x*=e“ r. 1.33
(1.33)

Figure 1.3 The clarification of the geometric meaning of the covariant and contravariant compo-
nents of a vector.
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Example 1.3

Determine the nine-component quantities:

8up = €q €8, g“ﬂ =e%- el (1.34)
where e, and e’ are the basic vectors of the original and mutual nonorthogonal
bases, introduced in Example 1.2. The values g,z and g*/ are called the covariant
and contravariant components of a metric tensor.

Prove the following relations that connect the covariant and contravariant com-

ponents of an arbitrary vector (the rules of rasing and lowering indices):

() Ao=gupA’; (i) A*=g"PAp; (i) gupe’” =gl =07
(1.35)

Here, 07, is a Kronecker symbol.

Find the determinants of a covariant and a contravariant metric tensor and ex-
press them through the volumes V and V of parallelepipeds built on the vectors of
the original and mutual bases.

Solution. The expression below follows from expansion (1.31):
A= Agel = Aley .

Multiplying it, in a scalar way, by e, and using the definitions of mutual basis
(1.30) and metric tensor (1.34), we get the first expression in (1.35); multiplying
this expansion, in a scalar way, by e”, we get the second expression in (1.35); and
inserting the second expression in (1.35) in the first expression in (1.35), we get the
third expression in (1.35).

If we label g = |gqp| and use definition (1.34) and the formula from the first task
in Problem 1.29, we find the following:

€1-€1 €1-€ €1-6€3
g=€2-€1 e€3-€ €-¢€3
€3-€1 €3-€ €3-6€3

(e1-€1)(e2 - €2)(e3 - €3) + (e2- €1)(e3 - €2) (€1 - €3)
= | H(es-en)(er-ex)(ea-€3) — (€1~ €)(e2- €2)(e3 - €1)
—(e2- e3)(es - ex)(er - e1) — (€3 - e3)(e1 - €2)(e2 - €1)
= Baﬂy(e1)a(32)ﬂ(e3)
=ler- (e x e3)) =

)

y e,uva(el),u(ez)v(e3)0
Vi>0.

In the same way, we get [g*| = V7. As follows from (1.35), |g*#|g = 1; therefore,
g =g '=V2>0and V=V O
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Problems

1.37. When we transition from one oblique rectilinear system of coordinates to
another, the basic vectors e, determining the directions of the coordinate axes are
transformed in accordance with the following law:

e, =ales, (1.36)

B

where a,” is the transformation matrix.”

1. Express its elements through the scalar products of the basic vectors of the
original and transformed systems.
Build the reverse transformation matrix.

3. Show that the same matrices define the transformations of the vectors of the
mutual basis.

4. Find the rules of the transformation of the covariant and contravariant compo-
nents of an arbitrary vector.

5. Find the rules of the transformation of the covariant and contravariant compo-
nents of a metric tensor.

1.38. Show the laws of the transformation of the vectors of the original and mutual
bases in the case of the mirror reflection of the system of coordinates.

1.39. Express the scalar product of two vectors in three different forms: through
the covariant and contravariant components and through both of them. Prove its
invariance with respect to the transformations (1.36) of the coordinate system. Ex-
press, in various forms, the square of the distance dI? between two close points.

1.40. Write down the vector product of two vectors C = A x B in terms the covari-
ant and contravariant components of the factors.

1.41. Write down the cosine of the angle between vectors A and B in terms of their
covariant and contravariant components.

1.1.4
Tensors in Curvilinear and Nonorthogonal Systems of Coordinates

We will now consider arbitrary transformations in the case of a transition from a
Cartesian to a certain curvilinear and, generally speaking, nonorthogonal system
of coordinates or between curvilinear and nonorthogonal systems of coordinates
(Borisenko and Tarapov, 1966, Section 2.8). The connection between the coordi-
nates x* and x"? (a, 8 = 1,2,3) of two coordinate systems described by certain
general form relations is

x = fox" x%x7) (1.37)

9) The transformation in question is not necessarily limited to the rotation of the oblique system as
a whole. It may change the angles between the axes and coordinates scales.
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(we will now indicate coordinate numbers with upper indices). The linear homoge-
neous function f%(x"!, x’2, x’3) with constant coefficients corresponds to the affine
transformation (1.36). The rotation of the orthogonal rectilinear coordinate system
is determined by the orthogonal matrix of coefficients with a unit determinant.

So that (1.37) can be solved with respect to x’# and the reverse transformation
x'P = ¢P(x', x2, x*) can be found, the functional determinant ] must be different
from zero,

ax“

Sm| £ 0, (1.38)

J=

which hereafter will be presumed. The differentials of the coordinates are trans-
formed in accordance with

dx* = dx'? (1.39)

where the coefficients of the transformation dx“/dx'?, in the general case, become
the functions of the coordinates. The connection between the differentials remains
linear, as in the case of affine transformations, which, generally speaking, is not
the case for the connection between the coordinates themselves. Although (1.37)
describes the transition from the orthogonal Cartesian system of coordinates x“ to
an arbitrary system g (to make things clearer, we hereafter will label curvilinear
coordinates as ¢), we will write the square of the distance between close points with
the use of (1.39) as

di* = 0,pdx*dx? = g,,dg"dq" , (1.40)
where the values
Ix® Ixl
uv = _(3(1 ’ uv = 8vu 1.41
8uv(q) agr agr OB Buv = Bn (1.41)

are called the covariant components of the metric tensor, and its contravariant compo-
nents g” = g"* are determined by the conditions

g gvu = guvg'" = 6; ) (1.42)

which means that the tensors g*” and g, are mutually inverse. Because the coef-
ficients of transformation (1.39) satisfy the relation
Ix® dqf  Ix®
1 _ 2% _se, (1.43)
dqf oxv  Ox"
the contravariant components of the metric tensor may be written as'”

af _ aqa aiﬁéak .
%9 9x¥

(1.44)

10) Tensors 9, 0*”, and d4 correspond to the rectilinear Cartesian system of coordinates, their
contravariant and covariant components coincide with each other, and the location of the symbols
is indifferent.
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The latter relations, justlike (1.41), may be regarded as the rule of the transforma-
tion of the metric tensor from Cartesian coordinates (0°%) to arbitrary curvilinear
coordinates g“. It is easy to see that the same rule applies to the transformation of
the metric tensor from a curvilinear system g“ to another curvilinear system g’

/KO

aq/K aq/a aq/K aq/a
= 4 _snv = ap 1.45
ek D g« 9gP © (1.49)
where g% is defined in accordance with (1.44).

One can easily make sure that the relations written above mostly repeat the
formulas obtained when considering the oblique-angled (affine) system of coordi-
nates, being their generalizations, in a certain way. For instance, multiplying both
parts of (1.39) by the Cartesian orts ely) and relabeling x'# as q#, we get the increase
of the radius vector

ax*
_ D)ga _ T
dr = e, 'dx“ = 4

eE,D)dqﬁ = epdg” .
This means that the basic vectors eg of the curvilinear system (not unit in the
general case) may be written as

_ 9x% o)
e = Wea : (1.46)

The right-hand side of the latter equality includes Cartesian orthogonal unit vec-
tors. As follows from (1.46), the connection between the basic vectors of the curvi-
linear systems of coordinates q’# and g” looks the same way as (1.46):

ag”
82; = aq—,ﬂea . (147)
Further on, we will define the vectors of the mutual basis e? of the curvilinear

system. As follows from (1.46) and the conditions in (1.29),
dax#
e ep = We“ “e(p) = 0f , (1.48)

which means that

agq”
a __ v
()

(1.49)

(we use the equality of the lower and upper symbols for Cartesian vectors). Finally,
considering (1.41) and (1.44), we see that the relations in (1.34) remain valid for
curvilinear coordinates,

gup=¢to-es, gP=e"-e, gl=¢e, =00, (1.50)

as do the rules of raising and lowering indices (1.35).
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We now will give a definition of tensor, as it relates to the general transformations
of coordinates.

A tensor of rank 2 in the three-dimensional space is a nine-component quantity
whose contravariant components are transformed as products of the differentials
of coordinates, that is, in accordance with the following:

dq* dq” aq'" aq"”
ref = 2o ey = 2420 qap (1.51)
aqm 8q”’ aqa aqﬁ
This definition is directly generalized to include tensors of any rank. For instance,
scalar S is not transformed, whereas the covariant components of a tensor of rank 1
(vector) are transformed in accordance with

aq’?

A, = Ag .
agq“ b

(1.52)

The fundamental difference between the above definition of a tensor and the
previous ones (for the cases of rotation and affine transformation) is that now the
transformation coefficients depend on the locations. This means that the definition
of a tensor is of a local nature. For instance, the products of the components of
vectors located at different points g% # p, that is, A%(q)B?(p), do not form a
tensor.

Unlike Cartesian coordinates, the totality of arbitrary curvilinear coordinates g%,
a = 1,2,3, does not form a vector because the coordinates do not comply with
rule of transformation (1.51). Most significantly, these peculiarities manifest them-
selves in differentiating and integrating tensor operations, which are considered in
Section 1.2.

The covariant components of a tensor of any rank are produced from the con-
travariant ones by the metric tensor as per (1.35). In the general case, the mixed
tensor depends on the place, first or second, occupied by the upper and lower sym-
bols, that is, T,” # T#,. The contraction operation, decreasing the rank of any
tensor by 2, is defined as summation over one upper and one lower indices, for
instance,

AgB" = A4B" =inv, Tyl =C, (1.53)

— the covariant vector, and so on.
Problems

1.42. Express the components of a metric tensor through the components of the
orthogonal Cartesian orts esxD) = ef‘D), a = 1,2,3 specified in a certain curvilinear

system of coordinates.

1.43. Show that the functional determinant (1.39) is expressed through the deter-
minant of a metric tensor g = |g.,|: | = /8.

Hint: Following from equality (1.42), express the determinant g through the de-
terminants of the matrices found in the second member of the equality.
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1.44. Write down the square of the length of the vector A2 and the cosine of the
angle between two vectors in a arbitrary curvilinear system of coordinates.

1.45. Transform the antisymmetric unit tensor ¢*?” in an curvilinear system of
coordinates.

1.46. The metric tensor g,z determining the square of the small element of length
in curvilinear nonorthogonal coordinates, in accordance with formulas (1.41), is
known. Three curvilinear coordinate lines may be drawn through each point of the
space, only one coordinate g', g%, or g* changing along each of these lines, whereas
the other two remain constant.

1. Find the connection between the element of length of a coordinate line and the
differential of the respective coordinate.

2. Indicate the three basic vectors tangent to the coordinate curves at the specified
point.

3. Find the cosines of the angles between the coordinate curves at that point.
Indicate the properties the metric tensor must have to make the curvilinear
system orthogonal.

1.47. Write down the covariant and contravariant components of a metric tensor
for a spherical and a cylindrical system of coordinates (see the drawing in the solu-
tion of Problem 1.18). Also, write down the vectors of the covariant and contravari-
ant bases, expressing them through the basic orts considered in Problem 1.18.

1.48. Show that the volume element in curvilinear coordinates has the following
form:

dv = gdg'dg’dq’, (1.54)

where gis the determinant of a metric tensor. Find the volume element in spherical
and cylindrical coordinates.

Hint: The volume element sought is the volume of an oblique-angled
parallelepiped built on the elementary lengths dI!, dI?, and dI*® of the curvi-
linear coordinate axes. It may be found with the use of the results obtained in
Problems 1.40 and 1.46.

Recommended literature:
Borisenko and Tarapov (1966); Arfken (1970); Rashevskii (1953); Lee (1965); Math-
ews and Walker (1964). See also Ugarov (1997, Addendum I).

1.2
Vector and Tensor Calculus

Scalar or vector functions representing the distribution of various physical quan-
tities in three-dimensional space are sometimes called the fields of those quan-
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tities. This is how one may speak of fields of temperatures T(x,y, z) or pres-
sures p(x,y, z) in the atmosphere, the fields of speeds in moving fluids or gas-
es u(x, y, z), the electromagnetic vector field, and so on. Derivatives and integrals
from such scalar and vector functions have certain common mathematical proper-
ties, which are very important for physical applications. One should become famil-
iar and comfortable with these properties in advance. Only then, may such areas of
physics as the theory of electromagnetic phenomena, the mechanics of fluids, gas-
es, and solid bodies, quantum physics, and quantum field theory be successfully
learned and fully understood.

1.2.1
Gradient and Directional Derivative. Vector Lines

We encounter the concept of the gradient of a scalar function in classical mechanics
when learning about the properties of potential forces. Let us say there is a differ-
entiable function U(x, y, z) whose partial derivatives are equal to the components
of the vector of the force F(x, y, z), which, in this case, is called a potential:

iU iU ou

Fp=——, Fp=——, F,=——, F=-VUx,y,z2),
ox v ay 0z o (.7, 2)
(1.55)
where
0 0 0 0
Vet te,— te,— =e, 1.56
63x+eyay+e 9z ¢ 0% (1.56)
is Hamilton’s operator' (nabla).
grad U(x,y,2z) = VU(x,y,2) = ex?)—ij + eY?)_;J + EZZ_ZU (1.57)

is called the gradient of the scalar function U(x, y, z). The necessary and sufficient
conditions for the representation of the vector as a scalar function come in the form
of equalities:

dF, _ OF, dF,  0F, dF, 0F,

B Tl =2 1.58
ay dax 0z ay dax 0z (1.58)

They follow from the equality of cross-derivatives, for example,

U 02U

dxdy  Opdx

So far, we have been using only Cartesian coordinates. A generalization to include
oblique nonorthogonal coordinates will be made in the closing part of this section
(also see Problem 1.50 and later).

11) William Rowan Hamilton (1805-1865) was an outstanding Irish mathematician and physicist. He
was engaged in mechanics and optics, and created the mathematical apparatus that, after many
decades, became the basis of quantum mechanics and quantum field theory.
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It is important to understand that a gradient is always directed toward increas-
ing U, along a normal to the surface of the constant value of the scalar field
U(x,y, z) = const. This follows from our obtaining, when differentiating the lat-
ter equality, dr - VU = 0. Since dr is here a tangent to the surface U = const, the
gradient is perpendicular to that surface.

Example 1.4

Show that the derivative of the scalar function, along the direction determined by
the unit vector I, is equal to the projection of the gradient onto that direction:

aa—llj =grad, U= (I-V)U. (1.59)

Solution. Label the derivative, along the specified direction I, as d U/dl. When dis-
placed from the point with radius vector r to a distance s along the direction I, the
function will take the value of U(x + I;s,y + I,z + L;5). The derivative in the
specified direction is the derivative at distance s:

OU 9 Ut Lus,y + 1ys, 2 + Los)lsmo = 201, + 20y 1 99,
a1 = g5 DX TSy LS 24 Ls)lmo = Gl 4 50l gt
=(-V)U(r).

O

Expression (1.58) also makes sense when applied to an arbitrary vector A(x, y, z):
the quantity (I - V)A(x, y, z) is a derivative of vector A in direction 1. This follows
from the condition that the operator (I - V) must be applied to every projection of
A and will produce the required derivatives, whereas their combination must be
construed as a derivative of the whole vector in the specified direction.

A vivid conception of the structure of the vector field A is provided by vector
lines."”” These are lines tangents to which, at any point, indicate the direction of
vector A at that point. It is easy to write a system of equations in order to find the
vector lines of the specified field A(x, y, z). The condition of the small element
dl = (dx,dy,dz) being parallel to the vector line and vector A may be written as
Axdl = 0. Having written this vector equality in projections on the respective axes,
we get differential equations for two families of surfaces whose intersect lines are
exactly the vector lines sought.

For instance, using Cartesian coordinates, we will have

dx dy dz

- - , (1.60)
Ag(x,9,2)  Ay(x,y,2)  Azx,y,2)

12) If A is a vector of a force, the lines are called force lines. Sometimes, the term “force lines” is
applied to any vector regardless of its physical meaning.
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44—

Figure 1.4 The independence of work done by a potential force from the shape of the path of a
material point.

