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Scalar

* Scalar: representing a single magnitude at each
point 1n space

- Material density
- Mass

- Energy

- Distance

+ Volume

- Area

- Temperature



Vector

* Vector: representing physical quantities that
have both magnitude and direction

- Electric field

- Force

- Displacement of material points
- Velocity

- Rotation of material points

. Force couple (Moment)



Matrix (Array) |

* Matrix: a rectangular array of numbers

m-by-n matrix

a;j n columns — DEVE DS /]
L) /
o /5 /-8, 4
m R ' Sl / / / //_/ //
rows 3 0 Loyt 8 ; 7 7
dir a2 aiz - - -
.//'/
d21 Q2 Q23 8 I 8 Ry
/1/0/1'/‘/7/'1
CERSNCE R K S SR,
- A / //
)
7

» Array: a data structure 1n which similar elements
of data are arranged 1n a table



Indicial Notation

AZ =X3

* Orthogonal unit vectors:|ix j=k
* Vector decomposition:
a=0P=(a-i)i+(a-j)j+(a-k)k

3
=ae, +a,e, +ae, =) ae,
i=l1

 Indicial notation: a shorthand scheme whereby a
whole set of components 1s represented by a
single symbol with subscripts




Indicial Notation

 Addition and subtraction

" ay £ by
ar» + by
a3z & b3

a; + b; =

e Scalar multip]

/d i —

e Outer multiplication

a;b; =

, @jj £ by =

1cation

).(1|

;.(12 g ).(l,'j =
;.(13

a1 by
a» b

az b

Al = /7||
a1 :|:172|

azy =+ bs

/d 11 /d 12

).(12 I ;.(122

/d 31 /. 32

A /73
arbs

a; by
a» b,
az b

azbs

ain 1 /)12
an» i m /722
azn v /)32

/d 13
/d 23

/.33

ai3 T /713
anjy T /)23
aszj + /)33




Indicial Notation

 Commutative, associative and distributive laws

a; + b; = b; + aq;
(l,‘jbk — bkaij

a; + (b; + ¢;) = (a; + b;) + ¢;

a;(bjxcr) = (aibjr)c

a;i(by + cx) = ajjby + ajicy

* Equality of two symbols

) ~
a, = b, a,=b, a,=b, a;=
a3 = b, | dy = by, ay;, =by, ay=
* Avoid
al.:bj, al.jzbkl---




Summation Convention

* Summation convention: if a subscript appears twice 1n
the same term, then summation over that subscript from
one to three 1s implied

R
djj — E dj; — d11 -1- an» -+ IR%

3 3
>
lJ l ] l] l J

3 i=1 j=1
(’ijbj — E (1,:]'/)j — (I,']/)| =+ (l,‘p_l)g + (I,'j,/)_,
J=1

A, =4, =Aay "

* In a single term, no index can appear more than twice.
 Dummy (repeated) indices vs. free (distinct) indices
* Among terms, index property must match.



Contraction and Symmetry

» Contraction: for example, a;; 1s obtained from a;; by
contraction on i and j
* Outer multiplication — contraction — mner product

aibj (contraction on ij ) ab,

a.b, (contraction on jk) a.b,

« Symmetric vs. antisymmetric (skewsymmetric) w.r.t. two
indices, 1.e. m and n

djj..m..n..k — Aij..n..m...k dij..m..n..k — —djj..n.m..k

. . 1 1
o Useful identity: a; = (a,, + aji) + = (a,J ai;)
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Kronecker Delta

* Kronecker delta: a useful special symbol commonly used
in index notational schemes
* Symmetric

: l,if 1 =] (no sum) r &
Sl 0 0 1

* Replacement property
Oji = Oji
0ii = 3,04 = 1
(5,’j(lj = d4a;, (5,‘j(1,‘ — (lj
0iidik = Gik, Ok Qik = Qjj

(Sijaij — dij;, (Slj(slj = 3
11



Levi-Civita (Permutation) Symbol

Antisymmetric w.r.t. any pair of 1ts indices

- +1, 1f ijk 1s an even permutation of 1,2,3
Eijk = ¢ —1, 1t 7jk 1s an odd permutation of 1,2,3
(0, otherwise

€123 = €231 = €312 = 1,&32]

