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1

Introduction to tensors and dyadics

1.1 Introduction

Tensors play a fundamental role in theoretical physics. The reason for this is that
physical laws written in tensor form are independent of the coordinate system used
(Morse and Feshbach, 1953). Before elaborating on this point, consider a simple
example, based on Segel (1977). Newton’s second ldwssma, wheref anda

are vectors representing the force and acceleration of an object ofrmagss

basic law does not have a coordinate system attached to it. To apply the law in a
particular situation it will be convenient to select a coordinate system that simplifies
the mathematics, but there is no question that any other system will be equally
acceptable. Now consider an example from elasticity, discussed in Chapter 3. The
stress vectoll (force/area) across a surface element in an elastic solid is related
to the vectom normal to the same surface via the stress tensor. The derivation of
this relation is carried out using a tetrahedron with faces along the three coordinate
planes in a Cartesian coordinate system. Therefore, it is reasonable to ask whether
the same result would have been obtained if a different Cartesian coordinate system
had been used, or if a spherical, or cylindrical, or any other curvilinear system, had
been used. Take another example. The elastic wave equation will be derived in
a Cartesian coordinate system. As discussed in Chapter 4, two equations will be
found, one in component form and one in vector form in terms of a combination
of gradient, divergence, and curl. Again, here there are some pertinent questions
regarding coordinate systems. For example, can either of the two equations be
applied in non-Cartesian coordinate systems? The reader may already know that
only the latter equation is generally applicable, but may not be aware that there
is a mathematical justification for that fact, namely, that the gradient, divergence,
and curl are independent of the coordinate system (Morse and Feshbach, 1953).
These questions are generally not discussed in introductory texts, with the con-
sequence that the reader fails to grasp the deeper meaning of the concepts of

1



2 Introduction to tensors and dyadics

vectors and tensors. It is only when one realizes that physical entities (such as
force, acceleration, stress tensor, and so on) and the relations among them have an
existence independent of coordinate systems, that it is possible to appreciate that
there is more to tensors than what is usually discussed. It is possible, however, to
go through the basic principles of stress and strain without getting into the details
of tensor analysis. Therefore, some parts of this chapter are not essential for the
rest of the book.

Tensor analysis, in its broadest sense, is concerned with arbitrary curvilinear co-
ordinates. A more restricted approach concentratesrttrogonal curvilinear co-
ordinates such as cylindrical and spherical coordinates. These coordinate systems
have the property that the unit vectors at a given point in space are perpendicular
(i.e. orthogonal) to each other. Finally, we have the rectangular Cartesian system,
which is also orthogonal. The main difference between general orthogonal and
Cartesian systems is that in the latter the unit vectors do not change as a function
of position, while this is not true in the former. Unit vectors for the spherical system
will be given in §9.9.1. The theory of tensors in non-Cartesian systems is exceed-
ingly complicated, and for this reason we will limit our study to Cartesian tensors.
However, some of the most important relations will be written using dyadics (see
§1.6), which provide a symbolic representation of tensors independent of the coor-
dinate system. It may be useful to note that there are oblique Cartesian coordinate
systems of importance in crystallography, for example, but in the following we will
consider the rectangular Cartesian systems only.

1.2 Summary of vector analysis

Itis assumed that the reader is familiar with the material summarized in this section
(see, e.g., Lass, 1950; Davis and Snider, 1991).

A vector is defined as a directed line segment, having both magnitude and direc-
tion. The magnitude, or length, of a vectowill be represented bjal. The sum
and the difference of two vectors, and the multiplication of a vector by a scalar
(real number) are defined using geometric rules. Given two veatarsib, two
products between them have been defined.

Scalar, or dot, product:
a-b =|al|b| cosa, (1.2.1)

wherex is the angle between the vectors.

Vector, or cross, product:

a x b = (Jal|b| sina) n, (1.2.2)
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X3

Vs

X X3

Fig. 1.1. Rectangular Cartesian coordinate system with unit veetoes, es, and decom-
position of an arbitrary vectar into componentss, vy, v3.

whereq is as before, and is a unit vector (its length is equal to 1) perpendicular
to botha andb such that the three vectors form a right-handed system.