The vector lines of any potential vector are perpendicular to the equipotential
surfaces U(x, y, z) = const. This follows from the properties of the gradient of a
scalar function.

The loop integral of the scalar product of a potential vector and the vector element
of the length of the loop has an important property:

B B
/F -ds = /(dex + Fydy + F.dz), (1.61)

A A
where the vector ds has constituents dx, dy, and dz, that is, the differentials of
the coordinates are not independent and are just increments along the loop. Such
integrals express work done by the force F on a material point moving along a

specified trajectory from A to B and many other physical quantities. If the vector is
a potential vector, then

U ouU ou
F, F Fdz = —2—dx— 2dy— “Zdz = — 1.62
dx + F,dy + F.dz o dx oy dy 57 dz du (1.62)

is the complete differential of the function U(x, y, z). The computation of the inte-
gral gives us

B B
/F~ds:—/dU:UA—UB, (1.63)
A A

where dU is the increase of the function along the small segment ds and [ AB dUis
the full increase along the distance AB.
In this case, integration along the loop does not depend on the form of the curve,
and only depends on the start and end points of the integration (Figure 1.4).
Integrating along a closed loop (Figure 1.5), we get the following:

A

B
/F'dSZUA—UB, /F'dS=UB—UA,
A

B

B A

5£F-ds=/F-ds+/F-ds=0. (1.64)
B

A
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- .
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Figure 1.5 Diagram for the computation of the circulation of a vector along a closed loop.

Closed-loop integration over F -ds is called the circulation of vector F along the loop.
The circulation of a potential vector along any closed loop equals zero (however, an
arbitrary vector has no such property!).

It is important, however, to note that the condition of the representation of a
vector as (1.55) is necessary but not sufficient for equalities (1.63) and (1.64) to be
valid. It is also necessary for the potential function U(r) to be the unambiguous
function of a point. Otherwise, for instance, after the circulation of the loop and
return to point A, the potential U may take a different value, and equality (1.64)
will be no longer valid.

Problems

1.49. Show that when a Cartesian system of coordinates is rotated, Hamilton’s
operator (V) (1.56) is transformed in accordance with rule (1.2) of vector transfor-
mation.

1.50. Find the potential energy that corresponds to the force F (x,y) = x +
¥, Fy(x,y) = x — y?. Find the work R done by this force between points (0,0)
and (a, b).

1.51. Show that in cylindrical and spherical systems of coordinates , Hamilton’s
operator V is expressed, respectively, as

L Vel tetl yel 1.65
N - Pap ¢p8¢ Zaz’ ( )
2. V= tepr gt 1.66
’ SO T e‘prsinﬁ&p’ (1.66)

For that purpose, consider the elementary lengths in the directions of the respec-
tive coordinate orts and use formula (1.59), which connects the gradient with the
directional derivative.

1.52. Use Cartesian spherical and cylindrical coordinates (see (1.56), (1.65), and
(1.66)) to find grad (I - r), (I - V)r, where r is a radius vector and [ is a constant
vector.

1.53. Show that

d
grad f(r) = d_Jr[; .
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1.54. Write down a system of equations determining the vector lines in cylindrical
and spherical coordinates, respectively.

1.55. Find
(p-7)

3

grad p = const.

1.56. Use spherical coordinates to draw a family of lines tangent to vector

_3p-nr_p

E £
5 3

p = const.

1.57. Write down the cyclic components of a gradient in spherical coordinates.
Find the definition of the cyclic components in the situation in Problem 1.17.

1.2.2
Divergence and Curl. Integral Theorems

Now, we will consider the effect of the V operator on an arbitrary vector A. As is
known, two vectors may produce two types of products: a scalar

DA, A, 0A, 0A,

divA=V.A= — = 1.6

o ox ay 0z 0% (1.67)
and a vector
0A 0A 0A A
lA=VxA=e, 2 _ 1t =
cur * ¢ (8y 3z)+ey(8z Bx)
N 0A, 0A, 163
e, | — — . .

ox ay (1.68)

Both of these quantities are extremely important for vector calculus and are called
the divergence (scalar!) and the curl (vector!). The left-hand-side members of the
equalities contain the respective lettering. The right-hand-side members contain
their explicit expressions in Cartesian coordinates only. For you to better realize their
mathematical and physical meanings, we give other definitions of these important
quantities, less formal and more obvious, if somewhat more complex. Yet the latter
disadvantage is also an advantage in that the definitions in questions, unlike (1.67)
and (1.68), do not depend on the selection of a system of coordinates. We will begin
with divergence.

Select point M where you would like to define the divergence of vector field A(r).
Surround that point with a closed smooth surface, enclosing a certain volume AV
and find at every point of the surface an outside normal n. We will call the product
ndS the vector element of the surface. The integral over the closed surface ¢ A -
dS produces the flux of the vector A through the surface S. Now, we will define
divergence in a way different from (1.67):

1
div A(r) = Al&goﬁgg,c\.ds. (1.69)
S
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It is presumed here that the volume AV shrinks into point M. The little circle on
the integral sign means a closed surface.

Example 1.5

Make sure that the definitions (1.67) and (1.69) are equivalent when Cartesian coor-
dinates are used. In order to do that, select volume AV = dV = dxdydz forming
a small rectangular parallelepiped with edges dx,dy,dz and find the boundary
(1.69).

Solution. Making use of the smallness of the ribs of the parallelepiped, write down
the approximate expression for the surface integral:

¢A- AS ~ [Ax(x +dx,y,2)— Ax(x,7,2)]dydz

S
+[A (%, y +dy,Z)— Ay(%,y,2)]dxdz
A% 7,2 + d2) — AL(%, §, 2)]dxdy

(A 0A, oA
~\ox dy 0z ’

The mean value theorem was used when evaluating the integrals over the six
separate edges, the quantities X, y, and z being the values of the coordinates at
a certain point of a respective edge. Also considered was the fact that normals
are directed oppositely at the opposite edges and that when the volume shrinks
to point M, all the coordinates take the values they must have at that point. Using
the latter result, make sure that the definition of divergence (1.69), when Cartesian
coordinates are used, leads to formula (1.67). O

This means that the divergence at a certain point is other than zero if there is
a nonzero vector flux through a closed surface surrounding the point in question.
Inside the surface, there must be a source of a vector field that creates the flux. This
is to say that divergence characterizes the density of field sources.

The above method of computing an integral over a small surface may be used to
obtain explicit expressions of divergence in the most often used systems of coordi-
nates, such as spherical, cylindrical, and so on. The shape of the volume should be
selected each time so that one of the coordinates remains constant on each of its
side surfaces.

Example 1.6

On the basis of the definition of divergence (1.67), produce a relation connecting
the integral from div A over a certain volume with vector flux A through the surface
bounding the volume in question.
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Solution. Select any finite volume V bounded by a smooth closed surface S. Divide
it into small cells AV;, each bounded by a respective surface AS;. The surfaces
bounding the cells adjacent to the outside surface S will partially coincide with S.
All other portions of the surfaces S; will be shared by pairs of adjacent cells. Making
use of the smallness of each cell, use relation (1.69), giving it an approximate form:

(div A);AV; ~ §£A.dsi . (1.70)

Si

Now sum the first and second members of the latter approximate equality over i
and pass to a limit, reducing the volume of each cell to zero and expanding the
number of cells to infinity. The first member of the equality will now become an
integral over the full volume V of divergence A: [, div AdV. In the second member
of the equality, the integrals over the inner portions of the surface will cancel each
other, the outer normals to each pair of adjacent cells being oppositely directed.
Only the integral over the outside surface S bounding the full volume V remains.
As a result, you will have an exact integral relation,

/divAdV = 5£A.ds , (1.71)
\%4 S

13)

called the Gauss—Ostrogradskii theorem
gradskii is omitted).

The Gauss—Ostrogradskii theorem is applicable to any tensor of rank s > 1, for
instance,

(in Western literature, the name Ostro-

T upu
—_ =Q T 1.72
/ 7%, dv ¢ wpud Sy (1.72)
v S
(for the proof, refer to Problem 1.70*). O

The curl of a vector field allows a definition similar to that of divergence (1.69).
At point M, specify a unit vector n, that is, a direction. Make up a small flatarea A S
containing a point M and perpendicular to n. Then define the direction of tracing
the loop ! that bounds the area, coordinated with the direction n as per the right-
screw rule. The projection of the rotor onto direction n at point M is defined as
follows:

. 1
curl,A = Al;ril)o AS ¢ A-dl, (1.73)
1

where the integral represents the circulation of the vector A along the closed loop I.

13) Carl Friedrich Gauss (1777-1855) was an outstanding German mathematician, astronomer, and
physicist. Mikhail Ostrogradskii (1801-1862) was a Russian mathematician known for his works
in mathematical physics, theoretical mechanics, and probability theory.
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Example 1.7

Make sure that the definitions of (1.68) and (1.73) are equivalent when Cartesian
coordinates are used. For that purpose, find the projections of the curl on Carte-
sian axes using (1.73) and by selecting a rectangular area with sides parallel to the
coordinate axes.

Solution. Direct n along the Oz axis, select a rectangular area AS = dS = dxdy,
and use, as in the previous integral calculation, the mean value theorem to get the
following:

¢A'dl ~[Ay(x +dx,§,2) — Ay(x, 7, 2)]dy
1
+ [Ag(X,y,2) — A%,y +dy, z)]dx

0A
~ (A A 4
x ay

After inserting this result into (1.73) and passing to a limit, we get the exact expres-
sion for curl, A in Cartesian coordinates, coinciding with (1.68). In the same way,
one may find other projections of the curl. The curl will be other than zero if the
lines of vector A curved, having either closed or spiral configurations. O

Example 1.8

Using the definition of the curl (1.73), find the integral relation that connects the
circulation of any vector along a closed loop with the curl flux of that vector through
a nonclosed surface bounded by that loop.

Solution. Find an arbitrary three-dimensional nonclosed surface S bounded by
loop I and, at every point of the surface, find normal n. Divide the surface into
small portions A'S;, each bounded by loop ;. On the basis of (1.73), an approxi-
mate value may be written for every such area:

curlnAA S,’ ~ ¢ A- dl, . (1.74)

I

After summing the two members of the approximate equality over i and passing to
a limit of the infinitely small areas, we get the exact equality (Stokes theorem'¥):

/cur1A~dS = §£A-dl. (1.75)

N !

14) George Gabriel Stokes (1819-1903) was an Irish physicist and mathematician.
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An integral over the outer loop that bounds area S remains in the second member.
All integrals over inner loops are canceled. Stokes theorem connects the integral
over the curl flux through the surface with the circulation of the vector along the
loop that bounds that surface. d

1.2.3
Solenoidal and Potential (Curl-less) Vectors

Let us say that vector field H(r), over the whole space, satisfies the condition
divH =0 (1.76)

(in this case, vector H is called a solenoidal vector). This, for instance, is a property
of a magnetic field. It is possible to prove (we will, for now, abstain from doing that)
that condition (1.76) is necessary and sufficient for vector H to be represented as
the curl of another vector A(r):

H =curlA. (1.77)

Using the rules of vector differentiation, we can easily make sure that condition
(1.76) is satisfied whatever the value of A is:

divH=V-H=V-.[VxA=[VxV]-A=0.

As noted previously, a potential vector is a vector that may be represented as the
gradient of a certain scalar function:

E(r) = —grad U(r) = =V U[(r) . (1.78)

The necessary and sufficient conditions of the potentiality of a vector are expressed
by equalities of the kind in (1.58), which, in their vector form, give the following:

curl E=0. (1.79)

Using the definition of the potential vector (1.78) and expressing the curl operation
through the V operator, we make sure that equality (1.79) is equally valid for any
U(r) functions that have second derivatives.

1.2.4
Differential Operations of Second Order

Differential operations of second order appear when the V operator is applied to
expressions of the kind VU, V - A, and V x A that already contain this operator.
Using the rules of vector algebra, we find that, in Cartesian coordinates, the Laplace
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operator"
V-VU(r) = (V- V)U(r) = V2U(r) = AU(r) , (1.80)

A = V2, has the following form:
A= —— + — 4 —. (1.81)

This is a very important operator used in just about all problems when complex
physical phenomena have to be described in the language of mathematics.
Further,

VV-A=V(V-A)=graddivA. (1.82)

Even though such a combination of derivatives is hardly rare, no more compact
letter notation has been devised for it.

The last operation of this kind is called a double vortex. It is transformed with
the use of the following vector algebra formula (one should remember to place the
differentiable vector function to the right of any operators that may affect it):

curlcurl A=V x (V x A) = V(V - A) — V2PA = graddivA— AA. (1.83)
We see, therefore, that all the differential operations involving scalar and vector
functions are expressed through the V operator.

Problems

1.58. Show that div A (1.67) and the Laplace operator (1.81) are invariant with re-
spect to rotations of Cartesian systems of coordinates and that curl A (1.68) is trans-
formed as an antisymmetric tensor of rank 2 or as a vector that is dual to it.

1.59. FindV-r,Vxr, V- -[w x r],and V x [@ X r], where @ is a constant vector.
1.60. Find
(m xr)

H = curl ;— , m =const.
r

Build vector lines for vector H (draw a picture).

1.61. Using the rules of vector algebra and calculus and without making projec-
tions onto the coordinate axes, prove the following important identities frequently
used in practical calculations:

grad (py) = ¢ grady + y grad g, (1.84)

15) Pierre Simon Laplace (1749-1827) was a French astronomer, mathematician, and physicist who
actively expressed the ideas of mechanistic determinism; he was an atheist. His many scientific
achievements were outstanding. Laplace repeatedly changed his politics, remaining in favor in
republican France as well as in France under the rule of Napoleon Bonaparte and the restored
Bourbons.
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div(p A) = ¢divA+ A-grady, (1.85)
curl (pA) =@ curl A— Ax grade, (1.86)
div(Ax B) = B-curlA— A-curl B, (1.87)
curl (Ax B) = AdivB— BdivA + (B-V)A— (A-V)B, (1.88)
grad(A-B) = Axcurl B+ BxcurlA+ (B-V)A+ (A-V)B. (1.89)

Here, ¢ and 1 are the scalar and A, B vector functions of the coordinates.

1.62. Prove the following identities:

C-grad(A-B)=A-(C-V)B+ B-(C-V)A, (1.90)
(C-V)(Ax B)=Ax(C-V)B—Bx (C-A, (1.91)
(V-A)B=(A-V)B+ BdivA, (1.92)
(Ax B)-curlC= B-(A-V)C—A-(B-V)C, (1.93)
(AXV)x B=(A-V)B+ Axcurl B— AdivB, (1.94)
(Vx A)yx B=—AdivB+ (A-V)B+ Axcurl B+ BxcurlA.  (1.95)

1.63. Find grad ¢(r), dive(r)r, curl(r)r, and (I - V)g(r)r.
1.64. Find a function ¢(r) that satisfies the condition dive(r)r = 0.

1.65. Find the divergences and curls of the following vectors:
(a-1)b,(a-1r, @(r)(axr), rx(axr),

where a and b are constant vectors.

1.66. Find gradr - A(r), grad A(r) - B(r), dive(r)A(r), curlg(r)A(r), and (I -
V) (r)Ar).
1.67. Prove that

(A-V)A=—-AxcurlA if A?= const.

1.68. Transform the integral over volume [, (grad ¢ - curl A)dV into the integral
over the surface.

1.69. Express the integrals over the closed surface ¢ r(a - dS) and ¢g(a - r)dS in
terms of the volume bounded by that surface. Here a is a constant vector.

Hint: Multiply each integral by the arbitrary constant vector b and use the Gauss—
Ostrogradskii theorem
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1.70*. Transform the integrals over a closed surface

¢ n<pd5,¢(n x A)dS , %(n -b)AdS ¢ Tup(r)npdS

into integrals over the volume bounded by that surface. Here b is a constant vector
and n is the ort of the normal.