:{,")g:—l €112 = €13 =es =...= Ik
21: 112 131

€132
Cross product of two vectors

axb=(ae,) x(bjej) =ab, (ei X e ) ab. ( Ukek) b e

 Scalar triple product of three vectors

axb-c=¢,abe -c.e, =¢,abc, (e (e, e, )= Exa:b.c, o, =¢&,a.b.c,

[~ ] m
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Levi-Civita (Permutation) Symbol

* Determinant of a matrix (easily verifiable)
dyy 4y Uy

det[ay] = ‘aij‘ = |dy Ay Ay = &,;4,,4, 43, = &;,0,0 ,0,;,

d; ds dgz;
* By the definition of Levi-Civita and note the following

EinCr@y@ Ay = E530;1A Ay — &A1 A Ay y T & A HA Ay

rstir T Js

— & A [ Ayy T 4 A0 1Ay — E,0,30 5,0,

— gl]ké‘ a.d, = 6det|:aij:|a gijkailajmakn = €lmn det[alj}

rst U ir" js
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Levi-Civita (Permutation) Symbol

* &-0 property

51'1 51'2 513
E4 =€ € Xe = (@pep)-(éjqeq)x(@rer) =64 =10, 0, O
5k1 5](2 5]{3
£y = [ANB] = [[41[B] | = |[ 4118
_é;l 5;2 51'3 _5p1 §q1 5r1 | é‘zmé‘pm é‘zmgqm 5im5rm
= §j1 5]'2 5]‘3 5p2 5q2 é‘1”2 = 5jm5pm 5jm5qm 5jm5rm
_5k1 5]{2 5]{3 _l _5p3 é‘q3 5r3 i 5km 5pm 5km 5qm 5km 5rm
5ip 5iq 51'1’ 51']9 5iq 5ik
= Eijk pgr = 5]19 5jq 5]’]’ = ik pgk = 5]‘19 5]@/ 5jk - 51’195]0 B 5105]'19
5kp 5kq 5kr 5kp 5kq 5kk

14




SamBle Problem

* The matrix a; and vector b; are specitied by

1 2 0 2
a;=|0 4 3|,b=\4
2 1 2] 0
* Determine the following quantities, and indicate whether they

are a scalar, vector or matrix.

a,a,,a,a a.b..a.bb.. bb bb..a a

a" ij 9 ij ]k 9 ij ) j 1 J i el B | i > symim. 2 anti.

11 2

e Solution:
a.=a,, +a, +a,, =7 (scalar)
a,;a; = a4, Ta,,d;, T 430,35 T4y Ay T Ay, Ayy T Ay30yy T 310y T 0550y, T A3y
=1+4+0+0+16+9+4+1+4 =39 (scalar)
15



SamBle Problem - Solution

al.jajk

al.jbj =a,b +a,b +ab =

= ailalk * ai2a2k * ai3a3k =

10
16

8

1 10 6
6 19 18
6 10 7

(vector)

abb—a bb +a bb.+a bb+a b.b +--

117171

bb =bb +bb,+bb, =4+16+0=20 (scalar)

127172

137173

217271

(matrix)

= 84 (scalar)

4 &8 0
bb=| 8 16 0 |(matrix)
O 0 O
| 1'120'1'102"111
symm—E(al.j+aﬁ)=5 0 4 3+-{2 4 1|=[1 4 2| (matrix)
2 1 2] 7|0 3 2] |1 22
1 2 0] [1 0 21 [0 1 -1]
_! —1043124—10 i
At E(ay _aji)_g _5 l|=|- (matrlx)
2 1 2] 7|0 3 2] |1 -1 0
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Coordinate Transformation

* Unit base vectors for each frame
{e;} ={e,e,,e,}; {ej} ={e;,e),e}} X
e Transformation matrix
Q, =cos(x;,x;)
e; = Qllel + Q12ez + lee3

e’z =06 +0,e, +0,.e,
e; — Q31e1 T Qszez T Q33e3

 Relations between base vectors

r . _ /
G = X% G =L

17



Coordinate Transformation

 Transformation between vectors

. . N r v rr
v=ve +v.e,+v.e, =ve|=v, e +r.e, +v.e, =ve

V_QZJ j? V_Qﬂ]

* Property of transformation matrix

Vi —Qﬂ i =0,0,v, =10,0, =04 QQ-=1

Vi _Qlj J szquVl;> — Q,]Qk] = 0y QQ’' =
det[Ql.]]:J_rl

* For right-handed coordinates

det[Ql.]] =1




Tensor - Definition

 Transformation between matrices

A=4ee =4

KUk CL ;;;(Qk,-ei)(QZjej) = 0,0 .4,ee|=4.ee

— Az;' =0,0 lekl — Aij = ka'Qlel;l

 Those vectors and matrices that satisty the
transformation rules are called tensors.
* Exceptional matrices do exist, i.e. spinors.