An important property of the vector product, derived using geometric arguments,
is the distributive law

(@a+b)yxc=axc+bxc (1.2.3)

By introducing a rectangular Cartesian coordinate system it is possible to write
a vector in terms of three components. legt= (1,0,0), &, = (0,1, 0), and
e; = (0,0, 1) be the three unit vectors along tlke, x,, andxz axes of Fig. 1.1.
Then any vectov can be written as

3
V= (U1, V2, v3) = V161 + V€ + v3&3 = » €. (1.2.4)
i=1
The components,, v,, andvz are the orthogonal projections win the directions
of the three axes (Fig. 1.1).

Before proceeding, a few words concerning the notation are necessary. A vector
will be denoted by a bold-face letter, while its components will be denoted by
the same letter in italics with subindices (literal or numerical). A bold-face letter
with a subindex represents a vector, not a vector component. The three unit vectors
defined above are examples of the latter. If we want to writekthecomponent
of the unit vectore; we will write (g))x. For example(e;)1 = 0, (&), = 1, and
(e2)3 = 0. In addition, although vectors will usually be written in row form (e.g., as
in (1.2.4)), when they are involved in matrix operations they should be considered
as column vectors, i.e., as matrices of one column and three rows. For example, the
matrix form of the scalar produet- b is a’b, where T indicates transposition.
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When the scalar product is applied to the unit vectors we find
e-&=e-6=6-6=0 (1.2.5)
e-e=6-6=6-6=1 (1.2.6)

Equations (1.2.5) and (1.2.6) can be summarized as follows:
1, =]

0, i # .

The symbobj is known as th&ronecker deltawhich is an example of a second-
order tensor, and will play an important role in this book. As an example of (1.2.7),
& - & is zero unles& = 2, in which case the scalar product is equal to 1.

Next we derive an alternative expression for a vegtdysing (1.2.4), the scalar
product ofv ande is

3 3 3
V-a=(Zv@)-a=ka@-a=2vk(a<-a)=vi. (1.2.8)
k=1 k=1 k=1

Note that when applying (1.2.4) the subindex in the summation must be different
fromi. To obtain (1.2.8) the following were used: the distributive law of the scalar
product, the law of the product by a scalar, and (1.2.7). Equation (1.2.8) shows that
theith component o’ can be written as

€ -6 =§jj = { (1.2.7)

Vi =V-§. (1.2.9)
When (1.2.9) is introduced in (1.2.4) we find

3
v=) (v-es. (1.2.10)
i1

This expression will be used in the discussion of dyadics (see §1.6).
In terms of its components the length of the vector is given by

V| = \/m = (v- V)2 (1.2.11)

Using purely geometric arguments it is found that the scalar and vector products
can be written in component form as follows:

U-V = Uivys + Upv2 4+ U3zv3 (1.2.12)
and
U x V = (Upv3 — U3v2)€; + (Uzvy — U1v3)€ + (U1vz — Upvg)€s. (1.2.13)

The last expression is based on the use of (1.2.3).
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Vectors, and vector operations such as the scalar and vector products, among oth-
ers, are defined independently of any coordinate system. Vector relations derived
without recourse to vector components will be valid when written in component
form regardless of the coordinate system used. Of course, the same vector may
(and generally will) have different components in different coordinate systems,
but they will represent the same geometric entity. This is true for Cartesian and
more general coordinate systems, such as spherical and cylindrical ones, but in the
following we will consider the former only.

Now suppose that we want to define new vector entities based on operations on
the components of other vectors. In view of the comments in §1.1 it is reasonable
to expect that not every arbitrary definition will represent a vector, i.e., an entity
intrinsically independent of the coordinate system used to represent the space. To
see this consider the following example, which for simplicity refers to vectors in
two-dimensional (2-D) space. Given a vector= (uq, Uy), define a new vector
v = (Uy + A, U + A), wherea is a nonzero scalar. Does this definition result in
a vector? To answer this question draw the vectoandv (Fig. 1.2a), rotate the
original coordinate axes, decompasénto its new components; andu,, addx
to each of them, and draw the new vecibe= (u; + A, u, + 1). Clearly,v andv’
are not the same geometric object. Therefore, our definition does not represent a
vector.

Now consider the following definitionz = (Auy, AuUy). After a rotation similar
to the previous one we see that= v’ (Fig. 1.2b), which is not surprising, as this
definition corresponds to the multiplication of a vector by a scalar.

