Notation — Matrices and Tensors

In this chapter, we give the definition of matrices and tensors for the purpose of notation used
in the book. We summarize the basic relations that are useful for reading the text, without
any proofs or in-depth presentation. More details are given on the web (Theory, Chapter 1,
Examples, Chapter 1). For further reading the reader shouid consult books specialized to this
topic (e.g. Fung 1965, Malvern 1969, Mase & Mase 1999).

1.1 Matrix representation of mathematical objects

For some physical quantities, a single number is sufficient to define the quantity. For example,
we use 7T to denote temperature at a given material point, and associate a certain value with
T (e.g. T =20°C). The quantity specified by a single number is called a scalar. We will
denote scalars by italic letters.

However, many quantities need more than one number to be completely defined. For
example, in order to define velocity of a particle, we need to know not only the magnitude of
the velocity, but also its direction and orientation in space. The spatial direction, magnitude
and orientation are defined by, say, three velocity components in a Cartesian coordinate
system: v, v,, v5. We denote the velocity by a bold letter v, associating with it three scalars
Vi, V,, v3. In general, we use a bold lower case letter for a vector b, or a column matrix of
the order 1 x n, defined as

C b, ]

b=|. (1.1.1)
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We will be using notation of a transpose of a vector, b”, which assumes an interchange of
the rows and columns, i.e.,

b =[bb,..b, b,] (1.1.2)

For some physical quantities we need more complex representation than a vector. For
example, the state of stress at a material point is represented by values of forces per unit area
at three orthogonal planes (details are shown on the web — Theory, Chapter 1). Hence we
need nine scalars (three for each force), which we order in a two-dimensional matrix form
as gy, Oy, O35 ... ; 031, Oy, O33. In general, a two-dimensional matrix B (capital bold
letter is used for a matrix) of order m x n is defined as a mathematical object with terms

B;; in which the first index denotes the row number, and the second index represents the
column number,
Bll BIZ Bln—l Bln
B21 B22 B2n—1 B2n
B — . . . . . . (1.1.3)
Bm—l 1 Bm—1,2 Bm—l,n—l Bm—l,n
Bml BmZ Bm,n—l an

We will be mainly using square matrices, where m = n. If the columns and rows are
interchanged, then we have the transposed matrix,

(B"),=B (1.1.4)

Ji

Following this definition of matrix, it is possible to extend the matrix to have more than
two dimensions. However, in our presentation throughout the book, by a matrix we assume a
two-dimensional square matrix, unless otherwise stated. A square matrix is symmetric when

By=B, i,j=12.....n (1.1.5)

1.2 Basic relations in matrix algebra

We list here some of the basic matrix algebra relationships that are used in this book.
The addition of vectors a and b is expressed by

c=a+b or ¢=a,+b i=1,2,..... N (1.2.1)
resulting in the vector ¢ with components c;. In the case of subtraction we have a ‘minus’
instead of ‘plus’ sign. Summation of matrices A and B assumes the same order of these
matrices, say m X n, and is given as

C=A+B or C;=A;+B; i=12,..... ,m; j=1,2,....,n (1.2.2)

The resulting matrix C is also of the order m x n, with terms C;;.
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The scalar (matrix) multiplication of vectors a and b results in the scalar ¢ according to
the relation
c=a'b=b"'a=> ab,=ab, (1.2.3)
s=1

We will generally omit the summation sign by using the convention that the summation is
carried over repeated indices (here the index ‘s’ is also called the dummy index). This is
known as the Einstein summation convention. On the other hand, a dyadic multiplication
ab” gives the matrix C,

C=ab’ or C;=aqb, (1.2.4)

with the terms C;;.
The matrix multiplication between a matrix and a vector, or between two matrices, is
defined as follows:

c=Ab, ¢, =A;b (1.2.5)
C=AB, C(;=A,B (1.2.6)
Note that the following relation can be proved
C" = (AB)" =B"A, (C"), = BuA (1.2.7)
The scalar multiplication of two matrices is given as

c=A-B=A,B, (1.2.8)

ey

The inverse of a matrix A, denoted as A~!, is the matrix which satisfies the relation

AAT =T, AuA =8 (1.2.9)

ij

where I is the identity matrix (diagonal terms equal to one, all other terms equal to zero),
and §;; are the Kronecker delta symbols: §;; =1 for i = j; 8;; =0 for i # j.
The determinant of a matrix A, denoted as detA or ||A]|, is defined as

detA = Al = e, AyAy Ay, iy k=1,2,3 (1.2.10)

where e;; is the permutation symbol, with values: ¢;; =0 for i =j or j=k or i =k or
i=j=k; ey = 1 for even permutation of 1,2,3; e = —1 for odd permutation of 1,2,3.
Calculation of the matrix determinant is needed for the matrix inversion, therefore the inverse
matrix exists if the determinant of the matrix is not equal to zero.