1.71. Using one of the identities proven in the previous problem, formulate the
Archimedean law by summing pressures applied to the elements of the surface of
a submerged body.

1.72*. Prove the identity

/(A - curlcurl B— B - curlcurl A)dV = 56(3 xcurl A—Axcurl B) - dS

\%4 S
(1.96)

1.73. Inside volume V, vector A satisfies the condition div A = 0 and at the bound-
ary of the volume (surface S) the condition A, = 0. Prove that [, AdV = 0.

1.74*. Prove that
r)ydv’
o [ Ao,
[r—r]
where A(r) is the vector defined in the previous problem.

1.75. Prove the Green’s identities'®

/((pAl/) + VpVy)dV = §6<pvw .ds, (1.97)
\% S

/ (PAy — pAg)dV = 9§<¢w _yVg)-ds, (1.98)
\% S

where ¢ an v are scalar differentiable functions.

1.76. Transform the integral over the closed loop ¢} ud f into the integral over a
surface bounded by that loop.

1.77*. Prove the integral identities

%(pdl = /(n x grad ¢)dS , (1.99)
! s

16) George Green (1793-1841) was an English mathematician and physicist who introduced the
concept of potential and contributed to the development of the theory of electrical and magnetic
phenomena.
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§£(dl x A) = /((n x V) x A)dS , (1.100)
1 s

5£dl~A=/(nXV)-AdS. (1.101)
1 s

Here n is the ort of the normal to the surface, ¢ and A are functions of the coordi-
nates, | is a closed loop, and S is a nonclosed surface bounded by that loop. These
identities may be regarded as special cases of the generalized Stokes theorem

§6(...)dl = /(nXV)(...)dS, (1.102)
1 S

where the symbol (... ) labels a tensor of any rank.

1.78. Show that if the scalar function ¥ is a solution of the Helmholtz equation"”
Ay + k*p = 0 and a is a certain constant vector, then the vector functions L =
Vi, M = V x (ay), and N = V x M satisfy the Helmholtz vector equation
AA+K2PA=0.

1.2.5
Differentiating in Curvilinear Coordinates

Unlike in Cartesian rectangular coordinates, when we use curvilinear nonorthog-
onal coordinates q*(a = 1,2,3), x# (8 = 1,2, 3), the derivative over coordinates
from a tensor of rank s > 1 does not produce any tensor, which we will see lat-
er. This is due to the local nature of the definition of the tensor (1.51) applicable
to a certain point. In the meantime, a derivative is defined through the difference
of the values of two vectors at close but still different points. In order to define a
covariant derivative from a tensor of any rank, that is, such a differential operation
that increases the rank of a tensor by one, we will, for simplicity, consider a ten-
sor of rank 1 (vector) and expand it in basic vectors of the curvilinear system of
coordinates in question:

A= Ale, = A et . (1.103)

Differentiate the equalities in (1.103) and form the covariant derivatives:

A 0A _ Ay, 00 1.104
=€y —— = - veu T .
us u aqa aqa H aqa ( )
JA  DAX de,
Al = 22— Avel. S0 (1.105)
: ag“ agq“ agq“

17) Herman Ludwig Ferdinand Helmholtz (1821-1894) was a German physicist, mathematician,
physiologist, and psychologist.
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The first members of the equalities use the notation commonly accepted for co-
variant derivatives of covariant and contravariant vector components, respectively.
The sign of the identity is followed by their definitions. The second members in-
clude derivatives of the components of the vector and basic vectors. In curvilinear
systems of coordinates, unlike in Cartesian coordinates, derivatives of basic vectors
are not equal to zero.

Differentiating equality (1.48) over the coordinate, we find that

de” ey
U Ger = e (1.106)
Now, add the Christoffel symbols of the second kind to our consideration:'”
dey,
Lia=¢"" rel (1.107)
They allow us to write covariant derivatives in a more compact form:
dA,, ) AL
pia = aqé -ATy,, Al = 9q° —A'TE, . (1.108)

Christoffel symbols are not tensors since they do not satisfy the applicable rules of
transformation. They are symmetric as to the two lower symbols: ), = I';,. The
latter property follows from the representation of basic vectors (1.46):

dey _ de,
dge  agr

(1.109)

The rules (1.108) of computing a covariant derivative of a tensor of rank 1 are
generalized, in an obvious way, to include tensor T of any rank. Besides the deriva-
tive over the coordinate from the tensor in question, one needs to add as many
terms with a plus sign as the tensor has upper symbols and as many terms with a
minus sign as the tensor has lower symbols.

Example 1.9

Express the Christoffel symbols (1.107) through the components of metric tensor
Euv:

Solution. The definition (1.107) of Christoffel symbols allows us to write the fol-
lowing relation:

(1.110)

It follows from the equality (e,);(e”)’ = 0¢, which follows from the representa-
tions of basic vectors (1.46) and (1.49).

18) Elwin Bruno Christoffel (1829-1900) was a German mathematician.
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If we use the relation,

dey

— 1.111
T (1.111)

evl—- vua — )
Also consider Christoffel symbols of the first kind, I, ;o
As follows from (1.110) and (1.111), Christoffel symbols of the first and second
kinds may be regarded as the coefficients of the expansion of the quantity de, /dq“
in vectors of covariant and contravariant bases.
Using (1.48), we find from (1.111) that

dey,

— . 1.112
Te (1112

Fv,,ua =€y

Multiplying (1.110), in a scalar way, by e; and (1.111) by e* and using (1.50), we
find the connection between Christoffel symbols of the first and second kinds:

Topwa=gul,, T),=g"Tyua. (1.113)

na

Then, sequentially using the symmetry of the two symbols separated by a comma
and relations (1.109), (1.112), and (1.113), find the following:

r 1 dey, N de,
vua = = | €y €y
) g dgt

1 8g,“/ agav dey de,
E (8qa + 8(]:" — €y aqa - ba W)
_1 (8g/w L 98ar _ Bga#) , (1.114)
2\ dq* ~ dg*  9g”
1 08us  08ar  08a
FV - _ v il — “ . 1115
na =58 (Bqa + ag” dq” ( !
O
Example 1.10

Find the rules of the transformation of Christoffel symbols of the first and second
kinds when they are transferred to another curvilinear coordinate system.

Solution. Do the sequential computations

wo_ v, 08 _ 09" 5 0 3g°
na aq/a aqﬁ aq/a aq/,u

o

_ aq/v aql aqa eﬁ,aﬁ aq/v aqi aq/:( azqa eﬁ
aqﬁ aq/a aqm aq}, aqﬁ 3q/a aql 3q/xaq/,u

a
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B aq/v aq/l aqa 8 aq/v azqﬂ

= 5o 5 By e T ST Gy (1.116)
;g e 08 0 9g°
vaua — Gy’ - es - €
S aq/a aq/v aq/a aq//l

_0q” 9q" 8q”  de, 0q° 0%q°

=TI B R g

agf dg* 9q° gl 92gF
L L LAy AL L . (1.117)

- 3q/v aq/a 3q//‘ g 36]”’ Bq’“aq//‘

Only the first terms in the second members of the resulting expressions conform
to the rules of the transformation of tensors. The second terms violate the said
rules, which means that Christoffel symbols are not tensors. O

Example 1.11

Prove that the covariant derivatives of the vectors A ., and A’ are transformed as
covariant and mixed tensors, respectively, of rank 2.

Solution. Using the definition of covariant derivative (1.104) and the rule of trans-
formation (1.116), sequentially find the following:

A/ _ aATM I—-/v A/
u.a 8q/a T Tua

o A

_ 9 (9, \ 91

8q/1 aq/,u 8q/a
B aq/v 8q)‘ aqa [‘/3 8q/v 82q/3 8qK
aqﬁ aq/a aq/,u ro aqﬁ aq/aaq/,u aq/v

K

3q° 9q* (0A, g _9q” 0q"

= dg' 9ge (3ql ~ o ﬁ) - PP aq/aA”;}' :
It has been proven that the quantity in question is transformed as a covariant ten-

sor of rank 2. When considering the second tensor, one must use the following
equality:

(1.118)

9a’" 82/3 3/38182/1/
3" _9q" _ 9q” 99" 99" (1119)
8q18 3q’°‘3q"‘ 8q/a aq/,u aqﬂaql

It follows from differentiating over the coordinate of an equality such as (1.43). O
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Problems

1.79. Show that a derivative of a coordinate of the scalar (gradient) dS/dg" = S.,
is a covariant vector.

1.80. Show that a covariant curl coincides with a proper curl:

0A,  0A,

A _— = .
aq” ag”

wv Av;,u =

1.81*. Show that the covariant divergence of a covariant vector (scalar) may be
written as

u 1

"= Eag (vVgA") . (1.120)

1.82. In curvilinear coordinates, write down the Laplace operator influencing a
scalar function.

1.83. Write down covariant divergence T#",, for any tensor of rank 2.
1.84. Do the same for the antisymmetric tensor A*" = — A",

1.85. Prove the following relation for the covariant components of the antisymmet-
ric tensor A, = —A,,:
0A,,  0A;,  0A,,

dgq* aq¥ ag”

A/w;}, + Aﬂ.y;v + AM;# =

1.86. Find the covariant derivatives of the metric tensor g,,;1 and g"*,.

1.87. Prove the identity dg,, /09" = i + [ pui-

1.2.6
Orthogonal Curvilinear Coordinates

Orthogonal curvilinear coordinates in which g,, = 0 while 4 # v (see Prob-
lem 1.46) are practically used very frequently. In those cases, the following notation
is used: g, = h’(q)0 4y (no summing over u is necessary). The element of length
is written as

dl* = g,,dq"dg” = hi(dq")* + h3(dg*)* + h3(dq’)*, (1.121)

where, in accordance with (1.46), values h, (Lamé coefficients)' have the following

form:
ax \° 3y \* 3z \*
”“‘J (52) + () +(5) - 1122

19) Gabriel Lamé (1795-1870) was a French mathematician and engineer who conducted research in
mathematical physics and the theory of elasticity.
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Since ,/g = hihyh;, the invariant volume element (1.54) assumes the following
form:

dV = hihyhydgldg’dg® . (1.123)

The characteristic peculiarity of an orthogonal basis is that the vectors of the orig-
inal and mutual bases have the same directions but different sizes and physical
dimensions (because the coordinates x* and g may have different dimensions).
This is why the dimensions of different components of the same vector, expanded
in the vectors of those bases, may also be different, which creates a certain incon-
venience when physical problems are being solved. This is why the introduction
of an orthogonal basis of unit vectors e, eq« - €gx = 0qp is useful (we will label
them with lower indices and an asterisk) and through which, in accordance with
(1.50), the covariant and contravariant bases will be expressed in the following way:

1
es = hpegs, € = PR (1.124)

The expansion of an arbitrary vector A in orts eg« assumes the following form:
A= Ajers + Ajsers + Assess, (1.125)

where the “physical” components of the vector A . now have the same dimension-
ality matching that of A, that is, the physical quantity in question, and are connect-
ed to its covariant and contravariant components by the following relations:

Ape = =5 = Ay, . (1.126)

Since the use of the basis eg+ is convenient, hereafter we will use that basis every-
where, omitting the asterisk.

Using relations (1.120)—(1.126), and also (1.25), write down the principal opera-
tions of differentiation in orthogonal curvilinear coordinates:

1 0S8 1 0S8 1 9S
ds= 22 g 4 202 4 222, 112
gra ]’Ll aql (4] + ]’Lz aqz (%) + ]’L3 aq3 es ( 7)
di _t _3 hyh —ahh _3 hih ;
ivA = By 8q1( 2h3Aq) + 8q2( 1h3A7) + 8q3( 1hAs) |
(1.128)

1 0 hyhs 0S 0 hih; 0S
AS = 2 2 L 2
hihayhs [36}1 ( h 3‘11) * dq? ( hy qu)

L0 (k2 35T 1.129
ag> \ hy 9q3)|° (1.129)
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1 0 d
curlA = M [a—qz(haAa)— 8q3(h2A2)] €l
1 d d
+ h1h3 [a—qa(hlAl) — a—ql(h3A3)j| €)
+ ! i hyAj) — i h A 1.130
i aql( 247) 8q2( 1A1) | e3. (1.130)

Problems

1.88. From the common expressions (1.27)—(1.29), derive the basic differential op-
erations below in the (r, a, z) cylindrical coordinate system where x = rcosa,
y =rsina,and z = z:

as 10S as

grad S = 5,6 + T34 + 3, %% (1.131)
10 10A, 0A,
VA= ~-—(rA,) + - : 1.132
div rar(r )+r3a+3z (1.132)
19 ( dS 19SS  3*S
10A 0A 0A 0A
1A= |08z _CAay L 104y 0Az)
cur [r da 0z ] [ 0z ar ]
+1 9 rA 94, e 1.134
r ar( a) 8a z ( )

1.89. Do the same for the (r,9, @) spherical coordinate system where x =
rsind cosa, y = rsindsin a, and z = r cos 9:

4s_ S, 108 1 0S| .
BrGS = 5 o T I T Tend 0a (1.135)
d'A—18 ZA,) + 8A in®) + 194, 1.136
VA=T Br(r r) rsin ¢ 819( 9 Sinv) rsind da (1.136)

As_ LA (p0S\ 1 @ asy 1 @S
=——(rr—= —— | sind— —_ (1.
r2 dr ar r2sin ¥ 99 01 r2sin? 9 da?’ ( )

1 0 0A
curl A = |:—(Aasinl9)— —0] e

rsind | 00 da
1 0A, 10 A n 170 A 0A,
rsind da rar(r o) | €0 r 8r(r ) a9 | f¢

(1.138)
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1.90*. Use identity (1.83) to write the projections of the vector A A onto the axes
of a cylindrical coordinate system.

1.91*. Do the same for a spherical coordinate system.

1.92. Find the general form solution of Laplace’s equation for a scalar function that
depends only on (i) r, (ii) @, and (iii) z (cylindrical coordinates).

1.93. Find the general form solution of Laplace’s equation for a scalar function that
depends only on (i) r, (i) ¢, and (iii) a (spherical coordinates).

Note In Problems 1.94*-1.98", examples of curvilinear orthogonal systems of
coordinates are considered. These systems are more complex than cylindrical and
spherical systems. For more information, see Arfken (1970) and Stratton (1948)

1.94*. The equation

xz YZ ZZ
2 TrTa

=1 (a>b>¢)

represents an ellipsoid with semiaxes a, b, and c. The equations

X2 Y2 ZZ 5

:17
AIE BAE AAE

xZ Y2 22

RPN

xZ YZ 22

_ _ 1,2 2
a2+§+b2+§+c2+§_1’ b*>C>—a

represent an ellipsoid and one-sheet and two-sheet hyperboloids confocal with the
first ellipsoid, respectively. Each point of the space is crossed by a surface character-
ized by values &, ,and C. &, #, and ¢ are called ellipsoidal coordinates of the point
x, v, z. Find the formulas of transformation of ellipsoidal to Cartesian coordinates.
Make sure that an ellipsoidal system of coordinates is orthogonal. Find the Lamé
coefficients and Laplace’s operator in ellipsoidal coordinates.

1.95*. When a = b > ¢, the ellipsoidal coordinate system (see the previous prob-
lem) degenerates to become a so-called flattened spheroidal coordinate system.
When this happens, the coordinate { becomes constant, equals —a?, and must
be replaced by another coordinate. To serve as such, an azimuthal angle a on the
surface xy is selected. The coordinates & and # are found from the following equa-
tions:

2 2
r z
L T
TEt Aol 6z
2 2
r z 1, -3>n=>-d*,

A
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where 12 = x2 + 2.

Surfaces & = const are flattened ellipsoids of rotation around the Oz axis. Sur-
faces 7 = const are one-sheet hyperboloids of rotation confocal with them (Fig-
ure 1.6).

. [ ;
5 S n - const
,\'—F -1 "';);
T ST
o .
. Y .
e \ ; .
I Y ! 5,
/ \ ! "
! | !
'., SRR -
\ ' !
\ ! y ¥
\\ ; . A
/ 7
Ny / " % E = const
e ,,-" N
,)—q__ — _1 -~ d_F’«-\
I \

Figure 1.6 A flattened spheroidal system of coordinates.