Fortunately, this is not our concern.
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Tensor - Definition

* A tensor can be any order and must satisty

d = a, zero order (scalar)

a. = Qjya,, first order (vector)

a; = QipQjqdpq, second order (matrix)

afjk = 0i»Q;;Qrpyr, third order

a;/‘k[ — Qi[)quQki'leapql°Sa fourth order
* For general order

4 —
Aij/d... T QimanQklep ot Am,wp...

— ’
Aljk[... _ Qmianon pl o Amnop---




Tensor Algebra -

» The distinction between a tensor and its components
V=Vvie| + Ve + viez = V;e; A=A ee +Apee +Azee;
= vie), +he; Hviey = vie; + Az1e2e) + Axere; + Axzeres
+ Azieze; + Apezer + Aszzeses

S— .. . - C— , , ,
= Ajjeiej = Al-je,-ej

* Equality of two tensors: A=B = 4de, = Be, => A =B,

 Addition/subtraction

 Scalar multiplication: 1A = 1 4.e, e, e ey
e Cross product and triple S = ;" Z Z = ikdjbie:
21 2 3
product of first-order tensors: a ay a;
a-b%Xe= /71 /)2 /)3 — ('I,'j/\-('l,'hj('/\—
= &9 C3 21




Tensor Algebra

* Tensor product (outer multiplication )
AR®B=4de ®Be = 4B e e, =A4Bee,

Contraction on a pair of indices

(Tensor product —1inner product)
A-B=A4e -Be, — ABe e =A4B,

Generalized inner product (matrix product)

AB = [A]|B]| = A;B

Aa = [Al{a} = Aja; = aA;

aIA — {a}llAl — (l,' ij = Afjuf i k)
AIB — AJIBJ/\
tr(AB) = A;;Bji

tr(AB") = tr(A"B) = A;B;;
22



SamBle Problem

* The components of a first and a second-order tensor 1n a particular
coordinate system are given by

X3 4
a=| 4 b = ’

i ij

W O =
Do N O
S N W

* Determine the components of both P
tensors 1n a new coordinate system ~ %
found through a rotation of 60° about T
the x;-axis. Choose a counterclockwise ~;
rotation when viewing form the
positive x;-axis.

23



SamBle Problem - Solution

cos60°  cos30° cos90° 1/2 \/5/ 2 0
Q,=| cosl50" cos60" cos90" |= —\/5/2 /2 0
cos90" ¢co0s90° cosO° 0 0 1

/2 V32 o7 [1/2+243]
a=0a =-\3/2 12 0||4|=|2-+3/2

0 0 1|2 2
/2 32 000 o 31 V2 —3/2 0
B=000b = -V3/2 12 0o 02 2| B2 12 o
0 0 1 324 0 0 1

7/4 Bila 32445 |
= 3/4 s/a 1-343/2
32443 1-343/2 4




IsotroBic Tensors

* Defined as those tensors whose components remain the
same under all transformations

» All scalars (zero order) are 1sotropic

* No non-trivia 1sotropic tensor of the first order

* Kronecker Delta 1s the most general second order

1sotropic tensor
T =ao.
ij ij
— T;'; = QiijlTkl = Qiijlaékl = aQiijk = 0551.]. = Tij

25



IsotroBic Tensors

* Levi-Civita Symbol 1s the most general third order

1sotropic tensor
det[a}za1 a a. & =da .d.d.&E
m 2

n 30 mno ml n2 03 mno

= 8l.jkdet[a]= a.a a, &

im~ jn ko mno

Tijk = &,

=1,=0,0,0,.T,,=0a0,0,.0€e¢,,=as,dt[Q|=T,
* The most general fourth order 1sotropic tensor

T = ad,0, + B5,5,+75,0,

=T =0,0,0.9, 0 = 9,0,0,,0, (23,,5,, + 3,,5,, +15,,3,,)
=(20,,0,,0,,0, + $0,0,,0,0,, +70,,0,,0,0,,) =T},

26



Tensor Field and Comma Notation

* The field concept of a tensor component
a=a(x;,.x,.x3) =alx;) = alx)
a; = a;(xy, xr,x3) = a;(x;) = a;(x)

ajj = a;j(X1,X2,X3) = a;;(X;) = a;j(x)