Two matrices A and B are orthogonal if the following relationship is satisfied:

AB=1, or A,-kBkaﬁij, Lj=1,2,..... .m; k=1,2,....,n (1.2.11)
Note that the identity matrix is of dimension m x m. The matrix A is orthogonal if

ATA=1, or AyAy=28; ij=1,2..... oms k=1,2,.....n  (1.2.12)
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1.3 Definition of tensors and some basic tensorial relations

Tensors are mathematical objects defined by components associated with a coordinate system.
These components change when the coordinate system is changed, according to certain
rules (tensorial transformation rules). Note, however, that tensors (as well as vectors) do
not change with the change of the coordinate system, only their components change. We
will use tensors to represent physical quantities for which the transformation rules have the
physical background. Throughout the book we will be using the Cartesian coordinate system
with unit vectors (triad) i,, i,, i, shown in Fig. 1.3.1.

_ A first-order tensor b is represented in two coordinate systems (with unit vectors i, and
i) as

b = b, = b)i, + byiy + byiy = byi, = b,i, + byl + bsis (1.3.1)
where b, and b, are the vector components in the two coordinate systems. The relationships
between the components in the two systems are given by

b; =Tyb, (1.3.2)

where T, are the cosines of angles between the unit vectors i ; and i of the two coordinate
systems, T = cos(i;, i;). Note that this equation represents the matrix multiplication of
the form (1.2.5), involving the 3 x 3 transformation matrix T and the 3 x 1 vector of the

form (1.1.1).
A second-order tensor B is defined as
B= Bjkijik = By iji, +Bpiji, + B +. ... + Bs,isi; + Byisi, + Byslsiy =

(1.3.3)

= Byii, = By jiji; + Bl + Bjsiji; +. . ... + By 15, + Bj,isi, + Bysisis
with components B and Ejk in the coordinate systems i, and i,, respectively. These com-

ponents can be represented in the matrix form (1.1.3). The transformation of the tensorial
components due to change of the coordinate system is

Bjm = TjkBksT (134a)

ms

b=b.i, +b,i,+b,i,=

=E‘|T1 +b2_iz+B:ﬁa

X

Fig. 1.3.1 Graphical representation of a vector b in two Cartesian systems
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which corresponds to the matrix multiplication (1.2.6),
B=TBT’ (1.3.4b)

Tensors of higher order can be defined, following (1.3.3), but we will use the second-order
tensors and will call them tensors.

We further cite the tensorial relations used in the book. The dot product (multiplication)
of two vectors, tensor and vector, and two tensors, are consecutively defined as follows:

c=a-b=ai,-b,i, =a.b, (1.3.5)
c=Ab=A,ii, -b,i, = Ayb,ii i, =A;b,i;0, = Ab; (136)
c;= Ajkbk
C=AB=A,iji,-B,i,i =A;B,ii -ii=A;B,35,ii =A;B;ii (137)
Cj.v = AjkBk.v

Here we have employed the orthogonality of the unit vectors i, and i, i.e., i, -i,, = &y,,-
The dot product of two vectors is also called the scalar product. It can be seen that the dot
product of two vectors gives a scalar, the dot product of tensor and vector gives vector, and
the dot product of two tensors gives a tensor.

We will also use the cross-product of two vectors defined as

c=axb, or ¢ =¢;ab (1.3.8)
The scalar product of two tensors gives a scalar, and is defined as

c=A-B=A,B, (1.3.9)

ijoij

The Euclidean norms of a vector and a tensor are

1/2 1/2
IIb|| = (bjbj) , AL = (AUAU) (1.3.10)
_ The rotation tensor R corresponding to two coordinate systems with unit vectors i, and
i, is defined by the components

R,,, = cos(i,, i,,) (1.3.11)

It can be shown that the following relationship holds (see web — Theory, Chapter 1)

i, =Ri (1.3.12)

m m

leading to a rotation of vector i,. Multiplication of any vector b by the rotation tensor R
rotates this vector as it rotates the vector i,. The following relation is valid R = T7. It is
important to emphasize that multiplication of a vector b by the transformation matrix T
gives the vector components in a rotated coordinate system of the same vector (see (1.3.2)
and Fig. 1.3.1; also see web — Theory, Chapter 1). On the other hand, multiplication of a
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vector b by the rotation tensor R produces another vector b, rotated with respect to b (see
web — Theory, Chapter 1).