Find the expressions for r and z in flattened spheroidal coordinates, the Lamé
coefficients, and Laplace’s operator in those coordinates.

1.96™. An extended spheroidal system of coordinates is derived from an ellipsoidal
one (Problem 1.94*) when a > b = c¢. When this happens, the coordinate 7
becomes constant and must be replaced with an azimuthal angle a marked off
on the yz surface by the Oy axis. The coordinates & and ¢ are found from the
following equations:

x2 r

N
et EIEC L

x? r?

B
vl

where 2 = y? + 22,

The surfaces of the constants £ and # are extended ellipsoids and two-sheet
hyperboloids of rotation (Figure 1.7). Express the quantities x and r through & and
C. Find the Lamé coefficients and Laplace’s operator in the variables &, &, and a.

2

&>-b*,

—b*>¢>—a?,

1.97*. Bispherical cooordinates &, #, and a are connected to Cartesian coordinates
by the following relations:

asinn cos a asinysin a asinh &

cosh& —cosn’ " cosh& —cosy z:coshé—cosn’

where a is a constant parameter, —co < § < 00,0 <7 < m, and 0 < a < 2m.
Show that the coordinate surfaces & = const are spheres,

2
2, 2 _ 2 _ o
x“ 4+ y°+ (z —acoth &) _(sinhé) ,
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[ I
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Figure 1.7 An extended spheroidal system of coordinates.

the surfaces 7 = const are spindle-shaped surfaces of rotation around the Oz axis,
whose equation is

2 2
(,/xz—i—yz—acotn) +22:( .a ) ,
siny

and surfaces o = const are half-planes diverging from the Oz axis (Figure 1.8).
Make sure that these coordinate surfaces are orthogonal with respect to each other.
Find the Lamé coefficients and Laplace’s operator.

Figure 1.8 A bispherical system of coordinates.

1.98*. The toroidal coordinates p, &, and a make up an orthogonal system and are
connected to Cartesian coordinates by the following relations:

a sinh p cos a a sinh p sin a asin &

coshp —cos &’ " coshp—cos& "’ " coshp —cos&’
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where a is a constant parameter, —co < p < 00, - < § < 7, and 0 < a < m.

Show that p = In(ry/r;) (see Figure 1.9, displaying the surfaces a = const and
a + m = const) and the quantity & is the angle between r; and r; (§ > 0if z > 0
and § < 0if z < 0). What is the form of the coordinate surfaces p = const and
& = const? Find the Lamé coefficients.

Figure 1.9 A toroidal system of coordinates.

Suggested literature:

Borisenko and Tarapov (1966); Weinberg (1972); Arfken (1970); Mathews and Walk-
er (1964); Lee (1965); Rashevskii (1953); Morse and Feshbach (1953); Stratton
(1948); Madelung (1957)

1.3
The Special Functions of Mathematical Physics

1.3.1
Cylindrical Functions

Cylindrical functions are used when solving many specific problems. Of these, the
Bessel functions are the most commonly used. They may be obtained by expanding
a purposely selected exponent (generating function) in a power series over u:

exp {; (u— %)} - nioo Tn(x)u™ . (1.139)

The coefficients J,(x) of this expansion are called Bessel functions® of the first
kind and order n. The representation of a Bessel function as a power series may be

20) Friedrich Wilhelm Bessel (1784-1846) was a German astronomer, land surveyor, and
mathematician.

41
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obtained from the power series for exponents:

s

o(F)er(3) =X ) G () oo

These expansions are valid for any (including complex) values of x and u, which is
due to the unboundedness of the radius of convergence of an exponent. Changing
to summing over n = r — s(—oo0 < n < 00), we get, from (1.140)

x 1 o ° n+2s "
eXP{E(”_;)}: > Zs'n+s ( ) u
n=—00 s=0
= Z Talx)u", (1.141)
n=—00
wherefrom it follows that
o0
B (_]_)5 f n—+2s
Tn(x) = ;) prE (2) . (1.142)

The use of this representation for J,(x) is expedient when n > 0. When n < 0, the
following may be written instead of (1.142):

- S (=1)° xyntzs 1)stinl Inl+2s
Jalx) = §I sl(n + s)! (E) ; |”| +s)! (_) v

This is because when s + n < 0, (s + n)! — co. As a result, we get a simple depen-
dence between the Bessel functions of the whole positive and negative orders:

J=n(x) = (=1)"Ju(x) - (1.144)

Example 1.12

Obtain recurrent relations between Bessel functions of various orders by differen-
tiating equality (1.139) over u and over x, comparing the second and first members
of the equality.

Solution. Differentiating (1.139) over u, we get

(e [5(+-0)] -3

||
/—\

)an

n=—0oo

I
™
s
<
=
2
s
i
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n—1;

Equating the coefficients of 4" " in second and first members of the latter equality,

we find the following:

2n
Jn=1(®) + Juta (%) = — Ju() - (1.145)
Differentiating (1.139) over x, we get in the same way

Tn=1(%) = Juta (%) = 2J,(x) - (1.146)

These recurrent relations may be rewritten as follows, in other forms:

d
T = ZhEF @) e = 2T e (1)
Specifically,
Ji(x) = =Jo(x) - (1.148)
O
Example 1.13

Obtain representations of the Bessel function as integrals from exponential and
trigonometric functions. For that purpose, use the substitution u = exp(ig) in
expansion (1.139).

Solution. The substitution leads to the expansion

exp(ix sin ) Z Jn(x)exp(ing) . (1.149)

n=—0oo
Use the periodicity of the functions sin ¢ and exp(i ng) and also the easily verifiable
equality
a+2m
exp(i(n — m)p)de = 270y ,
a

where m is an integer and a is any real number. Multiplying both parts of (1.149) by
exp(—img) and integrating over ¢, we get the representation of the Bessel function:

1 a+2mn
Jm(x) = I / exp(ix sing — img)de
m a+2m
= (_22 / exp(ix cosg — img)dy . (1.150)
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Example 1.14

Presume that certain functions of Z, (x), different, generally speaking, from Bessel
functions (1.142), satisfy the recurrent relations (1.145)—(1.148) when the value of
n = v is arbitrary and complex. Produce a differential equation of the second order
whose solution is Z, (x).

Solution. Differentiate the second equality (1.147) over x and add a term equaling
zero to it (replacing n — v, J, — Z,):

1 v
4 _ -V v 79/ - /7 _ _
Ziy =) 4 (20 22— Zom)
v+1
— Z//
+ X

v

1
Z\ =~ Zu.

Once again, add a term equaling zero to the second member:

v+1 1 n v
Zl =2+ — z—zaﬁ+;[aﬂ—za—zd
1 n? v—1
o ’
=Z/+ -2 - 527, + Zy 1.

Finally, from the second equality in (1.147), if we make the replacement n + 1 —
v, Jn» = Z,, we find

—1
z, = "7z, 7
X

v—1 -

Excepting Z/_, from the latter two equalities, we get the Bessel equation, satisfied
by the function Z, (x):

14

1 2
zy+;4+(r—;)azo. (1.151)

O

This or a similar equation appears when solving many physical problems. Below,
we will briefly summarize the basic information concerning the solutions of this
equation. The generation of the necessary formulas is shown in special mathemat-
ical texts (Arfken, 1970; Nikiforov and Uvarov, 1988; Gradshtein and Ryzhik, 2007;
Lee, 1965; Mathews and Walker, 1964; Abramovitz and Stegun, 1965; Vilenkin,
1988).

A solution of (1.151), limited when Rev > 0, called a Bessel function of the first
order when x — 0, may be represented as a power series, which is a generalization
of (1.142):

JAzp:(%)szgﬁiéagglqj(g)h. (1.152)

s=0
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The independent variable is labeled z, because the series remains valid whatever
the values of v and throughout the complex plane z, except for the slit along the
negative part of the real axis.

Another linearly independent solution, when v # n = 0, +1, ..., may be J_,(x).
When » is an integer, there is a linear connection (1.144) between the two solutions
shown. This is why the Bessel function of the second kind (the same as Neumann’s
function®” or Weber’s function™) is selected as the second solution:

Jv(z)cosvm — J_,(2)
sinvm ’

Y, (z) = (1.153)
This solution has a finite bound when v — n.

Also, Bessel functions of the third order, also called Hankel functions
selected as two linearly independent solutions:

» may be

HMz) = Juz) +iYo(2): HP(2) = Ju(z) — iYs(2). (1.154)

All these functions are solutions of Bessel’s equation. The functions Y, and H 51’2)
have singularities when z — 0. All these solutions satisfy the recurrent relations
(1.145)—(1.147) (with the replacement of n — v, J, — Z,).

The asymptotic values are as follows: when z — 0,

Z’V

” N — -1,-2,..., 1.155
o e (1.155)
(1) () 2
Yo(z)  —iH,'(z) = iH; (z) ~ Rlnz , (1.156)
) ) I'(v) rz\—
Y, (2) ~ —iH"(2) ~ iHP(2) ~ — T(E ) (5) , Rev>0,  (L157)
and when |z| — oo and v is arbitrary,
2 cos( vr n) largz| < @ 1.158
v(2) =y — z———=), z , .
Jolz) &y = " g (1158)
Y, (z) 2 sn( ki n) |argz| < m (1.159)
W(2)~ 4 —sin|lz————), z N .
nz 2 4 &
2 T
Wy~ [ 2 o, Tt _
H,'(z) ~ 4/ p— exp [1 (z 3 4)] , T <argz < 2w, (1.160)
2 VT
(G N U _
H)7(z) ~ p— exp[ 1(2 7 4)] , 2m <argz <m. (1.161)

21) Karl Gottfried Neumann (1832-1925) was a German mathematician.
22) Heinrich Weber (1842-1913) was a German mathematician.
23) Hermann Hankel (1839-1873) was a German mathematician and a historian of mathematics.
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Cylindrical functions of purely imaginary arguments are called modified Bessel
functions. The second of them is also called the Macdonald function.* They are
described by the following relations:

I(z) = e ™2 ],(iz), (1.162)
K, (z) = %ei“(””/zHﬁl’(iz) (1.163)
or
2V (2/2)” _wlo(2) - L(z)
h(z) = (E) ;) siF(v+s+1)° K(z) = 2 sinvx - (1164

These functions take real values when v and z > 0 are real. Recurrent relation and
differentiation formulas are produced from (1.145)—(1.147), (1.162), and (1.163).
For instance,

I[(z) = (z), Ki(z) =—Ki(z). (1.165)
Modified Bessel functions satisfy the equation
7 1 4 Vz
W W= (14 ) W, =0, (1.166)

The asymptotic values are as follows: when z — 0,

v

L(z)~ ————— ~1,-2..., 1.167
B Fre T T (1167
1 AN
Kofz) ~ ~Inz, K(z)~ 3T () (5) , Rev >0, (1.168)
and when |z| — oo,
I(2) ~ ———e®, |argz| < © (1.169)
v(Z) =~ , z -, .
J2nz & 2
Ko(2) ~ o2, Jargz] < X (1.170)
WEIE e e 2 '

The spherical functions of Bessel, Hankel, and Weber often appear when prob-
lems are solved in spherical coordinates. They are of half-integer order and are
described by the following equalities:

. 7 12 T2
)=o) s 7 = H ()

yi(x) = \/gYH%(x) . (1.171)

24) Hector Munro Macdonald (1865-1935) was a Scottish physicist and mathematician.
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All these functions (their common symbol is z;(x)) satisfy the following equation:

2 +3 +[1_z(z+1)}Zl:0

x2

When x is small,

, - x (1,2) x
Ji(x) o Kt oo oT (1.172)
When x is large
1 (I +1)m
Jl(x)N;cos[ 2 } ,
1 I+1
M“R)A,;am{i[x—ijéliﬂ. (1.173)
Problems

1.99. Compute the indefinite integrals
[x"Zy—1(x)dx and [ x 7V Z,4q(x)dx.

1.100. Compute the definite integrals
o7 Tix)dx, [ Ja(x)x1dx, and [ T (x)x " dx

1.101. Prove the equality of the integrals
I Tn(x)dx = [7° Ju(x)dx,n =0,1,.

1.102. Obtain the integral representation

1
2 / COS Ux
T J V1= u2

Hint: Perform the substitution u = sin ¢.

1.103*. Compute the integrals

/2 /2

/]o(xcosgo)coswdgo:% and /jl(xcosw)dwz
0

0

1—cosx

Hint: You may use expansion in power series.
1.104. Produce the formulas

Jal¥) = (~1)Fx" (i)k (%" Jams()

xdx

n,..n d "
=(=1)"x (—) Jo(x) -

xdx
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1.105. Produce recurrent relations for the modified Bessel functions:
2v
I—1(2) = Ii41(2) = ?Iv(z) v L(z) + Lya(z) = 21;(2) 1 (1.174)
2v
Ky—1(z) — Ky4a(2) = —?Kv(z) ;

Ko—1(2) + Ky 41(2) = —2K.(2) . (1.175)
1.106*. Show that

Jollri = ral) = Z Tu(r1) Ju(r2) exp(ind)

n=—00
where ¥ is the angle between vectors ry and r,.
1.107*.

1. Write an equation satisfied by the function u(x) = J,(ax).
2. Compute the integral (b # a)

1

/ % Ju(a%) Ju(bx)dx = a],;(a)]n<:2) - szfubuw(“) _ (1.176)

0

3. a # b are the roots of the equation J,(x) = 0, thatis, J,(a) = Ju(b) = 0. Show
that

1 1

/x]n(ax)]n(bx)dx =0 and /x]ﬁ(ax)dx = %[];(a)]z. (1.177)

0 0

Note The first equality (1.177) expresses the property called the orthogonality of
Bessel functions weighted by x.

1.108*. Produce “summation theorems” for Bessel functions:

S Tk Jely) = Jalx + ), n=0,12,..: (1.178)
k=—o00
S D k() i(x) =0, n=1,2,...; (1.179)
k=—o00
Z V) e(y) = Jo(x +y), n=12...; (1180

5(x)+2

Mz

(D Ji(x) = Jo(2x) - (1.181)

=
Il
A



1.3 The Special Functions of Mathematical Physics

13.2
Spherical Functions and Legendre Polynomials

Spherical functions and Legendre polynomials are widely used in many fields of
physics, especially in electrodynamics and quantum mechanics. The generating
function for Legendre polynomials® Pj(cos #) is the reverse distance between two
points with radius vectors a and r, the angle between them equaling

1 1 1 a
— = : — ——Z( )Plcosﬁ) —-<1.
[r—al  r2+ a2 —2arcos? "= r

(1.182)

Designating ¥ = cos ¢ and u = a/r and using binomial expansion, which, for the
negative exponents is conveniently written as

o0
- ZF(nJrq) "
(l—a) 1 = Wa , |a|<1,
n=0

and the binomial expansion for a" = (2ux — u?)", we get a double sum:

n=0k=

Begin summing over kand n + k = | > 0, which will result in the rearrangement
of the terms of the series. In this case, this rearrangement is valid because the
infinite series is absolutely convergent, which will be shown below. As the result,
we have

co

where
1
_ ri-k+1/2) kg I—2k
Pi(x) = g—(l/zw(l—zm (~1)*(2x)" 7
I
=Y (-1t @2k o (1.183)

2611 — k)l(I — 2k)!

In the latter two equalities, the sum over k is actually limited to the value of the
integer part of 1/2 because the infinite factorial of the negative integer in the de-
nominator will eliminate all terms with I — 2k < 0.

25) Adrien-Marie Legendre (1752-1833) was a French mathematician.
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Example 1.15

Find the values of the polynomials P;(1), P;(—1), and P;(0) by assigning particular
values to the angle ¥ in (1.182) and using the binomial expansion.

