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Abstract

In this article, we mathematically rigorously derive the expressions for the Del Operator V, Divergence V - ¥, Curl V x ¥, Vector gradient
V¥ of Vector Fields ¥, Laplacian V2f = Af of Scalar Fields f and Divergence V - T of 2nd order Tensor Fields T in both Cylindrical
and Spherical Coordinates. We also derive the Directional Derivative (A - V)¥ and Vector Laplacian V¥ = AV of Vector Fields ¥ using
metric coefficients in Rectangular, Cylindrical and Spherical Coordinates. We then generalized the concept of gradient, divergence and curl
to Tensor Fields in any Curvilinear Coordinates. After that we rigorously discuss the concepts of Christoffel Symbols, Parallel Transport in
Riemann Space, Covariant Derivative of Tensor Fields and Various Applications of Tensor Derivatives in Curvilinear Coordinates (Geodesic
Equation, Riemann Curvature Tensor, Ricci Tensor and Ricci Scalar).
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1 Derivatives of Cylindrical Coordinate Unit Vectors with Respect to Cylindrical
Coordinates

To rigorously derive the derivatives of the cylindrical coordinate unit vectors (€,, €y, and &) with respect to the cylindrical coordinates (p,
0, and z), we must first recall the geometric meaning of these unit vectors and the way they vary with changes in the cylindrical coordinates.

Step 1: Cylindrical Coordinates and Unit Vectors

The Cylindrical coordinates (p, 0, z) are related to Cartesian coordinates (x,y, z) as follows:

p=+Va2+y? O=tan"! (£>, z=z.
x

The unit vectors in cylindrical coordinates are defined as:



¢ Radial unit vector é,:

€, = cos 6i + sin Qj

where i andj are the unit vectors in the z- and y-directions, respectively. This vector points in the direction of increasing p.

e Azimuthal unit vector &y:

&y = —sinbi + cos Hj

which is perpendicular to €, and points in the direction of increasing 0.

where k is the unit vector in the z-direction. This vector is constant and points in the direction of increasing z.

e Axial unit vector é,:

Step 2: Derivatives of Unit Vectors with Respect to p

Since the unit vectors &,, &g, and &, do not depend explicitly on p, their derivatives with respect to p are straightforward:

e Derivative of &, with respect to p:

oe
2 _9
dp

e Derivative of &y with respect to p:
96
% _
dp

e Derivative of €, with respect to p:
0é, _0
dp

Thus, none of the unit vectors in cylindrical coordinates change as a function of p, so all the derivatives with respect to p are zero.

Step 3: Derivatives of Unit Vectors with Respect to ¢

The unit vectors €, and &g depend explicitly on the coordinate 6, as they involve trigonometric functions of 6. Therefore, we need to carefully
compute their derivatives with respect to 6.

e Derivative of €, with respect to ¢:

€, = cos 0i + sin 95.

Taking the derivative with respect to 6:

Hé . .
% = —sin6i + cos bj.
Noting that — sin i + cos 6 = &y, we have:
oe, .
09~




e Derivative of €y with respect to 6:

&p = —sinbi + cos Oj.
Taking the derivative with respect to 6:
6é9 0: . 9:
—— = —cos #i — sin 6j.
a6 !
Noting that — cos 6i — sin Hj = —&,, we have:
oo _
o *

e Derivative of €, with respect to 6: Since €, does not depend on 0, its derivative is zero:

oe,
00

=0

Step 4: Derivatives of Unit Vectors with Respect to z

Finally, we compute the derivatives of the unit vectors with respect to z. Since none of the unit vectors in cylindrical coordinates depend on
z, the derivatives with respect to z are zero:

e Derivative of €, with respect to z:

08,

0z

e Derivative of &y with respect to z:

0z

e Derivative of €, with respect to z:

0é,
0z

Step 5: Summary of Results

The full matrix of partial derivatives of the cylindrical unit vectors with respect to the cylindrical coordinates is:

de, 0e, 08, .

T 0 € ©0
deqg 08 D& | — |0 —&. 0
dp 90 0z P

0e; o6&, o0&, 0 0 0
op 00 0z

This is the complete set of partial derivatives of the cylindrical coordinate unit vectors with respect to the cylindrical coordinates.