* The Comma Notation for partial differentiation

Gradient operator: V = ﬁel + ie2 + ie3 = ﬁei
Ox, ox, Ox, OxX,
2
Laplacian operator: V> =V -V = iel ie = g
Ox, = oOx, ' Ox,0x,
. ¢
Gradient of a scalar: V¢ = a—e = 9.,
xl
o

Laplacian of a scalar: V¢ = =@
ox.0x;,



Tensor Calculus

ds

d
Directional derivative: a9 =V¢@-n=

Gradient of a vector:

u¥ = (ue)£

«—

d
ax

d¢ d d¢
8791+8762+876 ] (ze +—
_a—uee I/l ee
ax -

d

ox
J

Divergence of a vector: V-u = [—e

.j-(u.e.):u. O.=u. .
] 1 1 ] Uy 1,1

Gradient of a tensor: oV = (O'I.J.el.ej

>(

5.
E)xkk B

86
axk

ij.k ik

Divergence of a tensor: V-0 = ie -(0' ee ) aG (e e )e
g : = ox, %) ox, ;= O
0 0
Curl ofavector:qu=£§eJ,]x(u e ) E)Z (el]k l) €U, €
82
Laplacian of a vector: V’u = (uke k) =u, e,

dx, ox,

J

28



Useful Identities

V(o) = (Vo + ¢p(V)

VA(pY) = (V2P + (V) + 2V - Vs
V- -(pu) =Vo- -u+ ¢(V-u)

V x (¢pu) =V x u+ $(V x u)
Viuxv)y=v-(Vxu)—u-(Vxvy)

VxVp=0
V.-V¢ =V
V-Vxu=0

V x (Vxu)=V(V-u —Vu

ux (Vxu) = %V(u -u) —u-Vu

* All can be proved with Indicial and Comma Notations.

® VxVg= (—ej (a@f ,} 8528¢x 8Jkek—¢181kek—¢ € €y ——¢ N ——¢ &8, =0.

29



SamBle Problem

* Scalar and vector field functions are given by
¢=x"—y’and u=2xe, +3yze, + xye,.

Calculate the following expressions: y¢ v2p. V.u,uV,V x u

e Solution

Vo=2xe —2ye,; V¢=2-2=0

V-u:ul.,l.=2+3z+O:2+3Z 4

- 7 VXu=——e xue =& u. e
270 0 ox, J ]
uV = U 8¢ = 0 3z 3y =€ (u3,2 B u2,3) +€, (”1,3 B u3,1) + €, (uz,l B ul,z)
] y x 0 | :el(x—Sy)+ez(—y)

30



Integral Theorems

* Gauss (Divergence) theorem

.o undS: cpp
JJS v

ooV

V-udl;

| u,n,dS = 111, u, dv.

e Stokes theorem

JC

[ u-a’r:”S(qu)-ndS;

.Cukdxk = ”S E el N,AS.

* Green’s theorem on a plane

jc(uldxl + uzdxz) = ”S(MZ’1 — “1,2)dx1dxz-

31



Czlindrical Coordinates

x=rcos@,y=rsin@,r = \/x2 +3%,0=tan"' 2
or 06 smfd or . 00 cosf
=cosf,— =— ,— =SInf,— =
ox Ox r ooy oy r
o O 8r 0 06 0 sin@ 0O
=cosf——
8x or 8x 00 Ox or r 060
o O 8r oo . 0 cosf O
=sinf—+
oy " or 8y 06 oy or r 00
e | |cos@ sind O]fe | |[ecosf+esing
1€, p=|—smnf cosf O0]|je, r=<—€sind+e cosd
e.|] | O 0 lle.] | e, )
e, _, e,
00 o0 7

>X2

'

32



Czlindrical Coordinates

9
i cos@ smf O aax 5 -
V=QV —sin@ cos® 0 | — =e —+e,——+e —
oy " or r 00
0 0 1
- Sl
\ 0z
- 0 1 0 0
HVZ(MFBV-I-MGCO-I-M € )[ge +—a—e +$e

_aiee +—(al—u j au’”ee
ar r\ 00 09z T
RELIVON 1( ﬂ] N
or r 00 0z
du_ 1 du_ du,
or ra0 * % 0oz
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Czlindrical Coordinates

* Double gradient of a scalar (symmetric as expected)