Solution. If we assume that cos ¥ = 1, we find, from (1.182), that

oo
uh = ZPl 1)u!
=0

and, therefore, P;(1) = 1 whatever the values of [, and Py = 1 when 0 < ¢ < m.
Similarly, we get the following:

1
1—u

e

I
(=1

(2L =1)! .
BEL
Py41(0) =0, 1>0. (1.184)

Pi(=1) = (=1)", Py(0) = (-1

Example 1.16

Acquire limits of the values of Legendre polynomials | Pj(cos ©#)| < 1 by analyzing

the expansion of the generating function (1.182) in series over cos mv.

Solution. Sequentially obtain the following from the generating function:
1—2ucos® + u?)~V2 = (1 — ue?)~12(1 — uei?)=12

=14+ = uelz? 3u2 2t19+ ..
x{ —ue‘”’—}—zuze_zm-l—---%
2 8
[e o]
= Z Py(cos ) u'
1=0

where Pj(cos¥) = Zi=0 ay cos kv. Coefficients ay, are selected from the values in
braces and, importantly, they are all not negative: a; > 0. In this case, the sum
> ay cos k¥ is maximal when ¢ = 0, which corresponds to P;(1) = 1. Therefore,
| Pi(cos¥)| < 1. a
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The estimate we have made allows us to establish that the series (1.182),
when a/r < 1, is absolutely convergent, that is, what converges is the series
> 72, | Pi(cos ¥)|(a/r)". This follows from the established inequality and the fact
that the dominating series 372 (a/r)" is knowingly convergent when a/r < 1. It
represents the sum of the elements of a decreasing geometric progression.

Expansion (1.183) may yield a more compact representation of the Legendre
polynomials if the following transforms are done sequentially:

@ -2k g
=i =20

1= e
papt

_ d lle—zk
— lk' k dx

1 (d : =k 1 /4
:ﬂ(a) kZ_Ok!(l—k)!xZI "= YT (d ) (x> —1)".

The latter expression for Legendre polynomials is called the Rodrigues formula.

(1.185)

26)

Example 1.17
Using the Rodrigues formula, produce recurrent relations between the Legendre
polynomials:

P/(x) = xP]_;(x) + | Pi—q(x) ; (1.186)

(1= %) P{/(x) = 2(1 + 1) Pl (x) — 2(1 + 2)x
x P{(x) — (I + 1)(I + 2) P(x) . (1.187)

Using the said relations, obtain a differential equation of the second order satisfied
by Py(x).

Solution. Use the Leibniz formula® to find the derivative of order n from the prod-
uct of the following functions:

(fg) (n) — Z Wi f(” k)g(k)

26) Benjamin Olinde Rodrigues (1794-1851) was a French mathematician and economist.

27) Gottfried Wilhelm Leibniz (1646-1716) was a German philosopher, jurist, and historian as well as
a mathematician, physicist, and inventor. He was one of the founders of classical mathematical
analysis.
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Compute

P/(x) = ﬁ (%)H—l (x2—1) = zzl_il (%)l [x(xz B 1)1—1]

21 d d\'"
= o [x (E) (x> = 1) 41 (E) (x* — 1)1—1} :

Expression (1.186) follows from this equality and the Rodrigues formula. Obtain
(1.187) using the following similar relation:

142 142
(%) (x?2 -1 = (x2—1) (%) (x? — 1)}
I+1
+2(l 4+ 2)x (E) (x* —1)!

I
+(1+1)(+2) (%) (x* =1

Obviously, the two recurrent relations obtained produce the differential equation of
Legendre that has the following form:

(1= x%) P/'(x) — 2 P (x) + (I + 1) Py(x) = 0 . (1.188)
The second linearly independent solution of Legendre’s equation has singularities
when x = £1. O
Example 1.18

The adjoint Legendre polynomials are described by the expression

PR = -4 () Pis)

_w2\m)2 I4+m
_a 29;”) (di) (x*=1)', —l<m<l. (1.189)
! x

Obtain a differential equation satisfied by the adjoint Legendre polynomials.

Solution. When m > 0, differentiate the two parts of Legendre’s equation (1.188)
m times and get an equation of the form

(1—x2)F" =2(m+1)xF + (I—m)(l+ m+1)F =0

for the function

F(x) = (%) Pi(x) = (1= )" P"(x) .
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After inserting the derivatives in the equation obtained,

Fl(x) = (1—x%)7""2 [dplm mel’”]

dx 1—x2
F//(x) — (1 _ xZ)—m/Z

&P 2mx dP"  mP"  m(m+2)x’P"
dx?2  1—-x2 dx = 1-—«x? (1— x2)2 ’

find the required equation:

TP AP L TS S, 1190

(-t —2v L+ [+ ) - 2 | P =0, (1.190)
Since the equation is not sensitive to the sign of m, P;""™(x) and P;"(x) may differ
only in the factor independent of x (see Problem 1.116™). O
Example 1.19

Use (1.190) to prove the orthogonality of the adjoint Legendre polynomials where
symbols m are the same and symbols [ are different.

Solution. Write down (1.190) in the form

m 2

d ZdPl m m o __

_l—x

and another similar equation for P}7'. Further, multiply the first equation by P/ and
the second one by P/*, deduct two equations term by term, and integrate over x.
This gives us

1
l+1) -Vl + 1)]/ PIMx)P"(x)dx =0,
—1

wherefrom we obtain the orthogonality of

/P;,"(x)P;"(x)dx =0, I'#1. (1.191)

—1
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Example 1.20
The spherical Legendre function Y, (¥, ¢) is described as follows:

Yim(D,¢) = Ci P"(9)e'™ (1.192)

where P/"(9) is an adjoint Legendre polynomial, expressed through trigonomet-
ric functions and Cj,, is the normalization factor. Find the law of transition of
this function when the coordinate system is inverted. Make sure that the Legen-
dre spherical functions are orthogonal as to their indices when integrated over the
whole spatial angle and write, in an explicit form, the condition of their normaliza-
tion per unit.

Solution. When the coordinate system is inverted (see Section 1.1), the polar
angles are transformed as per the rule ¥ — ©m — 0,9 — 7 + ¢, cos¥ —
—cos®, €™ — (—1)™e!™. On the basis of the definition of P/"(x) (1.189) and
(1.191), find

Yim(9, ) = Yim( = 0,7+ ¢) = (=1)' V(D ¢) - (1.193)

Integrating over the whole spatial angle means that the boundaries of the angle
measurement are 0 < ¢ < 1,0 < ¢ < 2. Integrating over ¢ ensures the orthogo-
nality of m-indexed spherical functions:

2m

/ei(’"—m/)"’dga =20 -
0

Orthogonality over index ! is ensured by the adjoint Legendre polynomials (see
Example 1.19). The condition of orthogonality and per-unit normalization is as fol-
lows:

4

2
/sim?dz?/d(le’/km/(ﬁ,w)ﬁm(ﬁ,w) = 01O mm - (1.194)
0 0

The normalization factor is found as per the following condition:
1
27| Cpp|? /[P["(x)]zdx =1.
—1

For the computation of the latter integral, see Problem 1.118%. O

Here is a rather useful relation called the summation of spherical functions theorem.
Assume that it is probable, which it actually is. If € is an angle between two vectors
(r,9,¢) and (', ¥, ¢), that s,

cos 0 = cos ¥ cos? + sin® sin ¥’ cos(p — ¢’),
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then

47
21 +1

l
Py(cos ) = 3 Yin(®,0) Yim(',¢) - (1.195)
m=—I

The derivation of this expansion may be found in Arfken (1970). The method of
the theory of group representations is described in detail in Vilenkin (1988) and
Gel'fand et al. (1958). See also Abramovitz and Stegun (1965), Gradshtein and
Ryzhik (2007), Kolokolov et al. (2000), and Madelung (1957).

Problems

1.109. Show that when x = cos ¥, Legendre’s equation assumes the following
form:

Li 'nﬁﬁ+ll+1p—o 1.196
sy dg SV gy T DP=0. (1.196)

1.110. Obtain the recurrent relations
21+ 1)xPy(x) = (1 + 1) Prpa(x) + LProa(x)
2L+ 1) Pi(x) = P[4 (%) — P[_4(x),

where I =1,2,...
For that purpose, you may use the Rodrigues formula and the method used in
Example 1.12 when considering Bessel functions.

1.111. Using the recurrent relations, find the first five Legendre polynomials.

1.112*. Using the Rodrigues formula, prove the orthogonality of Legendre polyno-
mials with various values of | and find the normalization integral:

1
2
/Pl(x)Plr(x)dx = S0 (1.197)
—1

Hint: Express the normalization integral through the Euler beta function.
1.113. Using the generating function for Legendre polynomials, obtain the expan-
sion

2 (e

=Y L+ 1)Py(x)u’ .

=0

1—u
(1—2ux + u?)3?

1.114. Using the results from Example 1.17, obtain the second Legendre polyno-
mial in the form P, = Zi=0 ai cos kv.
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1.115. Write down (1.190) for adjoint Legendre polynomials in spherical coordi-
nates.

1.116*. Using formula (1.189), show that

(l_m)' m
P - (1.198)

P "(x) = (—1)mm

Hint: Apply the Leibniz formula to the product (x —1)"(x +1)" (see Example 1.17).
1.117. Write down, in explicit form, Legendre polynomials P/" for | = 0,1, 2, 3.

1.118*. Find the normalization coefficient Cj,, introduced in Example 1.20. Write
down, in explicit form, Legendre’s spherical function.

1.119. Write down an equation satisfied by Legendre’s spherical function Y;,,,(%, ¢).

13.3
Dirac Delta Function

We encounter the concept of the Dirac delta function® when trying to describe the

charge density p(r) of a point particle. If a particle with charge e is at the origin,
then, obviously, the function p(r) must have the following properties:

p(r)=0 if r#0. (1.199)
Yet when r — 0, the density of p(r) must increase fast enough for

/p(r)dV =e, (1.200)

AV

that is, for an integral over any volume AV, containing the point where the particle
in question is located, to have the final value that equals the charge e.

Having written p(r) = ed(r), we get, from (1.199) and (1.200), the conditions
determining the three-dimensional delta function:

o(r)=0, r#0; O(r)—>o0, r—0; (1.201)

/ o(ndv =1. (1.202)
AV

The one-dimensional delta function is described by similar relations:

O(x)=0, x#0; O(x)—>o00, x—0; /6(x)dx=1, (1.203)
A

28) Paul Adrien Maurice Dirac (1902-1984) was an outstanding English theoretical physicist, a Nobel
Prize recipient, one of the founders of quantum mechanics, and the creator of the first quantum
field theory (quantum electrodynamics). He formulated the relativist quantum equation for
electrons and other leptons and introduced the concept of antiparticles (see Chapter 6).
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where A is the segment of the x axis that contains the point x = 0.

The delta function belongs to the class of singular generalized functions. It ac-
quires its exact meaning under an integral. Consider the integral of the product of
the delta function and any continuous and bounded function f(x):

/6(x)f(x)dx ,

where x; < 0 and x; > 0. Since d(x) = 0 when x # 0, then only the small
neighborhood € of the point x = 0 where f(x) is constant, equaling f(0), makes a
contribution to the integral:

/ O(x) fx)dx = f(0). (1.204)

Further, having replaced variable x with x —a in the argument of the delta function,
retracing the previous reasoning, we find the following:

/é(x —a) f(x)dx = f(a), (1.205)

if the interval (x4, x,) contains the point x = a.
Equalities (1.203) and (1.204) show that J(x) is an even function of its argument:

5(x) = O(—x) . (1.206)

Using the latter property and inserting the variable |a|x = y, make sure that the
relation

1
|af

/ d(ax) f(x)dx 1(0) (1.207)

is valid. Finally, consider the integral

/ 8(g(x)) f(x)dx ,

where a certain smooth function g(x) is in the argument of the delta function. Only
points where g(x) = 0, that is, the real roots of the function g(x), contribute to the
integral. Having labeled them as a;, we may write

a;+e

/ 8(g(x)) fix)dx = 3 / 8(g(x)) fx)dx

bogi—e
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where € is a small number. If f(x) is continuous, then f(x) in the segment [a; —
€,a; + €] may be replaced by f(a;) and g(x) approximated with the first member
of the expansion g(x) = g’(a:)(x — al). As the result, using (1.207), we get

X2

/6(g( Z |g f( ) - (1.208)

X1

This property of the delta function may be written as a symbolic equality:

) = Z mé(x —a;). (1.209)

If g’(a;) = 0, that is, g; is a multiple root, relations (1.208) and (1.209) become
meaningless. Similarly, the product d(x) f(x) is meaningless if the function f(x)
has a singularity when x = 0.

The derivative from the delta function may also be found. Its exact meaning is in
the formula

/f(x)wmc - —aJ;Ef) , (1.210)

which is produced by integrating by parts. Derivatives of higher orders are found
in a similar way:

/fx)é(”) a)dx = (=1)" f"(a) . (1.211)

The function 0 (x) may be regarded as a derivative from the Heaviside step (or
staircase) function® @ (x). This follows from the obvious relation

x 1 x>0,
/6(x)dx =0(x) =11 x=o0, (1.212)
0, x<0,

where the lower bound of integration x; is any negative number. Differentiating
this equality, we get the following:

O'(x) = d(x) . (1.213)

In equality (1.212), when the bound of integration coincides with the point where
the argument of the delta function is reduced to zero, we use half of the value of

29) Oliver Heaviside (1850-1925) was an English physicist, engineer, and mathematician. He
developed the basics of operational and vector calculus in their present state. For instance,
Heaviside introduced the concept of ort, the name “nabla” for Hamilton’s operator (V), and
the in-bold notation for labeling vectors (Prokhorov, Yu.,V. (1988) Mathematical Encyclopaedic
Dictionary, Sovietskaya Enciklopediya).
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the smooth function f(x) = 1, that is, we use the integration rule:
i 1
/ f)o(x — a)dx = - f(a). (1.205')
X1

This rule agrees with property (1.206), which is the evenness of the delta func-
tion.

The three-dimensional delta function may be regarded as the product of three
one-dimensional delta functions:

O(r—a) = 0(x —ay)o(y —ay)0(z —az) . (1.214)

This is why all the above properties of one-dimensional delta functions are easily
generalized to include the case of three dimensions.

1.3.4
Certain Representations of the Delta Function

One may obtain a visual representation of the delta function and its derivatives by
looking at the diagram of a certain continuous function d(x—a), suchas [, Oc(x—
a)dx = 1. The parameter € characterizes the width of the interval within which the
function in question is other than zero (Figure 1.10).

The delta function and its derivatives are defined as the limits

0(x — a) — lim 00¢(x — a)

0x e—0 0x

O(x —a) = lim O.(x —a), ,
(x = a) = lim O.(x — a)
and so on.

Many nonsingular functions depending on a parameter when it has certain lim-
iting values assume the properties of the delta function. The most often used such
representations of the delta function areas follows:

1 .. € 1 . 1 1

d(x) = = lim —— = — lim —— — ) (1.215)
Te>0€2 4+ x2  2mie>0\x—ie x4+ i€
1 .. sin Kx

O(x) == lim ; (1.216)
T K—oco X

' Figure 1.10 The visualization of the delta function and its first deriva-
il tive.
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1 . sin® Kx
Ofx) = — Klgnoo< 2 ) ; (1.217)
5(x) = lim el (1.218)

e—>0 /e

Example (1.216) yields the following representations:

K K

1 ; 1
O(x) = — lim e**dk = — lim [ coskxdk . (1.219)
27 K—o00 T K—o00
—K 0

They may be regarded as expansions of the delta function in a Fourier integral.*”

Sometimes, formulas (1.219) are written without the sign for passage to the limit
when integrating over infinite limits.

It is easy to make sure that any of the representations (1.215)—(1.219) agrees
with all the properties of (1.203)—(1.207) and the definition (1.210) of a derivative
from the delta function. When computing integrals with delta functions with the use of
representations such as ((1.215) )—((1.219) ), one should pass to the limit after integrating.
For instance, when using (1.216), we have

bK

b
/(3(x)f(x)dx _ 1 lim f(%)

sin'y

— Jim_ dy = f(0), (1.220)
—ak

and the limit (1.216) per se does not exist.