Let us look now at a more complicated example. Suppose that given two vectors
u andv we want to define a third vectar as follows:

W = (U2v3 + U3v2)€ + (Usvg + Uqv3)€r + (U1vo + Upv1)€s. (1.2.14)

Note that the only difference with the vector product (see (1.2.13)) is the re-
placement of the minus signs by plus signs. As before, the question is whether this
definition is independent of the coordinate system. In this case, however, finding an
answer is not straightforward. What one should do is to compute the components
w1, wp, w3 in the original coordinate system, draw perform a rotation of axes,
find the new components afandv, computew;, w5, andwj, draww’ and compare
it with w. If it is found that the two vectors are different, then it is obvious that
(1.2.14) does not define a vector. If the two vectors are equal it might be tempting
to say that (1.2.14) does indeed define a vector, but this conclusion would not be
correct because there may be other rotations for wiielmdw’ are not equal.

These examples should convince the reader that establishing the vectorial char-
acter of an entity defined by its components requires a definition of a vector that
will take this question into account automatically. Only then will it be possible to
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. B N ﬂx{

\//
RAETIEDN

Xy
Uy up+ A

(b)

X
u; Ay, !

Fig. 1.2. (a) Vectors andv’ obtained from a vectar as follows. Fow, add a constarnt to

the components; anduz. ForV’, add a constarit to the components) andu’, obtained

by rotation of the axis. Becauseandv’ are not the same vector, we can conclude that the
entity obtained by adding a constant to the components of a vector does constitute a vector
under a rotation of coordinates. (b) Similar to the construction above, but with the constant
A multiplying the vector components. In this cas@ndVv’ coincide, which agrees with

the fact that the operation defined is just the multiplication of a vector by a scalar. After
Santalo (1969).

answer the previous question in a general way. However, before introducing the
new definition it is necessary to study coordinate rotations in some more detalil.
This is done next.
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1.3 Rotation of Cartesian coordinates. Definition of a vector

Let Ox;, Ox, and Ox; represent a Cartesian coordinate system @mng, Ox;,

Ox; another system obtained from the previous one by a rotation about their
common originO (Fig. 1.3). Letey, &, ande; ande], €,, ande, be the unit vectors
along the three axes in the original and rotated systems. Finalby; ldenote the
cosine of the angle betwe@wx andOXx;. Thea;;’s are known as direction cosines,
and are related tg ande; by

q -6 = &j. (1.3.1)

Given an arbitrary vectorwith componentsy, v, andvgz in the original system,
we are interested in finding the componentsv,, andv; in the rotated system.
To find the relation between the two sets of components we will consider first the
relation between the corresponding unit vectors. Using (168.dgn be written as

3
€ = a6 + a6 +ases = ) _aje (1.3.2)
=1

(Problem 1.3a).

X3z

Fig. 1.3. Rotation of axes. Primed and unprimed quantities refer to the original and rotated
coordinate systems, respectively. Both systems are rectangular Cartesian. The qagntities
indicate the scalar produet- ej. The vectow exists independent of the coordinate system.
Three relevant angles are shown.
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Furthermore, in the original and rotated systamtsin be written as
3
V=) e (1.3.3)
and
3
v=>Y v. (1.3.4)

Now introduce (1.3.2) in (1.3.4)

3

3 3
v=> v ) aje zZ(Z&,—v{) e. (1.3.5)
' =1

3
i=1 j=1 j=1

Since (1.3.3) and (1.3.5) represent the same vector, and the three unit egctors
€1, ande; are independent of each other, we conclude that

V) = Za”v{. (1.3.6)

If we write thee;s in terms of thes's and replace them in (1.3.3) we find that
3
v = au; (1.3.7)
j=1

(Problem 1.3b).

Note that in (1.3.6) the sum is over the first subindexagf while in (1.3.7)
the sum is over the second subindexagf This distinction is critical and must be
respected.

Now we are ready to introduce the following definition of a vector:

three scalars are the components of a vector if under a rotation of coordinates they trans-
form according to (1.3.7).

What this definition means is that if we want to define a vector by some set
of rules, we have to verify that the vector components satisfy the transformation
equations.

Before proceeding we will introducesummation conventiofdue to Einstein)
that will simplify the mathematical manipulations significantly. The convention
applies to monomial expressions (such as a single term in an equation) and consists
of dropping the sum symbol and summing over repeated indiéss convention
requires that the same index should appear no more than twice in the same term.