Final Explanation

e &, and &y depend on 6, and their rates of change are captured in terms of the other unit vector (either &y or &,).
e &, is independent of both p, 0, and z, and thus all its partial derivatives are zero.

e No unit vectors depend on p or z, so all partial derivatives with respect to these coordinates are zero except for f-related derivatives.



2 Derivatives of Spherical Coordinate Unit Vectors with Respect to Spherical
Coordinates

The spherical coordinates (r, 8, ¢) describe a point in three-dimensional space:
e r: radial distance from the origin,
e 0: polar angle (measured from the positive z-axis),
e ¢: azimuthal angle (measured from the positive x-axis in the xy-plane).
In Cartesian coordinates, the point (x,y, z) can be expressed as:
x = rsinfcos ¢
y = rsinfsin ¢

z=1cosf

Definition of Unit Vectors

In spherical coordinates, the position vector of a point is:
7F=ré,

where €, €y, and €, are the unit vectors along the r, 6, and ¢ directions, respectively. These unit vectors are related to the Cartesian unit
vectors 7, J, and k by the following expressions:

€. =sinfcos¢i+sinfsingj + cosk

89 = cosflcos i+ cosfsing j — sin b k

€4 = —singi+cos¢

Derivatives of Unit Vectors with Respect to r

Since the unit vectors €,, €y, and €, depend only on 6 and ¢, their derivatives with respect to r are zero:

08, 08 08,

or 7 or T Or 0

Derivative of €, with Respect to 6

To compute %—éof, we take the derivative of each component of €, with respect to 6:

€, = sin9cos¢2+sinesin¢j'+cosl9fc

0€ R . .
aeer = cosfcos¢i+cosfsingj —sinfk
From the definition of €y, we recognize this result as:
o8,
—_— e
00 "’

(@3



Derivative of €, with Respect to ¢

08€,

e

Similarly, to compute we differentiate the components of €, with respect to ¢:

— .

€, = Slnt‘)cosd)%JrsinG‘singi)j+cos€f€

08, = —sinfsingi + sinf cos ¢
¢
This expression corresponds to:
oe, ..
87¢ =sinf e¢

Derivative of €y with Respect to 0

Now, we compute %:

8p = cosfcos i+ cosfsingj —sinfk

0€ A . R
% = —sinflcospi —sinfsingpj —cosf k
This expression is the negative of €,.:
% _
o
Derivative of €, with Respect to ¢
For %—if, we differentiate the components of €y with respect to ¢:
€p = cosfcos i+ cosfsingj — sin 6 k
0€ A N
== —cosfsin¢i + cosfcos ¢ j
o
This is:
%8 _ cos €,
9 ¢
Derivative of €, with Respect to ¢
Next, we calculate aa%. Since €4 = — sintﬁ + cos (;53', it has no #-dependence, so:
0€
¢ _0
00




Derivative of €; with Respect to ¢

Finally, we compute %:

€4 = —singi+cosgj

%—GZ = —cos¢i—singj
This is the negative of €:
0€, .
Bp = %

Summary of Results

The derivatives of the unit vectors in spherical coordinates are:

08, _ 08 _ . 08 _

o O or O or 0
08, =@ @—sm@é
00— " 0p ¢

@——é @—cosﬁé’
900 — " 9 ¢

98, 98,
90 =0 gy T

3 Divergence of a Tensor Field

3.1 Cartesian coordinates

In a Cartesian coordinate system we have the following relations for a vector field v and a second-order tensor field S:

Ov;
V.v= 8;)1 = v;,i€;
OSki
V-S= k e — Skm‘ek
81'7;

where tensor index notation for partial derivatives is used in the rightmost expressions. Note that

V-S#£V.ST
For a symmetric second-order tensor, the divergence is also often written as:

O0Ski

8.131‘
The above expression is sometimes used as the definition of V - S in Cartesian component form (often also written as div S). Note that such
a definition is not consistent with the rest of this article (see the section on curvilinear coordinates).