1.3.5
The Representation of the Delta Function through Loop Integrals in a Complex Plane

We will now use Cauchy’s® integral formula:

1
(@,
2mi z—a
C

fla), (1.221)

where f(z)is a function without singularities either within the area bounded by the
closed loop Cor on the loop itself, in the plane of the complex variable z, integration
over which is done counterclockwise. As follows from the comparison of (1.221)
with (1.205), the quantity

1 1
2niz—a

may be regarded as a representation of 0(z — a) if we agree to integrate over the
closed loop that surrounds point z = a, within which, just as on the loop itself,

30) For Fourier integrals, see Section 1.3.8.
31) Augustin-Louis Cauchy (1789-1857) was an outstanding French mathematician and physicist.
Unlike Laplace, Cauchy was a catholic and a royalist.
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there are no other singularities of the subintegral expression. For instance, the
loop C may be a circle of small radius.
In applications, one frequently encounters an integral over a proper axis:

[ S

X —a

’

x1

where f(x) has no singularities on the segment [x;, x,], whereas the limits x;, x;
may be infinite. Such an integral, when a is real, has no particular value because
the subintegral expression has a pole on the path of integration. Computing this
integral requires additional information, that is, the rule of circumventing the spe-
cial point must be indicated. Usually, the circumvention rule is established on the
basis of physical arguments:

f=) o [ fx) f(x)
Cr

Cre+Cr Cre

This means that the integral in the first member of the above relation, where in-
tegration is done over the whole loop, may be represented (see Figure 1.11) as the
sum of two integrals. In the first one of these, integration is done over either the
top or the bottom semicircle of a small radius C,, whereas in the second one, it is
done over the remaining part of the loop running along the proper axis (this part
of the loop is labeled with the symbol Ckge).

The integral over the semicircle of radius € — 0 gives half of the remainder (with
a minus sign for the upper loop, as in Figure 1.11, because the pole is circumvented
clockwise):

() 4

X —a

x = —inf(a).
Cr

The computation of the integral over the proper axis, with the excepted main point,
is done so as to find its principal value:

X2

de = lim de + %dx = P/ Md

xX—a e—0 X —a x—a
X1 X1 a+te

When we circumvent the pole along the lower semicircle, the sign of half-remainder
changes. As a result, we get the following rule of computing integrals (Sokhotskii

o N

Che —u Figure 1.11 The contours of the rounding of poles in the plane of a
C, complex variable.
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formulas)®:

1 , 1
= Find(x —a)+ P .
X—a X—a

(1.222)

The symbol P represents the principal value (the upper sign is for the upper loop
and the lower sign is for the lower one; see Figure 1.11).

Instead of deforming the path of integration, one may slightly displace the pole
away from the proper axis. This is done by adding a small imaginary part to the
number a: a — a F i€, € — 0. This kind of substitution will give the following
form to identity (1.222):

. 1 ) P
lim ————— = Find(x —a) + .
e—0x —a ki€ X —a

(1.223)

Both identities, (1.222) and (1.223), have a symbolic (operator) character and must
be understood in the way that the integration of their second and first members
with any continuous function gives the same result.

Having separated, in the first member of equality (1.223), the real part of the
complex expression from the imaginary one, we get the representation (1.215) for
O(x — a) (with the substitution x — x — a) and for the principal value

x—a

=lim-———. 1.224
x—a egr%)(x—a)hl—ez ( )

For the rigorous mathematical theory of generalized functions, please see Vladi-
mirov (2002). The applied aspects are described in Zel'dovich and Myshkis (1972).
See also Kolokolov et al. (2000).

Problems

1.120. Compute the integrals

3 -3 5
/(xz—x—S)é(—3x)dx, /(x+3) (x+5)d /x—i—S (x +5)dx,
—2 —10 0
and
o0
/ exp(ax)d(x* 4+ x —2)dx, «a = const.
—o0

1.121. Simplify the expressions (x—a)d(x—a), f(x)5(x—a),and (3x3—7x)6(2x%—
6x — 4).

32) Julian Sokhotskii (1842-1927) was a Russian mathematician who contributed to the development
of the theory of functions of complex variables.
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1.122. Prove that representations (1.215), (1.217), and (1.218) describe the delta
function. For that purpose, compute the integrals of the form [0 f(x)d(x)dx
from the continuous function f(x), substituting the second member of the respec-
tive representation for 0 (x), and then make sure that, after proceeding to the limit,
the said integrals produce f(0).

1.123. Write the three-dimensional delta functions d(r) and o (r — a) in cylindrical
coordinates, where @ = (a, ao, a.) is a constant vector given by its cylindrical
coordinates.

1.124. Do the same in spherical coordinates a = (a, ¥y, ay).

1.125. Using the delta function, write down the first derivative from the discontin-
uous function:

x3, ifx <1,

fix) =12, ifx =1,
x24+2, ifx>1.

1.126. The function f(x) has jump discontinuities (finite jumps) at points a;, i =
1,2,..., n. Write down its first derivative through the delta function.

1.127. Find the rule for computing the integral from the product f(x)x" 6™ (x),
where f(x) is the function differentiated (in the classical sense) when x = 0,
0™ (x) is the mth derivative of the delta function, and n is a positive integer.

1.128. Show that the function G(|r — #'|) = 1/|r — #/| satisfies a Poisson equation
with a delta-like second member:

AG(r—r|) = —4nd(r—r). (1.225)

1.3.6
Expansion in Total Systems of Orthogonal and Normalized Functions. General
Considerations

Let us say there is a certain system of linearly independent functions ¢(x, 1,) =
@n(x), generally complex valued, defined over a certain interval [a, b] of a real vari-
able x and dependent on the real parameter 4 that takes a discrete series of values:
A, 2, ...

Such systems of functions often appear when solving ordinary differential equa-
tions or equations in partial derivatives with appropriate boundary conditions, and
the number of functions in them is, usually, infinitely large: n = 0,1, ... Let us say
the functions have the following properties:

1. They are normalized to unity, that is,

b
/Iwn(x)lzdx =1. (1.226)
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2. They are mutually orthogonal, that is,

/(p;(x)gon(x)dx =0 at m#n. (1.227)

Here, the asterisk marks a complex conjugate. Such systems are called orthonor-
malized, and equalities (1.226) and (1.227) may be written similarly with the use of
the Kronecker delta symbol:

b
/wyﬁ(x)wn(x)dx = Omn - (1.228)

a

Now, we will consider an arbitrary function f(x) with integrable square. That
is, a function for which the integral [ ah | f(x)|?dx is finite. In the case of the finite
interval [a, b], this condition will be satisfied by any piecewise continuous function
with a limited number of finite jumps within this interval. Now, we will find out
how possible the expansion of such a function is in a series over functions ¢, (x).
For that purpose, we will, firstly, approximate the function in question as a linear
superposition that includes n basic functions:

fx) =) capr(%) + Ru(x) , (1.229)
k=0

where the remainder of the series is labeled R, (x). We will select the coefficients ¢,
of the superposition so as to ensure the smallest approximation error. Our measure
of error will be the quantity

b b
Gn=/|Rn(x)|2dx=/

Opening the square of the module and using the condition of orthonormality
(1.228), we will have

2
dx . (1.230)

fx) =D cupr(x)
k=0

b . b
G, = [ | f(x)Pdx — kZ:Ock [ F*(<)pu(x)dx

a

n b n
- e / f)e(x)dx + ) cfer (1.231)
k=0 k=0

a

The necessary condition of the minimum quantity G, regarded as the function of
coefficients ¢, gives us

b
cr = / f(x)ep (x)dx (1.232)
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and the expansion error assumes the form of

b n
G, = / | f(x)|*dx — Z lcel® . (1.233)
p k=0
Since G,, > 0 by definition, the inequality

|ck|2 / | f(x)|*dx (1.234)

k 0
is valid whatever the value of n. If the equality

lim G, =0 (1.235)
n—oo

is valid for any function with integrable square at the limit, or in another form

/If x)*dx = Z |ei]? (1.236)

k=o

(Parseval’s identity)®, then the system of functions ¢,(x),n = 0,1,... is called
complete or closed. These terms mean that no other functions linearly independent
of ¢, (x) and orthogonal to them exist: any function of the series in question is
expandable in a series:

fx) =) cipr(x) (1.237)
k=0

where expansion coefficients are given by formula (1.232). We note that the above
conditions ensure the convergence “on the average” of series (1.237), that is, the
reduction of integral (1.230) to zero. This means that the convergence of the series
on the function f(x) in question may be disrupted at certain points whose number
is finite. If the system of functions ¢, (x) is orthonormalized but not complete,
then, instead of Parseval’s identity (1.236), Bessel’s inequality becomes valid:

0o b
D lel 5/|f(x)|2dx. (1.238)
k=0 o

Example 1.21

Show that a complete system of orthonormalized functions satisfies the following
relation:

Zwk Jor(x) = Z‘/)k )i (x) = 0(x —x'), (1.239)

33) Marc-Antoine Parseval (1755-1836) was a French mathematician.
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which may be regarded as one more, different from (1.236), form of the condition
of completeness (closeness).

Solution. Having inserted the expansion coefficients from (1.232) into (1.237) and
changed the order of the operations of summation and integration, we will have

b o b
flx) = [ ax' () 3 o (g (x) = [ Kix, ') f(')dx’,  (1.240)
a k=0 a
where
K(x,x") = Z W:(x/)gok(x) . (1.241)
k=0

Since equality (1.240) must be valid for any function f(x) of a large class, then the
nucleus K(x, x") of the integral transformation (11.15) must have the properties
of a delta function. Having computed the expansion coefficients ¢ (x — x’) for the
system of functions gy (x) as per (1.232), we may make sure that this is the case®:

e = [ 00x = )07 x)dx = ()

Therefore, equality (1.239) is true and is the expansion of the delta function in
functions gy (x). O

In certain physical problems, especially in quantum mechanics, a complete sys-
tem includes not just a discrete series of functions ¢, (x) but also functions ¢(x, 1)
dependent on the parameter A, which assumes continuous values from a certain
interval, or just functions with a continuous parameter. In cases such as that, the
expansion of any function includes both the sum and the integral over the continu-
ous values of 1 or just the integral, whereas the condition of completeness assumes
the following form:

Olx =) = 3 g (¢ )gu(x) + f ¢* (' A)p(x, )dA . (1.242)
k=0

1.3.7
Fourier Series

The proof of the completeness of specific systems of functions is a nontrivial
mathematical problem whose solutions may be found in particular texts® (see,

34) Here we leave the class of proper functions with integrable square and use generalized functions.
35) Jean Baptiste Joseph Fourier (1768-1830) was a French mathematician who worked on problems
of mathematical physics, especially the theory of heat conduction.
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e.g., Sneddon, 1951; Arfken, 1970; Lee, 1965; Tolstov, 1976). The class of complete
orthonormalized systems includes the Legendre’s system of spherical functions
Yim(%¢),1 =0,1,...,m=—1,—1+1,...,1 =1, considered above. Any bounded
function “on the surface of a sphere” that is dependent on angles ¥ and ¢ may be
expanded in such functions. When there is no dependence on ¢, complete systems
on a sphere are formed by Legendre polynomials Pj(cos 7).

One of the most widely used and complete systems of functions, orthonormal-
ized over the interval [—, 4], is the trigonometric system:

1 cosnt sinnt
The orthonormality of this system of functions may be easily verified directly. The
expansion of a certain function in a series over trigonometric functions forms its
Fourier series. However, sometimes, a general expansion (1.237) over any complete
orthonormalized system of functions is also called a Fourier series (in a wider
sense).

Because the trigonometric functions (1.243) are periodic, a function being ex-
panded will be represented by the Fourier series, whatever the values of 7, only
if it is periodic and has the same period 2mx, that is, f(r) = f(tr + 2nmx), n =
+1,42,..., or if it is specified within the finite segment b —a = 2L > 0. In
the latter case, in (1.243), the variable 7 to mwx/L must be replaced and the refer-
ence point of the coordinate x shifted to the center of the interval [a, b], that is,
x' = x—a—1L,—L < x’ < +1L is introduced. The function in question, if a
Fourier series is set for it, will be expanded, in this case periodically, to the whole
proper Ox axis. A nonperiodic function specified over an infinite interval will be
correctly represented by a Fourier series only at the final segment 2L. For it to be
represented over the whole Ox axis, the Fourier integral (see below) must be used.

If a Fourier series represents a function that has jump discontinuities (finite
jumps), it will, at the point of a jump x = xp, converge on the half sum of the
values of the function located on both sides of the jump:

n=12,... (1.243)

D cnn(x0) = %[f(xo —0) + f(x0 +0)]. (1.244)
k=0

Example 1.22

Write down the Fourier expansion over interval [—L, +L], selecting, as a com-
lete system of functions,’® exponents with imaginary index exp(inmx/L),n =

p ¥ p ginary p

0,+1,...

36) The completeness of the system follows from that previously used. The functions sin nt and
cos nt are linearly expressed through exp(int). This is why the notation of the exponents signifies
another form of trigonometric series.
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Solution. Make sure that the components in question are mutually orthogonal
over the interval [—L, +L]:

L

/exp{w% dx =2L0 .
I

Write down the required expansion as

fy="> FneXP%innx}- (1.245)

L
n=-—00

In order to find the expansion coefficients F,, multiply both members of (1.245)
by exp(immx /L) and integrate over the interval in question. Owing to the orthogo-
nality of the exponents, after integration in the sum over n, only one member with
n = m is left. This will allow you to find the coefficients of the Fourier series:

L

. .

Fu=or / f(x)exp{lm;x}dx. (1.246)
Z1

As follows from (1.246), if f(x) is a real function, then the Fourier coefficients
(1.246), being, in the general case, complex quantities, satisfy the condition F_, =
F*. This condition ensures the reality of the sum of the series (1.245). O

The Fourier expansion, obviously, may be generalized to include the case of func-
tions that depend on several variables.

Problems

1.129. Expand the periodic function specified within the interval [—mx, +7] in the
Fourier series under the conditions f(x) = x for 0 < x < mwand f(—x) = f(x).

1.130. Do the same for the function under the conditions f(x) = aat0 < x <=
and f(~x) = — f(x).
1.131. Expand the periodic function specified within the interval [—L, 4+ L] in the

Fourier series under the conditions f(x) = a when 0 < x < L/2 and f(x) = 0
when L/2 < x < Land f(—x) = f(x).

1.3.8
Fourier Integral

We will now consider a system of functions dependent on the real parameter 4,
which takes a continuous series of values:

o(x,A) = N , —00<A<o0. (1.247)
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These functions are determinate and bounded whatever the real values of the co-
ordinate x may be, that is, within the infinite interval —oo < x < oo. Using the
representation (1.219) of the delta function, we compute the integral

o0

1 o0
/W(x, )o*(x, A)d :2—/ dAe* =) = §(x — x') .
—0oQ

—0Q

The resulting relation coincides with (1.242) (when there are no discrete values
of 1) and evidences the completeness of the system of functions ¢(x, ). This is
why any function of a rather large class, defined over the whole proper Ox axis,
may be expanded in functions ¢(x, 1):

flx) = / F(l)(p(x,l)dl:\/% / F(A)e**dA . (1.248)

The function F(1) is called the Fourier image of the original function f(x) or its
Fourier amplitude. It may be found in the same way as the Fourier series coefficients
were found in Example 1.22: by multiplying both members of equality (1.248) by
¢™*(x, u) and integrating over the coordinate x. Changing the order of integration,
we have

oo oo [eo]

/f(x)w*(x,,u)dxzﬁ / dAF(A) / REIEIE
_ / dAF(2)S(A — ) = Flu) . 1249

This is the equality that allows us to find the Fourier amplitude of the specified
function f{(x)

The direct and inverted Fourier transforms are often written more easily in their
asymmetric form:

di
Zn

o0 oo
flx) = / F(R)e*>= = / flx)e **dx . (1.250)
o -
The reality of the Fourier integral is ensured by the relation
F(=2) = F*() (1.251)

when 4 and f(x) are real.
Expansion in the Fourier integral is easily generalized for the case of several
dimensions. For instance, in three-dimensional space, the Fourier transform may
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be written as

ikr d3k
e T3
(2m)®

f(n) =/F(k) F(k) =/f(r)e‘”‘"d3r. (1.252)

In both integrals, integration is done over the whole space.