1 In this book the convention will not be applied to uppercase indices
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Repeated indices are known @ésmmy indiceswhile those that are not repeated
are calledree indicesUsing this convention, we will write, for example,

3

v=3ve = vje (1.3.8)
j=1
3

v =3 agu = ajy (1.3.9)
i=1
3

o =3 aju =aju;. (1.3.10)

It is important to have a clear idea of the difference between free and dummy
indices. A particular dummy index can be changed at will as long as it is replaced
(in its two occurrences) by some other index not equal to any other existing indices
in the same term. Free indices, on the other hand, are fixed and cannot be changed
inside a single term. However, a free index can be replaced by another as long as
the change is effected in all the terms in an equation, and the new index is different
from all the other indices in the equation. In (1.3.9% a dummy index andl is a
free index, while in (1.3.10) their role is reversed. The examples below show legal
and illegal index manipulations.

The following relations, derived from (1.3.9), are true

because the repeated indewas replaced by a different repeated index (equal to
k or1). However, it would not be correct to replacdy j because is already
present in the equation. ilfwere replaced by we would have

vj = ajjv], (1.3.12)

which would not be correct because the indeappears more than twice in the
right-hand term, which is not allowed. Neither would it be correct to write

vj = akv{ (1.3.13)

because the free indgxhas been changed koonly in the right-hand term. On the
other hand, (1.3.9) can be written as

Uk = ajkv; (1.3.14)

because the free indgxhas been replaced liyon both sides of the equation.
As (1.3.9) and (1.3.10) are of fundamental importance, it is necessary to pay
attention to the fact that in the former the sum is over the first index;ofvhile
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in the latter the sum is over the second indexpf Also note that (1.3.10) can be
written as the product of a matrix and a vector:

/
U a;; a2 as V1
vV = U/Z = | dpp dpo A3 vy | =Av, (1.3.15)
vy d31 d32 a3 v3

whereA is the matrix with elements;; .
Itis clear that (1.3.9) can be written as

v=ATV, (1.3.16)

where the superscript T indicates transposition.
Now we will derive an important property dk. By introducing (1.3.10) in
(1.3.9) we obtain

Vj = &j Qik Vk- (1.3.17)

Note that it was necessary to change the dummy index in (1.3.10) to satisfy the
summation convention. Equation (1.3.17) implies that any of the three components
of v is a combination of all three components. However, this cannot be generally
true because is an arbitrary vector. Therefore, the right-hand side of (1.3.17) must
be equal taj, which in turn implies that the produet;j a;x must be equal to unity
whenj = k, and equal to zero whejp # k. This happens to be the definition of
the Kronecker deltd;y introduced in (1.2.7), so that

ajjaik = Jjk. (1.3.18)
If (1.3.9) is introduced in (1.3.10) we obtain
ajj aj = Jik- (1.3.19)
Settingi = kin (1.3.19) and writing in full gives
l=a2+a%+a3=1€% =123, (1.3.20)

where the equality on the right-hand side follows from (1.3.2).
Wheni # k, (1.3.19) gives

0 = &181 + @282 + a3z = € - €, (1.3.21)

where the equality on the right-hand side also follows from (1.3.2). Therefore,
(1.3.19) summarizes the fact that #je are unit vectors orthogonal to each other,
while (1.3.18) does the same thing for thes. Any set of vectors having these
properties is known as an orthonormal set.
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In matrix form, (1.3.18) and (1.3.19) can be written as
ATA=AAT =1, (1.3.22)

wherel is the identity matrix.
Equation (1.3.22) can be rewritten in the following useful way:

AT=A"Y (A '=A, (1.3.23)
where the superscriptl indicates matrix inversion. From (1.3.22) we also find
IAAT| = |AJIAT] = |A]Z = I| = 1, (1.3.24)

where vertical bars indicate the determinant of a matrix.

Linear transformations with a matrix such that its determinant squared is equal
to 1 are known as orthogonal transformations. When= 1, the transformation
corresponds to a rotation. Whéh| = —1, the transformation involves the reflec-
tion of one coordinate axis in a coordinate plane. An example of reflection is the
transformation that leaves the andx, axes unchanged and replaces thexis
by —x3. Reflections change the orientation of the space: if the original system is
right-handed, then the new system is left-handed, and vice versa.