V.S =

e, = Skii€k



The difference stems from whether the differentiation is performed with respect to the rows or columns of S, and is conventional.

This

is demonstrated by an example. In a Cartesian coordinate system, the second-order tensor (matrix) S is the gradient of a vector function v:

V- (Vv)

The last equation is equivalent to the alternative definition/interpretation:

3.2 Curvilinear coordinates

=V-V=(vje; ®e;) e =ve;=(V-V-v) =V
V- (V)T =V- VT = (ve; @))€ =vj; je; = Vv
(v)alt(vv) = (v)alt(vijei & ej) = Vjj,;€; = Vzv,ei = V3v

If g', g2, g> are the contravariant basis vectors in a curvilinear coordinate system. In curvilinear coordinates, the divergences of a vector field

v and a second-order tensor field S are:

More generally

In cylindrical polar coordinates:
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4 Divergence V -V in Cylindrical Coordinates

We first need to compute the partial derivatives -2 e 3y and 2 5, in terms of 2 9 88(;5’ and 5~ For that, let us apply the basic rule of differentiation
called the chain rule.

0 _0pd L 0¢ 0
dr Oz dp Oz ¢

Note here that in the above formula I have skipped the variable z. The reason behind this is very simple. As we know for both the systems,
i.e., Cartesian and Cylindrical, z coordinate is exactly the same; only p and ¢ are the functions of z and y as mentioned above.

Op _ 0 (/a3 r
éhc_a:c( v +y>— /22 + 42

= cos ¢

dp _ pcosd
- or

Note the simplification in the above step. As we are going to convert into the Cylindrical coordinates from the Cartesian ones, we must
simplify to the extent so that to get cylindrical variables. Similarly,

9 0 _i(y\_ -y -y
or oz (x)_x2+(y)2_x2+y2

0¢ -y —sing
or — p*>  p

So putting these values above, we have,

0 —sing\ 0
87 = COS (baip + ( P ) %
Similarly we can write
cosp\ O
a—Sln(bap—i—( P )ad)
Using the above 2 boxed equations, we can therefore write
0 ad 0
V %e$ —+ gyey —+ Eez

= |V = (cos &, — sin ¢&,) (;p) + <_S;n¢> % + (sin @€, + cos ¢&,) <§p> + (Copsqb) a¢ aazq

Collecting similar terms together we get as follows:

. o 5

V = (sin® ¢ + cos? ¢)87pep + p(sm ¢ + cos ¢)8¢e¢ + 58
.0 _10 _ 0
=V =%, %0 T %

A vector field v can be written in Cylindrical Coordinates as

V =0,€, + Vp€p + V€,



We have earlier derived that the cylindrical Del operator is

0 10 0
Vo e

Therefore the divergence of the vector field v shall be

- . 0 10 13}
div(v):V-V—(epa +ey— 3q§+ez ) - (vpe, + vpey + v.€2)

9
0z

.o . 0 10
=|div(V) =V -V = epa—p (vpe, +vpep +v.€5) + ed’;% “(vpe, +vpep +v.€;) + €,

(vpe, + vpep + v.€2)

Now note that we have

P N B
%(ep)_07 ap(e¢)_07 ap(eZ)_O
P I
90 (€)) = €4; 99 (€5) = —€p; 96 (€:)=0
7 0 P D
9z ( P) ’ % (ed’) ’ Dz (ez) 0

(a2 vl
p O¢

=@, - 0876/34_6% + %_’_ 8’U¢ + aez_A'_"aUZ
P Pop P op ap T8y “ap %)

+1é, 8ep L _ Ov, . 6e¢ vs O0vg n aez e L Ou,

P A I Do "% ) T\ 05 "%
+é, - @ + & % + @ + & % + €. + & - Ovs
i Ur 0z P 9z s 0z 4wy &y 0z € 0z

o 0 v,
~G,- <v,,(0) +ép;/f> + <v¢(0) +a¢£> + (v.(0) +é‘z8”p>]

L 0 . . .
+ ez& (V)€ + Vp€4 + V,€,)

1. . L0 . L 0 _, Ov,
+28 K%(%) +ep;¢p) + (%(—ep) +e¢£> + (Uz(o) +e237;§)]

v.(0) + €, %UZZ)]




Now note that we have

Therefore we can write

vy v LOvs  Ovs

ap p p3¢+ 0z

div-v=V.-v=

This is the expression for divergence in Cylindrical coordinates.