Vo= erg—(f+e %g_qb aq:
. 2
3rqj N ar(i gkb)e ¢+ aar g)z e,e.
=(V¢)V = ar(igﬂee +‘(g_f+%%jee +%aazgpz
2 2 2
_ aigbzeeﬁ%aagzee +37Q25ezez

=V(V9)

€,C.
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Czlindrical Coordinates

(0 1 0 a\
V-u= e —+e,———+
“or  Yr o0 52

ou, u 10u, Gu

14 + 14 _|_ y4
or r r 09 Oz
;. s, o)

(urer + u,c, + uZeZ)

qu:ker— e, ;% a—Jx(urer+u9eH+uzeZ)
z
B (l@uz_au\ fﬁu 814\ (ai_lﬁi
_”Lraé’ GZJ L@z 81/} ‘\or r o6
Vi=|e —+e, li i\-[e E+e li+e E\
L”@r r@é’ Z@Z k”@r “rof ‘oz

o 10 10 0

=—+ + +
or* ror r*o0* 0oz’
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Czlindrical Coordinates

Oe de, O’e.  Oe, O’e,  Oe
- :eﬁﬂ— B 2” =% 2 -~ - :_eé’
00 00 00 00 00 00
9, ou 0° O’u ou
u.e ue,+e —-—, ue ~+2e,———u.e
ae( )= e " 00 @92(”) " 06> ° 0 a
0’ o’u, . ou, oe O’e o’u ou
U,e +2—0 70 4y 9 —¢ 2 —2¢e —L—u,e
592( /o) =¢ “00* 00 00 °06° U 06 o0
o 10 1 & o’
Viu=| —+——+ + ue +u.e,+ue
((’9}* ror ro06° 622)( rr oo Z)
2 Ou, u, 2 0u. u
:(Vzur 5 @He — rzje,, —|—(V2u9 t g rgjeé, +Viue,
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Czlindrical Coordinates

50— cee +7T ee +7 ee +7,e.e +0,e.e, ie +lie +ie
+7,e.e_+T ee +T ee,+0ee or " r oo dz °
z 0 z zZr oz 7 z0 z 0 z z z
Jdo, a7, 0T arer dJo,
—e ee +——eee +—”Zerezer + —=
or or or or or
s J7, N J7_ L 97y a7, do
—%2eaee +—ZLeee
a’" 6 zr ar z r o r a”' al"
(106 7,+T, ) (1 arre o -0, 1ot 7,
+ — - — erereB T~ + ereOeG T = - el’eZeG
r 00 r r 00 v r 00 v
( 107, , 0.7 ) ( 1do, LTt T 107, T_
=+ ee e + eee, +| — + e,e_e
a 89 s s 89 4 r 00 a
\ J \
(107, T, 10T, © 100
4+ ——L — = eee,+|— Z+Z’”eee
r 00 ro| 77 r 00 4 r 00
86 a7, N JT _ L 9%, arer dJdo,
—Peee +—=eee
E)Z dz "9 9z "7 9z 0z
8’592 JT_ a7, do
+ . eeezez+—az eee + o ee,e. .
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Czlindrical Coordinates

Gradient of a tensor:

-—

oV

) P

-

)_

Divergence of a tensor: V-0 = (

V -0 = contraction on the first and third index of oV

0

—e
k
Bxk

V.o E)G+lar +arzr+crr—69
Jdr r d0 0Oz r
(0t, 100, E)Tze T,+7T
= + +
. Br r 89 dz r
+(ﬂ+larez +80'Z T
\dr rd0 dz r )°

ij,k i ]k

- .)e.=G €
i)

igiiJj
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Czlindrical Coordinates

oe de,, oe o’e,
oy T e T T =
06 00 ol 00

(& 10 & 1) (Jrerer +7 ee,+7 ee +7,ee +0eze )

Vzazk—2+— +——+— 2J oo
or- ror 0z° r°-o6 tr, ee +7. ee +7_ ee,+oee,

0 0 0 0
=| Vo —%(0 —o,+ fro 7y ee + V209+%(0 —o,+ fro 7y e.e,
"rk” o6 5¢9J n rk” o6 56’J

) ) 2 (Gar do, ) ) 1 8792\
+| 'V az]ezez+{v T”9+r2L 20 20 —rre—rer) ee, +|V rrz—?krrz+2¥) ee.