1.4 Cartesian tensors
In subsequent chapters the following three tensors will be introduced.

(1) The strain tensog;;

1 /9y 8Uj .
fo— - _ ; |, et 1, 2’ 3’ 141
il 2 <8Xj + X ) J ( )
where the vectou = (uj, Uy, U3) is the displacement suffered by a particle
inside a body when it is deformed.
(2) The stress tensay;:

T = Tijnj; i = 12,3, (1.4.2)

whereT; andn; indicate the components of the stress vector and normal vector
referred to in 81.1.
(3) The elastic tensagji , which relates stress to strain:

Tij = Gijki &kl - (1.4.3)

Let us list some of the differences between vectors and tensors. First, while a
vector can be represented by a single symbol, sudn, @ by its components,
such asuj, a tensor can only be represented by its components £g)galthough
the introduction of dyadics (see §1.6) will allow the representation of tensors by
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single symbols. Secondly, while vector components carry only one subindex, ten-
sors carry two subindices or more. Thirdly, in the three-dimensional space we are
considering, a vector has three components, whilandz;; have 3x 3, or nine,
components, and;, has 81 components (8 3 x 3 x 3). Tensorg;; andz; are
known as second-order tensors, witlg is a fourth-order tensor, with the order

of the tensor being given by the number of free indices. There are also differences
among the tensors shown above. For examgplas defined in terms of operations
(derivatives) on the components of a single vector, whjleppears in a relation
between two vectorsiji , on the other hand, relates two tensors.

Clearly, tensors offer more variety than vectors, and because they are defined in
terms of components, the comments made in connection with vector components
and the rotation of axes also apply to tensors. To motivate the following definition
of a second-order tensor consider the relation represented by (1.4.2). For this rela-
tion to be independent of the coordinate system, upon a rotation of axes we must
have

T/ = 7N} (1.4.4)

In other words, the functional form of the relation must remain the same after a
change of coordinates. We want to find the relation betwgeandz;; that satisfies
(1.4.2) and (1.4.4). To do that multiply (1.4.2) By and sum ovetr:

ai Ty = ajtijnj. (1.4.5)

Before proceeding rewrit§’ andn; using (1.3.10) wittv replaced by and (1.3.9)
with v replaced byn. This gives

T =a;Ti; nj = ajng. (1.4.6a,b)
From (1.4.6a,b), (1.4.2), and (1.4.5) we find
T =a T =ainnj = & 1jan, = (& a;Tj )Ny (1.4.7)
Now subtracting (1.4.4) from (1.4.7) gives
0 = (7} — a&jajTij)Nk. (1.4.8)

As ny is an arbitrary vector, the factor in parentheses in (1.4.8) must be equal to
zero (Problem 1.7), so that

tl/k = & K Tij - (1.4.9)

Note that (1.4.9) does not depend on the physical nature of the quantities involved
in (1.4.2). Only the functional relation matters. This result motivates the following
definition.
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Second-order tensoGiven nine quantitieg;, they constitute the components of
a second-order tensor if they transform according to

ti/j = qj ajkt|k (1.4.10)

under a change of coordinatgs= a;j v;.

To write the tensor components in the unprimed system in terms of the compo-
nents in the primed system, multiply (1.4.10)d&ya;, and sum over and j, and
use the orthogonality relation (1.3.18):

aimajnt; = aim@jnaidjklik = Aimai Ajndjktik = dimdkntik = tmn. (1.4.11)

Therefore,
tmn = aimajnti/j . (1.4.12)

As (1.4.10) and (1.4.12) are similar, it is important to make sure that the arrange-
ment of indices is strictly adhered to.

Equation (1.4.11) illustrates an important aspect of the Kronecker delta. For a
givenm andn, the expressiolimdkntik iS @ double sum ovdrandk, so that there
are nine terms. However, singg, andsy, are equal to zero except whes- mand
k = n, in which case the deltas are equal to one, the only nonzero term in the sum
is tmn. Therefore, the equalit§fmdkntik = tmn Can be derived formally by replacing
I andk in tjx by mandn and by dropping the deltas.

The extension of (1.4.10) to higher-order tensors is straightforward.

Tensor of order n.Given 3' quantitiest; ;, _i,, they constitute the components of a
tensor of orden if they transform according to

W igin = 82028i2i2 -+ Binjntisizen (1.4.13)
under a change of coordinates= a;;vj. All the indicesiy, i,, ... and s, jo, ...
canbel, 2, 3.