5 Divergence V -V in Spherical Coordinates

We first need to compute the partial derivatives 8%; 8% and %in terms of %; % and 3%). For that let us apply the basic rule of differentiation
called the chain rule.

o 9o0r 000 0 09

9z Oroz 000z 060m

o 90r 000 0 09

gy ordy 0oy 060y

9 _ oo oo 00
dz  Ordz 000z 0¢ 0z

Therefore, we will need the following derivatives:

or 90 99 Or 99 0 Or 99 09

Let us calculate all the required derivatives one by one

' ﬁ __rsinfcos¢
o r

% 9 -1 z? +y? -1 0 2 + y?
ox  or ™ P 2 9n E
1+ («/ﬁjyz)

= sinf cos ¢

Similarly, we also have

-1 x —xz
= 1+%\/x2+y2\/x2+y2+z2 B (22 + 42 + 22)\/22 + 2
00 —rsinfcos¢ - cosf - r _ sinfcosf cos ¢
"0z p2\/r25in% 0 cos? ¢ + r2 sin? Osin’ ¢ rsinf
00  cosfcos ¢
S| —=—
ox r

11



Similarly, we also have

dr  Ox x 1+(£)2x2 x2 4 y?
N % _ —rsinflsing  —sing
dr  r2sin’@  rsinf
Working on the similar lines, we can get the following derivatives,
g — sinfsin o @ _ cosfsing % _ cos¢
ay_m e oy r " dy rsind
or 0 00  —sinf  0¢
8. BV gy r 0z
So, now we have all the required derivatives. Let us put these into the expressions before.
2 _or0 0 050
or Oz dr ' 0x 90 ' Ox I
0 0 cos 6 cos ¢ 0 —sin¢
> 5 = (o) bt e+ (aa) (=) (3) (5d)
g COSHCOS(b 0 sing 0
- oxr sm@cosqb r r 89_rsin98¢>
Similarly, we can write
2 _or0 0 000
Oy Oyor Oyl 8y 8¢
0 0 cos 0 sin ¢ ) cos ¢
Z (=2 0 2y (==Y il
g~ () omomnor+ (35) (=522) + (55) (7s)
g . ., 0 cosfsing 0 cos¢p 0
= @_Slnasmd)@r—’_ r 00  rsinf 0¢
Similarly, we can write
2 or 0 00 0 8¢
0z  020r 0200 ' 9z 0¢
|9 pspd _sinf 0
0 "Vor v o0

Now note that we want to convert the below-mentioned expression of gradient given in Cartesian Coordinate System to an expression of
gradient in Spherical Coordinate System

. 0 0 0
V-V—%(vx)+a—y(vy)+@(vz)
L 0 cosfcosgp O sing 9 0 sinf 9 9 sinf 9
= | VoV = infeosoq+ g — g ag e T sy, gg)vy T (eostar — =50

Now note that to get the vector components from the Cartesian Coordinate System to the Spherical Coordinate System, we use the

following transformation:

Vg
Uy
Uz

|

sin 6 cos ¢
sin 0 sin ¢
cos @

cos 6 cos ¢
cos fsin ¢
—sinf

12

—sing| |v,
cos @ v
0 (%

0



Hence we have,

vy = (sin 6 cos @) v, + (cos 6 cos ¢)vg — (sin ¢)vy ‘

‘ vy = (sin @ sin ¢)v, + (cos b sin @)vg + (cos @)vy ‘

v, = (cos @)v, — (sinf)vy ‘

So, finally to get divergence in spherical coordinates, let us put all the terms together.