Finally, we define the principal values and principal directions of a tensor. In order to
introduce these quantities, consider the following equation

Ap=Ap or (A—AD)p=0 (1.3.13)

where A is a scalar, and p is a unit vector. The equation has a nontrivial solution (p # 0) if
determinant of the system matrix A — Al is equal to zero,

det(A—A)=0, or N —LX+LA-L=0 (1.3.14)

where 1,, I,, I; are the first, second and third invariants of the tensor A,

1
L=trA=A;=A+An+Ay, L= 5

Iy =detA = e, A Ay Ay, i k=1,2,3

(A = AyA)

(1.3.15)

If the matrix A is symmetric and its terms are real numbers, then there are three real solutions
Ays Ay, Ay which are the principal values, or eigenvalues of matrix A. To each principal
value A, there corresponds the principal vector, or eigenvector p,. It can be shown that
principal vectors p, are orthogonal (or orthonormal if eigenvectors are unit vectors), forming
the principal basis of the tensor A (see Example 1.5-4). Therefore, the tensor A in the
principal basis, written in a matrix and tensorial form, is:

A 00
A=10 A, 0 |, or A=XApp,+2ApP,+Ap:p; (1.3.16)
0 0 A,

In practical calculations of the principal vectors, we use (for a given principal value A;)
two of the equations (1.3.13) and one representing the condition that p, is a unit vector.
Therefore the following system of equations is solved:

(A = A) Pyt + AnPuy + AP =0

Ay Py + (A = A) Py + AsPy3 =0, no sum on k (1.3.17)
2 2 2

(Pay)” + (Pwp)” + (Pas)” =1

Further details about the eigenvalue problem can be seen in Examples 1.5-4; 2.1-4 and 2.1-6
on the web (Examples, Chapter 2).

1.4 Vector and tensor differential operations
and integral theorems

Here, the vector and tensor differential operations and integral theorems used in this book
are summarized. Throughout the text, we mainly refer to the Cartesian coordinate system.
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Differential Operations
We start with the differential operator ‘nabla’ or ‘del’, defined as

\% 8_+8_+8, ’; (1.4.1)
=—i+—iL+—i;=—1i 4.
ax, ' ax, x4 } 0x;, ¢
which is a vector-operator with components d/dx,, k =1,2,3. When applied to a scalar
function ¢ (x,, x,, x3), the gradient of the function ¢ is obtained,
d ad d a
vp= by 00, L 00, 9%, (1.4.2)

ax, 0x, 0x5
as a vector, with the components d¢/dx,. The gradient of a vector field b (x|, x,, x3) is

d oy 9b
Vb = a—Xk (bjlj) I, = 8__xkljlk (143)
and represents the second-order tensor with components (Vb),; = db;/dx;. The Vb is called
the dyadic product of the vectors V and b.
The divergence of a vector field b (x,, x,, x5) is defined as

d ob; ob; b
V-b=divb=— (b)) i, = —2i; i, = —28; = — (1.4.4)
0x, 0x, 0x, 0x,
and represents a scalar. The divergence of a tensor field A (x,, x,, x3) is
] oA, 0A
V-A=divA =i,—- (Ajmijim) = i, = hmi (1.4.5)
x;, 0x;, dx;,

Therefore, V- A is a vector with components (V-A), = dA,,,/dx;.
The curl of a vector field is (see the definition of cross-product (1.3.8)) is

b db, b ab, b ab, b
Vxb=¢,;—i,=—=—-—= )i+ ——- = )i,+ [ —= - —= )i, (1.4.6)
" ox x,  Oxy dx;  dx, dx, Ix,

J

representing a vector with components shown here.
The Laplacian operator is defined as
ad d 9 d* 9 9

V-V=A=i—i,—= = 4 +
‘ ox, T 0x,  0x0x, (‘9951)2 (5)‘2)2 (8x3)2

(1.4.7)

which is a scalar differential operator. Hence, the Laplacian of a scalar field is the scalar