Example 1.23

Obtain the expansion in the Fourier integral for an infinite interval —oo < x < oo
by the way of passage to the limit L — oo in formulas (1.245) and (1.246).

Solution. When L — oo, the adjacent members summed as per (1.245) are almost
equal. This is why summation may be replaced by integration over dn = (L/m)d4
within —oo, +00. By labeling lim;_, oo 2LF, through F(1), we get, from (1.245)
and (1.246), relation (1.250). O

Besides the already mentioned sources, for more information about expansion
in systems of functions, series, and integrals, see Arfken (1970), Sneddon (1951),
Madelung (1957), and Tolstov (1976).

Problems

1.132. Express the Fourier image of the derivative f’(x) through the Fourier im-
age F(1) of the function f(x). It is presumed that the integral [°0 | f(x)|dx is
convergent.

1.133. Do the same for the function f(ax)exp(ibx).
1.134. Find the Fourier image of the function f(x) = (1 + x2)™%.

Hint: Regarding x as a complex variable, close the path of integration with an arc
of an infinite radius and use the residue theorem.

1.135. Find the Fourier image of the function exp(—a?x?).

1.136. Find the three-dimensional Fourier image of the function
f(r) = exp(~a’r?).

1.137*. Find the three-dimensional Fourier image of the function G(r) = r 1.
1.138*. Expand the plane wave exp(ikr cos 0) in series over Legendre polynomi-

als Pj(cos ). Find the expansion coefficients, using the orthogonality of Legendre
polynomials.

1.139. Assume that the directions of the vectors k and r are specified in a spherical
coordinate system by the angles (6, ¢) and 9, ¢, respectively. Expand the plane
wave exp(ik - r) in a series over spherical Legendre functions.

Hint: Use the summation theorem for spherical functions.
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1.140*. Prove the identity

- / e M2l 1o (kery)dk
0

1
Vi +22

where r | and z are cylindrical coordinates.

1.4
Answers and Solutions

1.1 As follows from (1.6), which is the result of definition (1.3), |@|? = 1 whatever
the angles of rotation are, that is, |@| = 1. However, when the angle of rotation
equals zero (identical transformation), [@| = 1. Since the elements of the rotation
matrix are continuous functions of angles, the last value is preserved for all values

of the rotation angles. When the axes are inverted, [g| = —1. The product of the
matrices ag = ga, for which |ag| = |a|[g] = —1, corresponds to the rotation

accompanied by the reflection of the axes. Transformations with determinant +1
are called proper and transformations with determinant —1 are called nonproper.

1.3

P/

afx |a|aa/4 Apy - Oko P,uv'na . (1.253)

Here |@] is the determinant of the transformation matrix. When the three axes are
inverted, the transformation matrix a,3 = —04p, and that is why [@| = —1 and
Plg.. = (—=1)*T1 P, p...c, in keeping with the definition of a pseudotensor of rank s.
Formula (1.5) correctly describes transformations of a polar tensor during rotations
and reflections but does not describe reflections of a pseudotensor (even though it
correctly describes its rotations).

The rule of the transformation of the asymmetric tensor of rank 3 e,g, that
describes rotations and reflections must also contain the determinant |a@|. In the
absence of the determinant, the components of the tensor would change their sign

during reflections.
1.4
1 1
T.p = z(Taﬁ + Tpa) + E(Taﬁ — Tgq) - (1.254)

1.5

&
=
[

a a

1
T!,+ TS, where T);= STap + T3

1
Ti = 2 (Tup = TS - (1.255)

n
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1.9 T,p form a polar tensor of rank 2.

1.10
1
Ca = zeaﬁVAﬁV , (1256)
thatis, Ci=A)3=—-A3, C,=A31 =—Ap,and CG3 = A = —Ay.
1.11 [A x B]is a pseudovector or a polar antisymmetric tensor of rank 2 dual to
it: AgB, — A, Bg.[Ax B] x C is a polar vector and [A x B]- C is a pseudoscalar.
1.13
, 1
dSa = ealgydx,gdxy = zea[;ydslgy ’ (1.257)
where dSg, = dxgdx], — dx, dx; is the projection of the area of the parallelogram
onto the coordinate plane xgx, .
1.14
= [dr x dr']-dr” = eqp,dx,dxsdx;) . (1.258)

The element of volume is a pseudoscalar. When dr = e;dx;, dr’ = e,dx;, and
dr” = e3dxs, we get the usual expression for an element of volume in Cartesian
coordinates: dV = dx;dx,dx;.

1.16
cos 6 = cos ¥ cos ¥’ + sin ¥} sin®’ cos(a — a’) . (1.259)
117 (Ax Blo = i(A—1B+1 = ApiBoa). (AX Blay = H(AoBay = Axy Bo)
A-B= Z/,—_ 1)“A_ By, 1y = r(4m/3) 2 (=1)* Y1, (3, a).
1.18
cosa sina 0
g=|—-sina cosa O} . (1.260)
0 0 1

1.19 When changing from Cartesian unit vectors to spherical ones (see Fig-
ure 1.12a), we have e, = a,pep, where eg(f = 1,2,3) are Cartesian and
e, (4 = 1,9, a) are spherical unit vectors.

sindcosa sindsina  cos?d

4= |cost¥sina coscosa —sin?d |,
—sina cos a 0
sindcosa coscosa —sina
a'=|sindsina cosdsina cosa

cos ¥ —sin ¢ 0
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Xz Xz

(@ by

Figure 1.12 Changing from Cartesian to spherical orts (a), and changing from Cartesian to
cylindrical orts (b).

When changing from Cartesian unit vectors to cylindrical ones e, e, e, (see
Figure 1.12b), we have

cosa  sina 0 cosa —sina 0
4=|-sina cosa 0], @ '=|sina cosa O
0 0 1 0 0 1

1.20 Using the results obtained in the previous problem, we get

gla10a,) = g(aa)g(0)g(a1) =

COS (11 COS 0 —cos B sin aq sin a;; sin aq cos a;+cos 0 cos aq sin ay;  sin O sin a;
—CoS 1 sin a3 —cos 0 sin @ cos ay; —sin aq sin a;+cos 6 cos aq cos ay;  sin O cos a;
sin aq sin 0 —sin 6 cos a; cos 0
(1.261)
1.21
D(a1 0 (12) =
(1/2)(1 + cos )ity —(i//2)sin Oei®2;  —(1/2)(1 — cos O)el2 1)
—(i/4/2)sin O et cos 0; —(i/4/2) sin G e~
—(1/2)(1 — cos O)eil1 =), —(i//2)sin Ge™'*2;  (1/2)(1 + cos O)e (@1 Fe2)

1.22 The zero angle rotation matrix equals 1 (identical transformation) and when
rotation is by a small angle, |&,4| < 1. To prove the antisymmetry of €, we will use
the invariance of r* = OapXaxp relative to the rotation. Since x/, = x4 + €4p%p,
we have 2 = r2 4 2¢, p%q%p to small quantities of the first order. As follows from
the invariance of r, e,%,%3 = 0 when x, are arbitrary, which is possible only
when Eap = —E€Ba-
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Now, we introduce a vector with components 0¢, = (1/2)eqpyes, - Then, r' =
r + 0@ x r, which shows that d¢ is the vector of an infinitely small rotation whose
direction indicates the axis of rotation and its size indicates the angle of rotation.

1.23 Ifrotations are specified by small vectors 0@, and d¢,, then, after the second
rotation,

=1 +0¢,x1t =1+ (09, + 09,) xr+ 59, X (0@, X ).

The vector of the resulting rotation d¢ = d¢; + 0@, may be introduced only if the
last member of the second order is disregarded.

In the general case, the noncommutative character of the rotation matrices is
shown by expression (1.261): the completion of rotation in the sequence a,, 8, a1,
inverse with respect to the matrix it is written for (1.261) corresponds to the sub-
stitution a1 — a,. In this event, the form of the matrix will change if 6 # 0. The
case of 6 = 0 is in keeping with rotation by angles @; and «, around the same
Ox; axis and such rotations are commutative.

1.24 Any tensor of rank 2 may be written as T,g = Sqp + Ap, Whereas any
Hermitian tensor may be written as T(fﬁ = Sap + iAqp, where S,p and Ap
are symmetric and antisymmetric real tensors. The antisymmetric tensor A, is
equivalent to a vector (see Problem 1.10) which will not be reduced to zero by any
rotations. This is why only the real symmetric part of the any tensor of rank 2 may
be diagonalized.

1.25

1) ) @2 3) (3

Sap = SWnlnl) + sOnfnl) + S“Mﬁ)n}j’ . (1.262)
1.26 Computing a determinant (1.27) while keeping in mind that the principal
values of tensor S() may be invariant only if such are the coefficients of an algebraic
cubic equation, we find three invariants:

I = Sy + Sy + S33= SW + 5@ 4 56, (1.263)
I, = Dy + Dy + D33 = SUs® 4 sWgB) 4 sAg6) (1.264)
I;=D=sWs@s6), (1.265)

where D = || is the determinant of the tensor and D, p are the algebraic cofactors
of the determinant. Expressions in the second members of the equalities follow
from Viete's theorem® about the connection between the coefficients of a cubic
equation with its roots. The result is valid for any tensor of rank 2.

37) Francois Viéte (1540-1603) was an French mathematician, and a lawyer by trade.
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1.27 The row and column expansions of the determinant D = |/1:| are written,
respectively, as

TupDyp = Déay » Dy T,p= Déaﬂ ,

where D,, = (—1)*T74,, is an algebraic cofactor, and 4, is the minor deter-
minant D, that is, the determinant remaining after the elimination in it of the y
row and the a column. In accordance with the results obtained in the previous
problem, since D is invariant and since 0,4 is a tensor, then the algebraic cofactors
D, also form a tensor. Relations
D
—1 __ ,Ba

T =5 (1.266)
form a tensor inverse to T. To make the inverse tensor possible, it is necessary and
sufficient that D = | T| # 0.

1.29

1. A*(B-C)+(A-B)(A-C).
2. [(Ax B)x C]-[(A" x B') x C'].

1.31

(A-A)(B-B)(C-C')+ (A-B)(B-C)(C-A)
+(B-A)(C-B)A-C)—(A-C)(C-A)B-B)
—(A-B)(B-A')(C-C)—(B-C')(C-B)(A-A).

1.32 Now, we will present our proof for a vector and tensor of rank 2.

1. In accordance with the situation in the problem, at any rotation A, = A,
thatis, A, = A,, A’y = A,,and A, = A,. Rotating the coordinate system
around the Oz axis by angle 7, we get A’, = —A,, A}, = —A,, and A, = A..
These equalities are compatible with the previous ones onlyif A, = A, = 0.
Performing rotation around the Ox axis by angle 7, we will similarly prove that
A, =0, that is, vector A = 0.

2. Any tensor of rank 2 may be represented as the sum of a symmetric tensor
and an antisymmetric tensor: T,g = Sup + Aqp. An antisymmetric tensor is
equivalent to a certain pseudovector and, in accordance with what was proven
above, its components do not depend on the reference frame only if they are
equal to zero. So we will consider a symmetric tensor S, 4.

We will select a coordinate system where the symmetric tensor has a diagonal form
S(@9,p. If S{*) are not equal to each another, then the components of the tensor
depend on the selection of the axis, that is, what digit (1, 2, or 3) denotes the selected
one. Only when S0 = S@ = S® = S do the components of the tensor S,z not
depend on the selection of the axis.
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1.33
_ 1 _
na=0,nanﬁ=§6aﬁ,nanﬁny=0,
1
Rty = = (0apdyy + 0uyOpy + 0urdpy) -
1.34
a’> a-b a 2a* 2a-b (a-b)(c-d)+(a-c)(b-d)+ (a-d)(b-c)
373 7’3737 37 15 ’

135 n2,n2 2 n-n,(nxn)-L(n-12 (0 -1)% (n-l)(n -1).
136 n-l,n -1, n-(ny xns3).

1.37

2. Ifeg=(a"")," then (@ ')," = e“-eg =a%; # a,”; in accordance with the

definition of the inverse matrix aa'ga"ﬁ =0’ aﬁaaﬂy =08 = or.

/e — 40 of a a 1f
e aﬂe, e aﬂe.

4. A

=0, Ay, AP=dl At A =d Ay, AC=a AP

B
5. gp=0da'gu, g =a%0a" g, gup=0",0"g, .
g = ayaauﬁg”’/‘ )

The formulas in answer 4 are generalized directly for the cases of the transfor-
mation of covariant, contravariant, and mixed components of tensors of any rank.

1.38 When the systems of coordinates are inverted, the components of the vectors

of both bases change their signs: e/, = —e,, ¢/“ = —e* ,a =1,2,3.

1.39
A-B=g"PA,Bs=g.,A"B’ = AB, = A,B* =inv. (1.267)
di? = dr-dr = g*?dx,dxs = gupdx®dx? = dx“dx, = inv. (1.268)

Note: In all cases when covariant and contravariant components do not coincide,
the operation of tensor contraction must be done as a summation assumed over
one upper and one lower index. Any tensor summed over two upper and two lower
symbols is not a tensor of any rank.
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1.40
C, = @(AﬁBy _AY Bﬁ) , C*=(1//8(AsB, — A, Bp), (1.269)

where g = |g| and numbers «, 5, y form a circular permutation 1, 2, 3.
The formulas shown may be regarded as the generalization of expression (1.23)
for the case of an oblique basis. Having written (1.269) in the form of

Cu = Eup,APB”, C*=E*"A4B,, (1.270)

we find a representation for an antisymmetric tensor of rank 3 in the oblique basis:

1
Eupy = /8eapy , E“P7 = %eaﬂy , (1.271)

where e, and e*/7, related to the orthogonal basis, are similar and determined
by conditions (1.21). It is easy to verify that E*#? is produced from E,4, (and vice
versa) in accordance with the rule of upping and lowering indices as per (1.35).

_ AaBll
1.41 cosf = A7 AP, BIT

D “ D)\"” “ D
142 g, = (e(“D))” (eﬁx ))V, g = (e(“D)) (eﬁx )) gy = (e(“D)) (eﬁx ))V = 9.
1.44
A,B“

2 _ apAB — pa . —
A gapA”A A*A,; cosb 7(A2B2)1/2 ,
in complete analogy with the result obtained in Problem 1.41 for an affine system.

1.45 In accordance with the common rules (1.51), we have

vt _ 048087 00" oy,
Ix dxP Ix7

wherefrom the antisymmetry of E#** over any pair of symbols follows. This allows
us to write E*f7 = Se®fY where S is a certain scalar. To define it, we consider a
special case and get

E)q’1

g _ 00 00 00,
0x®

_ =1 _ —1p2
ax dxP dx7 o =/ =z ’

where (1.39) and (1.53) are used. Therefore, S = g~1/2, and so we have obtained,
in another way, the second formula (1.271).

1.46
1. dl(l) = ,/glldql, dl(z) = ,/gzquz, dl(3) = A/g33dq3.
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2. The covariant basis (1.46) is such a vector.
3. Using the result obtained in Problem 1.44, we find
cos Py = _suz , cosths3 = _&5 , costy; = _5& .
/811822 /811833 /822833

4. For the curvilinear coordinate system to be orthogonal, it is necessary and suf-
ficient that the equalities g1 = g3 = g13 = 0 be valid in every point of space.