0 0 0
= oz (ve) + 372/ (vy) + 92 (v2)

<l

V-

Using the above 4 equations, we can therefore write

L. O cosfcosp O sing 9
v.v_(sm@COSQbar 80 rsinf d¢

) ((sin @ cos ¢)v, + (cos b cos p)vg — (sin p)vy)

cos@sind)ﬁ_i_ cosgbg
r 00  rsinf 0¢

+ (sin 0 sin ¢% + ) ((sin @ sin @)v, + (cos @ sin ¢)vg + (cos @)vg)

+ <cos@6r - rae) ((cos 0)v, — (sin 6)vy)

Now it’s a mechanical work. Just take the proper derivatives, club the terms and simplify. Note that in the following steps, we will use the
product rule several times. Let’s compute the Derivatives and collect the terms:

V-V =sinfcos¢ [sin@cos (b% + cos 0 cos qb% —sin ¢788U¢}
r r r

cos 6 cos ¢ ] ] Ovg ] . . %
+T [0059005(1) (vT cosf + sm@(%) + cos (—vg sin @) — sin ¢ 50 ]

sing | . Ovy
~ e [sm&cos@( vrsm989> + cos (— v¢cosﬁ)—51n¢

96 —|—v¢cos¢>}

+sinfsing [Sin 0 sin ¢% + cos 0sin ¢% + cos ¢a§f]

cos&smqﬁ . Ovg
+— {mgf)(urcoseJrstae) + cos (— v¢sm0)sm¢ae}

COS

{cos@cos 1) (UT cos 6 + sin 9881:;) + cos (—vg cosf) —sing ‘i’}

99
,Sln(i) {<yrsm0+vg(:089+ 881)(9)}

r r

rsinf

Let us try to simplify by taking similar terms together and use the basic identity, sin® 6 4+ cos?§ = 1 or sin® ¢ + cos? ¢ = 1.

Note that the terms with derivatives %ﬁ‘), %1;", %‘j;, %7 and da% are going to vanish. Therefore we can write

. 9 0y
or cos™ 0 or

V - ¥ = sin? 6 cos?

13



cos? 0 cos? ¢ sin? ¢ cos? 0 sin? ¢ cos? @ sin” #
Uy + Uy + Uy + Uy + Up
r r r r r

N cos20cos? ¢ dug  cos?Osin®p dvg  sin?0 dvg  cosb cos? ¢

)
. sin” ¢
sin Qvg +

r

_ 7 _ ) .

. a0 . 20 + 90 . cos vy — cos 0 sin“ ¢ sin Hvg
cos? ¢ sin 0 sin? ¢ dvg  cos? ¢ Avg
Tsingcos&m—&— r CObeve—i_rsin&%—FrsinH%

Again simplifying the terms and utilizing, sin? @ + cos? § = 1 or sin? ¢ + cos® ¢ = 1; we can get as follows.

ov,  2v,. 10vg cos 1 Ovg

Vov= or r ;%_Frsinﬁve_krsinﬁaitb

But, to have simplicity in the expression, we can rewrite the above expression as follows.

1 0 1 0Ov
19 vy
r2 Or (r UT) trsno 7 sin 6 00 (ve sin 0) + rsinf d¢

This is the expression for divergence in Spherical coordinates.

6 Laplacian Af in Cylindrical Coordinates

Note that the Laplacian Af of a scalar field f can be written in terms of gradient and divergence as

(Af=V-(V])]

A vector field v can be written in Cylindrical Coordinates as
V =v,e, + vg€y + V€,

We earlier derived that in cylindrical coordinates the gradient of a scalar field f can be written as

8 10

V= p 0¢ 82

We earlier derived that in cylindrical coordinates the divergence of a vector field ¥ can be written as

div.i— e Vo 10v  Ovs

dp p p 09

Therefore the Laplacian of a scalar field f can be written in terms of gradient and divergence in Cylindrical Coordinates shall be

of L 10f . 0f _ 0 Of 10f 10 10f aaf

O 19f 1 8f 83
M =52 50, T Rae T a2

14



7 Laplacian Af in Spherical Coordinates

Note that the Laplacian Af of a scalar field f can be written in terms of gradient and divergence as

|Af=V-(V])]

A vector field v can be written in Spherical Coordinates as

—

V = vre, + vg€g + Vgpey

We earlier derived that in Spherical coordinates the gradient of a scalar field f can be written as

af _ 10f 1 of

vf_era +e 39—|—e rsinf ¢

We earlier derived that in Spherical coordinates the divergence of a vector field v can be written as