2(60 oo ) 1( _or )
+ V279r+rzk i 86’9 —Trg—rerJ}eeerJ{Vzr&Jrrz L2 - —TQZJ}eQeZ
1 ( or ) 1( _or )

+ Vzrzr _r_zv” + 28—5J }ezer —{Vzrzg + r—ZKZa—g— rze)}ezee

* The Laplacian 1s symmetric 1f the tensor 1s symmetric.
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SRherical Coordinates

z=Rcosp,r = Rsingp,R=\z"+r’ go—tan_IZ
z
R ' R .
a——cosgo,ﬁ(p _sm(p’a :sm(p,&(pz COS
Oz 0z R ~or or R
0o O 8R 0 Op 0 sing O
= =COSQp———
0z OR 0Oz 8(0 Oz OR R Op
o 0 8R 0 op . 0 cosep O e,
=sinp—+
or 8R or 8(0 or OR R Op
e, cosp sing 0 e singe, +X1cosg0ez
1 €, (=| —sing cosp 0 |{ e (=1 cospe —sinpe,
e, 0 0 1 e, e,
0 oe 0 oe
“r _ —r=—e,, &zsingoee,—g”zcosgoeg,
op ¥ Op o6 o6
de, . .
E——er = —singe, —cosge_ (er —smgoeR+cosgoe¢)

ép
€y
* ,/ :
S =
Y €
R
Xo

Vo

40



SEherical Coordinates

2 El
cos¢ sing 0 aBZ 81;
V=QV —sing@ cos@ 0 [§ — (= 19 -
0 0 or R 0o
1o 1 9
r 06 Rsing 00
uV—(ue+ue+ue)ie 15 : ée\
fok oo 90l OR Raq) Rsingoaé? )

8u¢
=|+——e e

oR °

du,
oR

au
a—ReReR+ —

1du, u

4

Racp_R

1 du

1 du,

+—2e,e, +——e e,+

Rdp °

1 oJu, u,
eReq) + : — e.e,
Rsingp 06 R

o u_R+__¢ee+_c0tg0u9+ 1 du,
R Rodp | ?° R Rsing 00

U, 1 du, cotou
+— + e e
R Rsing 06 R

0

)e(pee
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SEherical Coordinates

-(uReR +u¢e¢ +u9e9)

X (MRCR +u¢e(p +u9e0)

(9 1 6 1 )
\% u:LeR_+e ———te,— )
OR 7 ROp Rsing 06
zauR+2uR+C0t(0M¢, 18u 1 Ou,
OR R R R Op Rsmgp 06
O 1 6 1 8 )
Vxu=|e,—+e ——+e,— )
OR 7 ROp Rsing 06
( 1 Ou, cotou, 1 8%\

"R TR Rsing 00 )¢

( 1 ou, +u9 Ou, ) (1 ou,, _M(D_@M(D\e
L Rsing 00 R GRJ LR op R 8RJ ’
, (@ 10, 1 o) ( o 1 0 1 0
Vv Le —te ——+e,— )-LeR—+e ———+e,— J
OR “R 8(0 Rsing 06 OR “ Rogp Rsing 06
0 2 0 , cotg 8 1 & 1 o
OR ROR R o R o’ " R sin’ @ 00’
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SEherical Coordinates

Oe,  Oe, Oe, . oe, oe,
ago —ew,ﬁ——eR,%—Sll’l@ea,ﬁ—COS(DCQ,———SZVI(DCR —cosgoe(p
O’e, d’e,
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SRherical Coordinates
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SEherical Coordinates

. _ 5 Jo,
Gradient of a tensor: |GV = (G ee. ) 8 =

: 0
Divergence of a tensor: V-0 = (—e )-(G..e.e .

x ax ij,k ik

k
axk

V -0 = contraction on the first and third index of 6V

Voo o Jo 1 JaT,, 1 d7,, +26R—69—G¢+Cot§0T¢R .
OR R Bgo Rsmq) 06 R K
_ aTR(p . 1 aa 1 E)Te(p s 27:R(p+1'(pR —Cotgo(ae—a(p) }
OR R B(p Rsmgo 00 R ¢
N JT,, 181’ 1 do, 2TR9+T9R+COt(P(T9(p+T(p9) o
BR i R0 Rsmgo 89 R ¢
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Outline

e Scalar, Vector and Matrix

* Indicial Notation and Summation Convention
« Kronecker Delta

* Levi-Civita symbol

e (Coordinate Transformation

 Tensor

* Principal Values and Directions

* Tensor Algebra

e Tensor Calculus

* Integral Theorems

* Cylindrical and Spherical Coordinates
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