1.47 For a spherical system g,, = 1, gy9 = 12, Gua = 1°sin’ Y, gy = gro =
g9a = 0; grr =1, gﬂﬁ — 1’_2, gaa — 1,—2 Sil’l_2 197 grﬂ — gra — gﬂa — 0;
e, =€ = ey, 6y = 12’ = re,, e, = risin? 9e® = rsin ey x.

For a cylindrical system g,, = g.. = 1, 8o = 1, 8ra = Grz = Guz = 0; g7 =
gzz — Lgaa — 1’_2, gra — grz — gaz — 0; e, = el = ers, Eq = rZea = Teys,
e, = €° = €yx.

The asterisks mark basic unit orts introduced in Problem 1.18. Covariant and
contravariant basic vectors have different dimensions and are different in length.

Their lengths are, generally speaking, not unity.

2 b3
150 R=% +ab— 5.

1.52 1I,1.

1.54
dr rda dz dr rdd _ rsin dda

A Ay Ay

1.55 Because the gradient contains the first derivatives over the coordinates, the
following notation may be used:

(p-r) _grad(p-r)
grad 5=

1
3 + (p - r)grad 5

Using the results obtained in Problems (1.52) and (1.53), we finally get the follow-
ing:

(p-r) _ 3p-nr p
B +ﬁ'

grad

1.56 Direct the polar axis along the vector p and project the vector E onto the orts
of spherical coordinates:

__ 2pcos?
==

__ psind

73
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In spherical coordinates, vector lines are found with the following system of equa-
tions:

dr rdd _ rsindde

E,  Ey  E,
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The reduction of the E, component to zero means that the differential dp = 0,
that is, ¢ = const must also become zero and, therefore, all the vector lines lie
within the planes passing through the vector p. Inserting the nonzero projections
of H into the only remaining equation and eliminating common factors, we get
a first-order differential equation with separable variables: dr/r = 2 cot®dd. The
termwise integration of the first and second members gives Inr —Inry = 21In sin &
or r(1#) = rosin’ ¥, where 7y is the constant of integration that has the meaning of
the distance between the vector line and the origin in the plane perpendicular to
the vector p.

1.57
1 4,,(. .0 cost 0 i 9
\Y% = — v — _
+1 $\/§e (SmﬁarjL ro oY rsinﬁaa)’
d sind 0
Vo—cosﬁa— P

1.59 3,0,0, 2m.

1.60

163 2530+ 19/, 0,1 + r(l-1)%.
164 ¢(r) = <5t

1.65 (a-b),axb;4(a-r),axr;0, (2¢+r¢')a—r(a- r)"’T/; —2(a-r), 3(r x a).
166 A+ (r-A),(A-B+A-B)L, L(r A+ £(r-A), £(rx A) + £(r x A)),
L A+ pA).
1.68

/(gradq)-curlA)dV = %(Axgradw)-ds = ¢<pcur1A-dS .

v S

S

1.69 aV,aV.

1.70*  Use the method of the scalar multiplication of a constant vector by each of
the integrals in question to find the following relations:

§£n<pd5 = /gradgo dv: (1.272)

S \4
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§6(n x A)dS = /curlAdV ; (1.273)
S \%4
5£(n-b)Ads = /(b~V)AdV; (1.274)
S \4

3T,
56 TupnpdS = aTﬂdv. (1.275)
S \%4 8

All these relations may be regarded as generalizations of the Gauss—
Ostrogradskii theorem:

9§n(...)ds = /V(...)dv, (1.276)

N \4

where the (...) symbol denotes a tensor of any rank.
176 [(VuxVf)-ds.

1.81* As per the common rule (1.105), covariant divergence is expressed as fol-
lows:

It — lg,ul (({)g,u/1 + 0gaa . 3ga,,) _ 1 i 0gua

) dqe  dg¢  dgt 2° 9q*
that is,
A% 1, 0gy,
Al = ~ gt By M)
’ agh 2 agq“
Now consider the determinant g = |g,,|. Its differential equals the sum of the

differentials of all its elements multiplied by the respective algebraic cofactors:
dg = D*"dg,,, where D*" = (—=1)*1" A", A*" is the minor. On the other hand,
the algebraic cofactors are expressed through the components of the inverse tensor,
thatis, gt”: D*" = gg"¥ (see Problem 1.27). In the end, we have

,uvag/w _ 1 ag

dg = gg,uvdg”v , g aql = gW .

Having inserted the latter quantity in (1), we find the expression specified in the
condition for the problem.

1.82

8—5) . (1.277)
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1.84

1.86

1.90*

1.91*

1.92

1.93

1.94*

1.4 Answers and Solutions

1
UV, — THY T T/M.
g = L )
gdq”
Buvii = 8 0
A, 204,
(Ad)r = AA =5~ 55,
A, 204,
AA), = AA, — ,
(A4) r2 + r?2 da
(AA), = AA, . (1.278)
2 29 2 9A,
(Ad)r = AAr— AT e sin ¢ 319(A0 sin?) = r2sin® da
Ay 2 0A, 2cost 0A,
AA)yy = AAy — — 20 2 00r 208V 0Ra
(A4 T Y2sin?® | 2 99 r2sin’d oa
A 2 A, 2 A
(AA)y = AA,— — 0 cost 94 (1.279)

r2sin?®  r’sind da  r2sin’® da
(i) A+ Blnr; (i) A+ Ba; (iil) A+ Bz.

(i) A+ £; (ii) A+ Blntan(%); (iii) A + Ba.

o 2 [EEAUT LA 4 ]
=+ S
p=+ (§+b2)(’7+b2 C+sz|
L (2=
[(& +)m+ ) (E+ e
z== (@2 — (b2 — &2 ]

hoo YeE-mE-8 VI -9m-2)
b 2R: Co 2R,

’
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b= VE—EE =),

- 2R; ’

A= 4 [( — R i(R i)
TE-mE-m-o T Mg

ad ad ad ad
+(€ - S)Rn% (Rn@) + (& - W)Réi (Rzﬁ)] ,

where R, = /(u+ a?)(u + b%)(u + c%). The formulas for x, y, and z show that
there are eight threes: x, y,z for every three values of &,#, . One may make

sure that the ellipsoidal system of coordinates is orthogonal by finding gradients
V&, Vn, V¢ and then the scalar products V& - Vi and so on, all of which turn out
to be equal to zero. The gradients may be found directly from the equations deter-
mining ellipsoidal coordinates (see the condition for the problem), resulting in a
gradient from both members of each of these equations.

1.95*
L [ErAmE”  _TEra)mra)]”
c2— g2 ’ a2 — 2 ’
hl— 5_7] hzz 5_777 h3:r7
2R 2R,
where

Re =\/(E+a*)(E+¢c%), Ry=,/(n+ta’)(-n—¢c);:
A 4 o (g2 R D (o 1 9
_E—n[ EE( 5£)+ W( ’%)]*ﬁw'

%= i[@ﬂz)maﬂ” - [<é+b2><c+b2>]”.

a2 — b2 b2 — g2 ’

1.96*

, o ha=r1, hy=
2R¢ 2R¢

where

Re = [(§ +a*)(E +b%), Re=/(E+a)(=C—D?);

4 Bl 9 Bl Bl 1 092
A=FTTE [R% (R%) + Rege (R%)] T e
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1.97*
a _ asinn

L p= 2T
cosh & —cosy “ " cosh& —cosy

. (cosh& —cosn)’ [ 9 1 i)
- a? |:8§ (coshg —cosny 0&

he =h, =

" 1 a sinn K2
siny dn \ cosh & —cosn dn

n 1 92 i|
sin® 57(cosh & — cos ) da? |

1.98* The surfaces p = const are toroids:

2
[2 4 v2 2,2 4 .
(v/x%+ y>—acothp)” + z _(sinhp) ;

the surfaces & = const are spherical segments:

2
_ arct 2 2 2 _ a ;
(z —arctan §)” + x“ +y (sin§

a asinh p
hy=hg=————, hy=————.
P T Coshp—cos & * " coshp—cos &

199 x"Z,(x)+C, —x""Z,(x)+ C.

1 1
1100 1,1,

2%pl "
1.107*

1. xu” 4+ v + x(a? — 2—5)” =0.

2. The integral is computed with the use of the equations for the functions u(x)
and v(x) = Ju(bx).

3. The first equality (1.175) directly follows from (1.174); the second one results
from passage to the limit.

1.11

L L
Py=1, Pi=x, P2=§(3x -1), P3=E(5x - 3x),

=
I

1 1
g(35x“ —30x%+3), Ps= g(63x5 —70x* + 15x) .
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1.112* The integral that should be computed contains the product of the deriva-
tives [ [(x2 — 1)"]0[(x2 — 1)"']")dx. To make things clear, I’ < I. Integrating by
parts, | times, we find (—1)" /", (x* — 1)[(x2 — 1)"']0*t")dx. The second factor un-
der the integral is other than zero only when I’ = . In this case, beginning by
integrating over the angle ¥, we get

/2
/(x 1)'[(x* ~1)]*dx = (—1)’(21)!2/(sml9)21+1d19
0

_ 1
= (-1)'(2])'B (l +1, 2) .

The last integral here is expressed through a beta function (see the definition in
Abramovitz and Stegun, 1965; Gradshtein and Ryzhik, 2007):

/2

L) (w) = 2/(sin $)2*(cos 9)?* 7 dY .
0

B(z,w) = 7F(z W)

Carefully eliminating factorials and gamma functions, we get the result specified
in the condition for the problem.

1114 P, = 32

1.115

L4 s 2 Ty — ™ Jpr o
sin® d sin do ( ) sing | 1

1.116* Use the Leibniz formula to find

(1= x%)"(x + 1) (x — 1))

I+m

L4+ m)l! _ _
m/Z 1 k—m/2 -1 I—k+m/2 .
Zk'l+m Ok —mi e H = ’

and
u—ﬁrwmx+Ww—nW”m

—m )'l'l SsTm, —s—m
=(-1 /ZZSI(Z— —s(s+m)(—s)!(x+1)+/z(x—l)l 2.

In both sums, the limits of summation are, actually, determined by the presence in
the denominators of the factorials of negative integers. In the second sum, replace
the summation index s — k—m. As a result, in both sums, factors that depend on k
become the same. Comparing them with each other, we find the formula specified
in the condition for the problem.
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1.117
P) =Py,
Pl =—-2P7 ' = (1—x%)"? =sind,
P} = —6P; ! = 3x(1 — x*)"? = 3cos ¥ sin ¥,
P? = 24P;% = 3(1 — x%) = 3sin* ¥,
3 3
P} = —12P; ' = E(5x2 —1)(1— %% = 6 cos’ ¥ — 1)sin 9,
P? = 120P; % = 15x(1 — x?) = 15cos ¢ sin’ ¥,
P = —720P;3 = 15(1 — x*)*? = 15sin’ & .

In the general case, adjoint Legendre polynomials contain radicals (1 — x2)!/2 and,
therefore, strictly speaking, are not polynomials.

1.118* When computing the normalization integral, use formula (1.198) and the
method used to solve Problem 1.112*:

1 1
) !
Jiprpas = G [ epe P s
—1 —1
2D + m)!
- %B(H— 1,1/2),
o~ [Hrti=—m
4 (I 4+ m)!

Expressing the beta function through gamma functions and reducing fractions, we
find the normalization factor (down to the phase factor over the module equaling
1, which remains arbitrary).) In the end, we get the normalized spherical Legendre
function:

Yim(9, ¢)
2041 (1—m)! ) d \'*m ,
= 1— ﬁm/z Zﬁ_lllmgp.
47 (l~|—m'( cos™ V) (dcosﬁ) (cos Ve
1.119
1 9 . Y, 1 Y,

9 Il +1)Yim = 0.
sno 90 " 9 T ante agr TN

1.120 —% , —2, 0, exp(a)+exp(—2a).
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1121 0, f(a)o(x—a), 820(x—4)+20(x+1).

1.123
1
o(r) = Hé(u)é(z) )

o(r—a) = ié(m_ —a1)0(a— ag)d(z—a;).

To achieve passage to the limit @ — 0, one must not only make values a | and a,
tend to zero, but must also average the second member over the azimuthal angle
a, since a zero vector has no direction.

1.124

_ 1
T 4qr?

o(r)y, o(r—a)= %60— a)0(cos ¥ — cos )0 (a — ay) -

o(r)

1.125

2 if 1
F(x) = glx) +20(x — 1), where g(x)=] ' 1 *<
2x, ifx>1.

1.126
flix)= 3—j: + I;Afké(x —ag),

where A fi = f(ar + 0) — f(ar — 0),d f/dx is a proper (“classical”) derivative in
the areas of the smooth variation of the function.

1.127

—1)"m!
((n)im)'f(’”_")(O) at m>n, 0 at m<n.

1.128 When r # t/, G is a bounded differentiable function and the equation is
satisfied, since AG = 0. When r — r/, the function has a singularity. To find out
the nature of that singularity AG when r — r/, integrate (1.225) over the volume
of a small sphere of radius R — 0 with its center at the point r = r’. Using the
Gauss—Ostrogradskii theorem, we get

/AGdV = /divgrad (%) dv = ¢ (V%) -ds
% v S

1
=_/_de9 = —an.
R2

The same value is obtained by the integral over the volume in the second member
of the equation, which is how it is satisfied.
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1.129
T 4 i cos(2k + 1)x
T2 = = (2k + 1)?
1.130
4a 2 sin(2k 4 1)x
S= Tl e
k=0
1.131
o0
a 2a L Cos((2k + 1)mx /L)
—+ =5 (=
) 2 7 g 2k +1

The Fourier series of f(—x) = f(x), which is a function that is even within the
interval [—L, 4 L], contains only cosines. The odd function f(—x) = — f(x) is ex-
pandable in sines. A function that has no clear-cut parity contains both sines and
cosines in its Fourier expansion.

1132 iAF(A).

(Eh)
a a

1.134  mwexp(—|A]).

1.133

1.135
wor (i)
—exp|l———) .

7[3/2 k2
—exp|l-—7] .
> TP\ 712
where k is a radius vector of the three-dimensional space of Fourier variables (see
(1.252).

1.136

4
1.137* Wnﬂ .
1.138® To compute Fourier integral (1.252), use spherical coordinates and select
the Oz axis along the vector k. Firstly, doing integration over angles and then over r,
we find
F(k) = lim —[1 —cos(kR)].

R—o00
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Formally, the function in the second member has no limit. However, it is easy
to understand that the limit of the cosine may be regarded as effectively equal to
zero since, when the inverted Fourier transformation is being done, the member
with infinitely oscillating cosine will make zero contribution. As a result, we have
F(k) = 4m/ k2.

1.139 Write down the expansion as

exp(ikrcos 0) = Z (kr) Pi(cos )
1=0

and, using the orthogonality of Legendre polynomials (see Problem 1.112*), find
an integral representation of the functions u; sought:

1
ui(kr) = ZZT+1 e'*r* py(x)dx .

—1
Use the Rodrigues formula and integrate | times by parts to get

1
204+ 1) (=ikn)! [ s
ui(kr) = %/e kFrox? — 1)ldx .

—1

Further, expand the exponent in a power series and integrate this absolutely con-
vergent series termwise. Only terms with even powers of x are left:

1
tkr)zm 1)
o x2M(x% —
0

Finally, the transition to a new integration variable t = x?, dx = dt/2+/t allows
us to express the integral in the latter equality through a beta function:

oo

21+ 1)(—ikr)!
2

ui(kr) =

M

Lk +1/2)T(1+1)
r(+k+3/2

1
/tk 1211 =Bk+1/2,14+1) =
0

In the end, bundle all the factors to get the following series:

(kr)!
1-3...21+1)
k2r?/2 (k?r?/2)?
CUEI+3) 2R+ 3)21+5)
=i'l 4+ 1) (kr),

ui(kr) = i'2l +1)
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where jj(kr) is a spherical Bessel function; see formulas (10.1.2) in Abramovitz
and Stegun (1965).

1.140*

) 1

exp(ik-r)=4m ) > i'ji(kr)Y}(0,¢) Yin(D, @) .

=0 m=—I