L 9
rsinf 0¢

(vgsinf) +

. ... Lo ., 0
v vfdv~vf—a—(r UT)+r51n980

Therefore the Laplacian of a scalar field f can be written in terms of gradient and divergence in Spherical Coordinates shall be

af . 10f 1 af1a( af)+ 1 a<1af 0>+ 1 9, 1 9f

rsin 6 00

Af=V-(Vf)= +6E——=- + €, B ——=sin =)

v " or r 00 rsin@@iqb)iﬁar 00 rsinf O¢ rsinf O
S0 (00, 10 (o L oo
:'Af_ﬂa ( 8r)+r251n080 (39 9>+r281n293¢<8¢)

8 Curl of a Tensor Field

The curl of an order-n > 1 tensor field T(z) is also defined using the recursive relation:

’(VxT)-c:V-(ch-T)‘

‘(va)~c:v'(v><c)‘

where c is an arbitrary constant vector and v is a vector field.

8.1 Curl of a First-Order Tensor (Vector) Field

Consider a vector field v and an arbitrary constant vector c. In index notation, the cross product is given by
V X C = €;,V;CL€;
where €;;;, is the permutation symbol, otherwise known as the Levi-Civita symbol. Then,
V- (v X €) = €;pv;,ick = (€jkvj€x) ¢ =(V xXV)-c

Therefore,

‘ VXxv= €ijkVj,iCk ‘

15



8.2 Curl of a Second-Order Tensor Field

For a second-order tensor S,
c-S= cmSmjej

Hence, using the definition of the curl of a first-order tensor field,
V x (C . S) = Eijkcmsmj’iek = (eiijmj’iek & em) -C = (V X S) -C

Therefore, we have

‘V X S = eiijmj,iek X e ‘

8.3 Identities Involving the Curl of a Tensor Field

The most commonly used identity involving the curl of a tensor field, T, is
Vx(VxT)=0

This identity holds for tensor fields of all orders. For the important case of a second-order tensor, S, this identity implies that

‘VX(VXS)ZO‘

9 Curl V x v in Cylindrical Coordinates

A vector field v can be written in Cylindrical Coordinates as
V =vpe, +vpe4 + V€,

We have earlier derived that the cylindrical Del operator is

0 10 0

Vo e

Let us take the cross product:

0 10 _ 0 . R .
- e X (V,€, + Vply + v-€;)

0 1 0
=V xV=¢,Xx E» (V,€p + Vy€phi + v;6.) + —€4 X == (V,€, + vp€phi + v,€.) + €, X E (v,€p + vp€phi + v,€.)
p p 2

oo

3 08, 3
+€, X 'UPE +ep7 +U¢g+e¢7+’027

Note that the derivatives of the unit vectors of cylindrical coordinates are

O sv=0 Zwer=o L=
%(eﬁ)_07 ap(e¢)_07 ap(ez)_o

16



o ., . g . . o
90 (€p) = €s; 90 (€p) = —€p; % (€:)=0
o . a .. o .

So putting all these derivatives in the step above, and taking the required cross product, we have,

_,78%_, ov, _, 18vp_, v¢_, 10v, 81},)_, (%45_,
VXxv= 8pez 8pe p8¢ .+ —€,+ — 6¢ p+ 7

Ovp =N g (Yo, O 1Y,
+<3Z 8p>e¢+<p+8p p 0

(55 5¢)*

Collecting together the similar terms, we get

L (10v. Ovy
V><v—<pa(ZS — 82’)

This can be adjusted and rewritten as like following,

L1 avz_a(p%) . avz_% .
vxv_p[(@d) 0z ) dp Oz Py +

The above expression can be easily written in matrix determinant form as:

VXVZEF Ez) 92

Vp  PUs Vs

This is the standard expression for the curl of a vector field V = v,€, + v4€, + v, €, in Cylindrical coordinates.