Pp Py Pp P

V-V =Ad = = + + 1.4.8
¢ ¢ 0x,. 0% (axl)z (‘9)52)2 (8)63)2 ( )
while the Laplacian of a vector field is the vector
V.Vb=Ab b (Ab))i (1.4.9)
T axkaxklj N i o

with components Ab;.
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Integral Theorems

We list here the integral theorems that are used subsequently. The mostly used is the Gauss
Theorem (Fung 1965, Bird et al. 2002). If a closed volume V in space is bounded by a
surface S, then for a vector field we have

/V-de:/n-de, or /ab"dv /blnde (1.4.10)

where n is the unit normal of the surface element dS. This relation is also known as the
Gauss—Ostrogradskii or the Divergence Theorem. In the case of a scalar field ¢ (x,) and a
tensor field A (x,), the Gauss theorem is

/V¢dV=/¢nds, or /j—de:/dmidS (1.4.11)
1% s v ! s
and
/V-AdV:/n-AdS, or /%dV:/nkAkidS (1.4.12)
N

Note that in case of a two-dimensional domain, the volume V becomes the surface S and the
surface S in the above integrals becomes the two-dimensional domain contour line L. Proof
of the Gauss theorem and additional details are given on the web — Theory, Chapter 1.
Next, we give the expression for the so-called material derivative of volume integral.
Assume that a continuum is moving in space. Considering the continuum as a set of material
particles, we have that physical quantities, such as mass density, temperature, velocity,
stresses, are associated with each material particle, changing over time while particles move.
Let ¢, be the total value of a quantity ¢ (it is a scalar: temperature, density, ..., or a
component of a vector or tensor) over all material particles occupying currently a fixed
closed space volume V,

space’

Yy = / ydV (1.4.13)

V,

space
If we want to find the rate of change of i, we obtain

Dy, a _
i = ath+f Yv-ndS =

Vipace Sspace

- S Geamri )= (Gioog)o

spau space

(1.4.14)

The integral over the surface S,,,,.., which encloses the volume V., represents the flux of
i through the surface. We have used the Gauss theorem (1.4.11) to transform the surface
integral to the volume integral. Also we use the notation D, /Dt to indicate that the time

derivative is evaluated assuming the same material particles. Consequently, the derivative

Dy _ab o

= (1.4.15)
Dr @ ax
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is called the material (or substantial) derivative of . If a spatial field of a physical
quantity ¢ which changes with time is defined, ¢ (x,, 7), then the derivative di/dt is the
local derivative assuming constant spatial coordinates x,; while the term (di/dx,) v, is the
convective derivative which takes into account motion of the material particle. Therefore, for
a given spatial field ¢, the sum of these last two derivatives gives the rate of change D/ Dt
for a material particle (material point) at a given space position. The material derivatives are
used when transport phenomena are studied (e.g. mass and heat transport).

Additional details about the relations presented in this section are given on the web —
Theory, Chapter 1.

1.5 Examples

Example 1.5-1. Prove the e-6 identity
The following relations between the permutation symbol e, ; and the Kronecker-delta symbol
0;; can be proved:

eijk Cimn = Sjm 6kn - 8_/71 8km (El S-1. 1)

Details of the poof of these relations are given on the web — Examples, Section 1.5.

Example 1.5-2. Derive the procedure for calculation of the inverse matrix
For simplicity, consider a 3 x 3 matrix A. The matrix A~! is the matrix which satisfies the
relation (1.2.9). We write the matrix A~! as

AT = [A;jl] = [X(I)X(Z)X(3)] (E1.5-2.1)

where the vector X;) is the i-th column of the matrix A, i.e. we have that Xy, = Aj‘il. The
equations (1.2.9) can be written as a system of three equations:

Ax;, =8, i=1,273 (E1.5-2.2)

where the vectors &), 8,), (3, have the components 6,; = §,;.
By solving this system of equations, we obtain that the terms Al.‘j1 of the matrix A~! are:

1. 1
A;J.‘:l—)D/’, or A*':l—)DT (E1.5-2.3)

where D = [Dij ] is the matrix of cofactors of the matrix A. Details of this derivation and
problems for exercise are given on the web — Examples, Section 1.5.