The extension of (1.4.12) to tensors of ordeis obvious. For example, for a
third-order tensor we have the following relations:

ti/jk = ailajmakntlmn§ tmnp = aimajnakpti/jk- (1'4'14a!b)

The definition of tensors can be extended to include vectors and scalars, which
can be considered as tensors of orders one and zero, respectively. The correspond-
ing number of free indices are one and zero, but this does not mean that dummy
indices are not allowed (such astjp andu; ;, introduced below).

An important consequence of definitions (1.4.10) and (1.4.13) is that if the
components of a tensor are all equal to zero in a given coordinate system, they
will be equal to zero in any other coordinate system.
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In the following we will indicate vectors and tensors by their individual compo-
nents. For exampley;, uj, andup, etc., represent the same veatiowhile t;;, tiy,
tmn, €tC., represent the same tensor. As noted earlier, the introduction of dyadics
will afford the representation of tensors by single symbols, but for the special case
of a second-order tensor we can associate it withxa33matrix. For example, the
matrix T corresponding to the tensby is given by

tin tiz ti3
T=|ta ta tg]. (1.4.15)

t31 ta2 133
Introduction ofT is convenient because (1.4.10), which can be written as
ti/j = a|t|kajk, (1416)
has a simple expression in matrix form:
T =ATAT, (1.4.17)
whereA is the matrix introduced in (1.3.15) and
by by b3
T=1[t, t, ts]. (1.4.18)
gyl G
Equation (1.4.17) is very useful in actual computations.
To expresd in terms of T', write (1.4.12) as

tmn = aimti/j Qjn, (1.4.19)
which gives
T=ATTA. (1.4.20)

Otherwise, solve (1.4.17) faF by multiplying both sides byAT)~! on the right
and byA~1 on the left and use (1.3.23).

1.4.1 Tensor operations

(1) Addition or subtraction of two tensor¥he result is a new tensor whose com-
ponents are the sum or difference of the corresponding components. These two
operations are defined for tensors of the same order. As an example, given the
tensorg;j ands;j, their sum or difference is the tendmy with components

bij =1jj £5j. (1.4.21)

Let us verify thaty; is indeed a tensor. This requires writing the components
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of tj; ands; in the primed system, adding or subtracting them together and
verifying that (1.4.10) is satisfied. From (1.4.10) we obtain

tilj = q ajmt|m (1422)
S| = &1 &jmSm- (1.4.23)
Adding or subtracting (1.4.22) and (1.4.23) gives

bi/j = ti/j + ﬁ/j = ailajm(tlm + S1m) = ailajmblm- (1-4-24)
Equation (1.4.24) shows thh§ transforms according to (1.4.10) and is there-
fore a tensor.

(2) Multiplication of a tensor by a scalaEach component of the tensor is multi-
plied by the scalar. The result of this operation is a new tensor. For example,
multiplication oft;; by a scalai gives the tensdp;; with components

bij = Atjj. (1.4.25)
To show thaby; is a tensor we proceed as before

b, = At = A& jmtim = @&1@jm(Atim) = &1 &jmbim. (1.4.26)
(3) Outer product of two tensordhis gives a new tensor whose order is equal to
the sum of the orders of the two tensors and whose components are obtained
by multiplication of the components of the two tensors. From this definition it
should be clear that the indices in one tensor cannot appear among the indices
in the other tensor. As an example, consider the outer produgt ahd uy.
The result is the tensayjk given by

Sijk :tijuk. (1.4.27)
To show thasjk is a tensor proceed as before
Sljk = ti/j U/k = &l AjmlimaknUn = &j jm&knlimUn = &1 @jm&nSmn. (1.4.28)
As another example, the outer product of two vectendb is the tensor
with components; b;. This particular outer product will be considered again
when discussing dyadics.
(4) Contraction of indicesln a tensor of order two or higher, set two indices
equal to each other. As the two contracted indices become dummy indices,
they indicate a sum over the repeated index. By contraction, the order of the

tensor is reduced by two. For example, gitgnby contraction of andj we
obtain the scalar

tii = t11 + too + 33, (2.4.29)

which is known as th&raceof t;;. Note that when; is represented by a matrix,
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tii corresponds to the sum of its diagonal elements, which is generally known
as the trace of the matrix. Another example of contraction is the divergence of
a vector, discussed in §1.4.5.