10 Curl V x v in Spherical Coordinates

A vector field v can be written in Spherical Coordinates as
V = vre, + Vg€ + vgpey

We have earlier derived that the Spherical Del operator is

0 e 0 ey O
V=e "or +7%+rsin087¢

Let us take the cross product:

o 0 eea €y 0
VXV =l 5 T rsng 90

) X (vre, + voeg + vgey)

Vx{/'—exa(ve—i—ve—&—ve)—&——x (vrer + vgeg + vpey) + b (ve+ve+ve)
—7‘6 rCr 0€o »Co aerr 0€o »Co rsinf 8¢TT 0€o »Co
Lo 0e, _ Ov, 0éy Ovg 06y  Ovg
:>V><v—er><< o +e e o, +v Lrwe —I—eefa +v¢,8 +e¢—8r
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€p 0€, _ Ov,

180 (0,25 15,90 0% | 5,00, OB 5 O
r "o 90 20 a0 " "0 T %00
€ 8 " g 3 vy 0€ 0 0€, 0
e.¢ € v ﬁ+eaﬁ+¢e¢+¢v¢
rs1n9 8¢ oo} 0¢ 0¢
Note that the derivatives of the unit vectors of spherical coordinates are
o¢ _ 0 o¢, _ € 08, _ sinf &
ar 90 " g ¢
@—0 aég——e @—cosﬁé
or 00 7 09 ¢
08 0€ 0€
% =0, % =0, Biq; = —sinf &, —cosf &y
Let’s substitute these into the equation of V - v mentioned above
The First Term (Radial Derivatives) shall be
oy Ovg 0
érx(vr-O—i—era + vg - 0—|—e¢9(9 +vg - 0+e¢8v¢>
& x (6.2 6 & o, ,9v
X &gy T e,
N 81)9 8%
:> _—
s or “or
The Second Term (Polar Derivatives) shall be
é—ex -6 +éavr Vg€, —|—e—+v cosféy + € vy
r R ot E g
8 0 Ovg
& ( ;00 + €y ; (UT—UQ)6T+U¢C0896¢>
0
= ( ;; €4 (v, — vg) + €,v4 cOS 9)

The Third Term (Azimuthal Derivatives) shall be

— €,

Ovy ov
0+¢€ 9%7(SIHGGT+COSQGQ)U¢+G¢ (9(;))
L Oug

90 Vg (sinf &g — cosHé’r))

€ X | sinf &y - v +ea +
rsin @ oo " 0¢
L (g%
7 sin 6 98(;5

= 1 € LIS
rsin 6 3(;5

v¢51n9) (8@5 +v¢0059)>
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Let’s combine all terms and simplify further. The final expression for V X V is:

L (o Ovg . Ovy 1/, 0vy R 1 . [ Ov, . . [ Ovg
V><V—<e )—|— ( €4 (vy U9)+erv¢0059>+m(e9(a¢—|—U¢sm9) er<6¢+v¢0089)>

“or “or )T \" o0

Finally, let’s collect the terms for each unit vector:

V X V=8, (18%_,_%(:089 1 <881:;+v¢0059>>

r 00 r  rsind

+€ —%Jr ! 8”’"+ in 6
0 or rsinf \ d¢ U S

L [(Ovg v, — vy
+e¢(ar‘ r )

o (s 1o ) 1 (M~ )%

81}9

. 1 0 .
=|VxvV=—— (ae(%sm@)—a) & +

rsin 6

rsinf dp r Or

This is the standard expression for the curl of a vector field V = v,€, + v9€9 + v4€4 in Spherical coordinates.

11 Gradient of a Tensor field

11.1 Cartesian coordinates
If e1, e, €3 are the basis vectors in a Cartesian coordinate system, with coordinates of points denoted by (x1,x2,x3), then the gradient of the

tensor field T is given by
oT
a.’lﬁi

The vectors x and ¢ can be written as x = x;e; and ¢ = ¢;e;. Let y := x4+ ac. In that case the gradient is given by

VT = X e;

d
VT -c= d—T(xl + acy, xo + acs, k3 + acs)
o

a=0

OT Oy, | OT dyp | OT ys
Oy Oa Oyz da ~ Oys O |,

d
=VT - c= 7T(y13y27y3)

do
a=0
T e oT Jr8T Jr(9T oT 8T®e .
C=—¢ —c —C3 = —C; = il -
8.’1)1 ! 8.’172 2 8.%‘3 3 al‘i 6:51-