Example 1.5-3. Determine the rotation tensor using the relation (1.3.12)
The component form of this relation is

ik = Rijia); (E1.5-3.1)
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We multiply this equation by i, and sum such three equations on « to obtain

3

3 3
> ikl = 22 Rijiayjiwys = Rij D iy = Rijd e = Ru (E1.5-3.2)
a=1

a=1 a=1

We have used here the orthogonality property of the base vectors i,,. Namely, we have that
i(a{)k = i(k)a and then

3
D iadia = i iy =8 (E1.5-3.3)

a=1
The relation (E1.5-3.1) can be written in a dyadic (direct notation) as

3
R = Z i(a)i(a) = i(l)i(l) + i(2)i(2) + i(g)i(:;) (E15-34)

a=1

The tensor R written in a matrix form is

X7 ) X3
x| L, I i
Rex, | m " o (E1.5-3.5)
X3 |y 7, n3

where the coefficients /;, m;, n; are the cosines of the angles between, respectively, the axes
Xy, X5, X3 and X, X,, X5. Note that the transformation matrix T in (1.3.2) is

X7 ) X3

x| L m n, i
T—R" A m, ”2 (E1.5-3.6)
X L m; n3

EXERCISE
(a) Determine the rotation tensor R using the relation (1.3.12) and two orthogonal bases py,,
and p,, which do not coincide. The solution is (see web — Examples, Section 1.5):

3
R=) PP (E1.5-3.7)

(b) Write the rotation tensor in the bases p(,, and Py

(c) Prove that the rotation tensor is orthogonal, i.e. RTR = 1.

Example 1.5-4. Show that that the principal vectors are orthogonal and that the
symmetric tensor in the principal directions is diagonal

Consider two principal vectors p,, and p,, of the symmetric matrix A, corresponding to the
eigenvalues A,, # A,. Then, according to (1.3.13) we have

Ap,, = AP,

(E1.5-4.1)
Ap, =A,p,, nosumon m and n
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If we multiply the first equation by p! and the second equation by p/, and subtract the
resulting scalar equations, we obtain

pZApm - prTr;Apn =0= ()\m - An) pr{pm (E15_42)

since the matrix A is symmetric, and p’p,, = p’p,. The vectors p,, and p, are the unit
vectors, therefore we have that

which shows that the principal vectors are orthogonal (or orthonormal). The orthogonality
of the principal vectors is also applicable in the case when some principal values are equal.
Details of the proof for this case can be found elsewhere, e.g. in Bathe (1996).

To prove that A is diagonal in the coordinate base p,,, we write the system of equa-
tions (1.3.13) in a matrix form as

AP =PA (E1.5-4.4)
where the matrices P and A are
A 000
P=[pp.p;]. A=| 0 A, O (E1.5-4.5)
0 0 A

Note that PTP =1 due to the othogonality condition (E1.5-4.3). From multiplication of
(E1.5-4.4) from the left by P it follows

PAP =P'PA = A, hence A=A (E1.5-4.6)

where A is the matrix in the coordinate system with the base vectors p,, (see also the
transformation rule (1.3.4a,b)).

EXERCISE
Express the matrix A in terms of matrices P and A (spectral decomposition of A) and
determine A~!. Solution is given on the web — Examples, Section 1.5.

Example 1.5-5. Determine the differential operator ‘nabla’ in cylindrical

coordinate system

The relations between Cartesian x, y, z and cylindrical system r, 8, z are (see Fig. E1.5-5,
where P is a point in space and P’ is its projection onto x —y or » — x plane),

x=rcosh, y=rsinf, z=z2 (E1.5-5.1)

The relations between the unit vectors i, i, i, and r,, ¢, i, are

'y

ry=cosbi, +sinbi,, ¢, =—sinbi, +cosbi,, i =i, (E1.5-5.2)

Relations between the partial derivatives in the two coordinate systems are

0 d .0 R | d
— =cos— — —sinf—, — =sinf— + —cos—
ar ar r 20

, E1.5-5.3
a0 dy ( )
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X

Fig. E1.5-5 Cartesian and cylindrical coordinate systems

Using the relations (E1.5-5.2) and (E1.5-5.3) we obtain that the operator V in the cylindrical
coordinate system is

\Y 8-{— 18-1-' g (E1.5-5.4)
=ry,—+¢—— +i.— .5-5.
9r  %ra0 ' Coz

Note that the following relations are valid:

dr, .. .

50 = —sin 0i, +cos 0i, = ¢,

3 (E1.5-5.5)
c

— = —cos i, —sinfi, = —r,

a0 y

which are obtained from (E1.5-5.2). Derivatives of r, ¢,, i, with respect to  and z are equal
to zero.

Detailed derivations of the above relations and problems for exercise are given on the
web — Examples, Section 1.5.
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