(5) Inner product, or contraction, of two tensor&iven two tensors, first form
their outer product and then apply a contraction of indices using one index
from each tensor. For example, the scalar product of two veetarsdb is
equal to their inner product, given layb;. We will refer to the inner product
as the contraction of two tensors. By extension, a product involings in
(1.4.5) and (1.4.11), for example, will also be called a contraction.

1.4.2 Symmetric and anti-symmetric tensors
A second-order tensay; is symmetric if
ti; = tj; (1.4.30)
and anti-symmetric if
tj = —t;. (1.4.31)
Any second-order tensdy; can be written as the following identity:
1

1 1
Ebji = E(bij +bji) + E(bij — bji). (1.4.32)

Clearly, the tensors in parentheses are symmetric and anti-symmetric, respectively.
Thereforefs;j can be written as

1 1 1
bij = Ebij +§bij +§bji -

bij =sj + &; (1.4.33)

with
Sj = Sji = %(bij + bji) (1.4.34)

and
qj = —aji = %(bij — bji). (1.4.35)

Examples of symmetric second-order tensors are the Kronecker delta, the strain
tensor (as can be seen from (1.4.1)), and the stress tensor, as will be shown in the
next chapter.

For higher-order tensors, symmetry and anti-symmetry are referred to pairs of
indices. A tensor is completely symmetric (anti-symmetric) if it is symmetric (anti-
symmetric) for all pairs of indices. For examplejk is completely symmetric,
then

tijk = tjik = tikj = i = tij = tjui- (1.4.36)
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If tijx is completely anti-symmetric, then
tik = —tjik = —tixj = Wij = —tji = tjxi- (1.4.37)

The permutation symbol, introduced in §1.4.4, is an example of a completely anti-
symmetric entity.

The elastic tensor in (1.4.3) has symmetry properties different from those de-
scribed above. They will be described in detail in Chapter 4.

1.4.3 Differentiation of tensors
Lett;; be a function of the coordinates(i = 1, 2, 3). From (1.4.10) we know that

ti/j = akaj|tk|. (1.4.38)
Now differentiate both sides of (1.4.38) with respeck}tp

ot/ ot X
I/J = akQjl /s
X/, 0Xs OX,

(1.4.39)

Note that on the right-hand side we used the chain rule of differentiation and that
there is an implied sum over the indexAlso note that since

Xs = amsXr (1.4.40)

(Problem 1.8) then
= anms. 1.4.41
o ams ( )

Using (1.4.41) and introducing the notation

ot Oty
— =t — =t 1.4.42
BXI{n ij,m BXS kl,s ( )

equation (1.4.39) becomes
ti/j,m = @kaj| Amslki,s- (1.4.43)

This shows thaty, s is a third-order tensor.

Applying the same arguments to higher-order tensors shows that first-order dif-
ferentiation generates a new tensor with the order increased by one. It must be
emphasized, however, that in general curvilinear coordinates this differentiation
does not generate a tensor.
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1.4.4 The permutation symbol
This is indicated by;;x and is defined by

0, if any two indices are repeated
€k =1 L if ijk is an even permutation of 123 (1.4.44)
-1, if ijk is an odd permutation of 123

A permutation is even (odd) if the number of exchanges, ¢f k required to
order them as 123 is even (odd). For example, to go from 213 to 123 only one
exchange is needed, so the permutation is odd. On the other hand, to go from 231
to 123, two exchanges are needed: 231213 — 123, and the permutation is
even. After considering all the possible combinations we find

€123 = €231 = €312 = 1 (1.4.45)
€132 = €321 = €213 = -1 (1.4.46)

The permutation symbol is also known as the alternating or Levi-Civita symbol.
The definition (1.4.44) is general in the sense that it can be extended to more than
three subindices. The following equivalent definition can only be used with three
subindices, but is more convenient for practical uses:

0, if any two indices are repeated
€k =1 L if ijk are in cyclic order (2.4.47)
-1, if ijk are not in cyclic order

Three differentindicegk are in cyclic order if they are equal to 123 or 231 or 312.

They are not in cyclic order if they are equal to 132 or 321 or 213 (see Fig. 1.4).
The permutation symbol will play an important role in the applications below,

so its properties must be understood well. When usijagn equations, the values

of ijk are generally not specified. Moreover, it may happen that the same equation

includes factors such agix andeij. In cases like that it is necessary to express

3 k
Ql QJ
2 i

Fig. 1.4. Diagrams used to find out whether or not a combination of the integers 1, 2, 3,
or any three indices, j, k, are in cyclic order (indicated by the arrow). For example, the
combination 312 is in cyclic order, while 213 is not. For arbitrary indigep, k, if the
combinationikj is assumed to be in cyclic order, then combinations sudtjiaand jik

will also be in cyclic order, bukij andijk will not.
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one of them in terms of the other. To do that assume jHatis in cyclic order
(Fig. 1.4) and by inspection find out whetHey is in the same order or not. As it
is nOt,Gkij = —€jik-

Is the permutation symbol a tensor? Almost. If the determinant of the transfor-
mation matrixA is equal to 1, then the componentsegf transform according
to (1.4.14a). However, if the determinant is equaktd, the components af;j«
transform according te-1 times the right-hand side of (1.4.14a). Entities with
this type of transformation law are known pseudo tensor#Another well-known
example is the vector product, which producgseudo vectgrather than a vector.

Another important aspect efj is that its components are independent of the
coordinate system (see 81.4.7). A proof of the tensorial charactecatan be
found in Goodbody (1982) and McConnell (1957).

1.4.5 Applications and examples

In the following it will be assumed that the scalars, vectors, and tensors are func-
tions ofxy, Xo, andxs, as needed, and that the required derivatives exist.

(1) By contraction of the second-order tenapy we obtain the scalar, ;. When
this expression is written in full it is clear that it corresponds todivergence
of u:
ouq duy dus

Ui=——+—+—=divu=V-u. 1.4.48
b 0X1 + 0Xo + 0X3 ( )
In the last term we introduced the vector operatqnabla or del), which can
be written as

a ] ad
v= (>, 2 2. (1.4.49)
0X1 00Xz 0X3

This definition ofV is valid in Cartesian coordinate systems only.
(2) The derivative of the scalar functioin(x;, X2, X3) with respect toy; is theith
component of thgradientof f:
of
— = (V) = f;. 1.4.50
= (Vhi=1i (1.4.50)
(3) The sum of second derivativdg; of a scalar functionf is theLaplacianof
f:

2f  9%2f  9%f
- + + = V?f. 1.4.51
X2 9xs 93 ( )

fii
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(4) The second derivatives of the vector componentreu; j«. By contraction

()

(6)

()

(8)

we obtainu; j;, which corresponds to thi¢h component of the Laplacian of
the vecto:

VU = (Vzul, Vzuz, V2U3) = (Ul,jj , U2 jj, Ugjj ) (1.4.52)

Again, this definition applies to Cartesian coordinates only. In general orthog-
onal coordinate systems thaplacian of a vectors defined by

Viu=V(V-u)—V xVxu, (1.4.53)

where the appropriate expressions for the gradient, divergence, and curl

should be used (e.g., Morse and Feshbach, 1953; Ben-Menahem and Singh,
1981). For Cartesian coordinates (1.4.52) and (1.4.53) lead to the same ex-
pression (Problem 1.9).

Show that the Kronecker delta is a second-order tensor. Let us apply the

transformation law (1.4.10):

8 = ayajdk = ayay = &j. (1.4.54)

This shows thas;; is a tensor. Note that in the term to the right of the first
equality there is a double sum oveandk (nine terms) but because of the
definition of the delta, the only nonzero terms are those With k (three
terms), in which case delta has a value of one. The last equality comes from
(1.3.19).
Let B be the 3x 3 matrix with elementd;;. Then, the determinant @& is
given by

b1 bz big

IBl = [b21 boo  bo3| = €jkbybojbak = €ijkbiibjabs. (1.4.55)

b31 b32 b33
The two expressions in terms gfi correspond to the expansion of the deter-
minant by rows and columns, respectively. It is straightforward to verify that

(1.4.55) is correct. In fact, those familiar with determinants will recognize
that (1.4.55) is the definition of a determinant.

Vector product ofi andv. Theith component is given by
Uxv)y = €jjkUj vk. (1.4.56)

Curl of a vector Theith component is given by

0
(curlu); = (V x u); = €ijk Wuk = €jjk Ui, - (2.4.57)
j