Since the basis vectors do not vary in a Cartesian coordinate system, we have the following relations for the gradients of a scalar field ¢, a

vector field v, and a second-order tensor field S:

9¢

V(b - 6a:i

e; = ¢ e;

d(vje;) _ Oy,
ox; ®ei = ox;

Vv = €; X e; = Vj,:€5 ® e;

o(S;re; 0S;
%@@ei: amjikej@ek@ei: ki€ Qe & e;

VS =
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11.2 Curvilinear coordinates

If g', g2, g are the contravariant basis vectors in a curvilinear coordinate system, with coordinates of points denoted by (&1, €2, €3), then the
gradient of the tensor field T is given by

oT ,
VT = — ‘
ogi “8
From this definition we have the following relations for the gradients of a scalar field ¢, a vector field v, and a second-order tensor field S:
09
Vo =——¢g
¢ P
o(vig; ; o ; ; Ov; L
Vv = (852]) ®eg = (851 +Ukrgk) givg = (85 vkrfj) g ®g
0(Sjrg’ @ g") ; 5.1 » ;
VS = jﬁ—fl ®g' = 85” - Slkl—‘éj ~- Sl g wgteg
where the Christoffel symbol Ffj is defined using
0g; 0g;i
kg — 220 k _gh 290
Fijgk 853 = Fz_] g 85]

12 Vector Gradient Vv in Cylindrical Coordinates

Cylindrical coordinates (r, ¢, z) are defined by:
e r: Radial distance from the z-axis.
e ¢: Azimuthal angle (angle in the zy-plane measured from the positive z-axis).
e z: Height along the z-axis, which corresponds to the Cartesian z-coordinate.
The relationship between cylindrical coordinates (r, ¢, z) and Cartesian coordinates (z,y, z) is given by:
r=rcos¢p, y=rsing, z==z

with inverse relations:

r:\/m, ¢ = tan"! (%), z=z

In cylindrical coordinates, the basis vectors are position-dependent. At any point in space, the unit vectors are:
e &,: Unit vector in the radial direction (perpendicular to the z-axis).
e &4: Unit vector in the azimuthal direction (tangential to the circular path around the z-axis).
e &,: Unit vector in the z-direction (parallel to the z-axis).

These vectors are mutually orthogonal, and they can be written in terms of Cartesian unit vectors i,}',ff as:

cos @ —sing 0
€ =|sing |, € =| cosp |, € =1|0
0 0 1

Since €, and €y depend on ¢, their derivatives with respect to ¢ will be non-zero, which is crucial for our derivation.
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General Form of the Gradient of a Vector

For a vector field V = V, €. +V, €4+ V, €, the gradient tensor V'V is obtained by applying the gradient operator to each component of the
vector field and considering the derivatives of the basis vectors. In curvilinear coordinates, the gradient of a vector field is generally written
as:

N A L
VV:%ei®ej+VZVei

where the first term represents the derivatives of the components of the vector field, and the second term involves the gradients of the basis
vectors.

Derivatives of the Basis Vectors

Since the basis vectors €,, €4, and €, depend on ¢, their derivatives must be carefully considered. Let’s compute them:

Derivative of €,:

aér aér — 867‘
= 0, = 5 = 0
or 26 v oz
Derivative of €;:
9 o\ 9 _ o 98 _
or 7 96 7 9z
Derivative of €.:
0§, _o, 0§, o, 08, _0
or o 0z

These derivatives are crucial when calculating the second term V:Vé; in the gradient formula.

Computing the Gradient Tensor

Now, we will compute the gradient of the vector field V in cylindrical coordinates by considering each directional derivative:

Radial Derivative %—Y :

OV oV oV oV
or  or or - °? or ?

There is no derivative of the basis vectors with respect to r, as they do not depend on 7.

Azimuthal Derivative %7
ov. AV, 08, 9V 08y V.
gy _ Vv.Z=r gy e Vv, =2
8¢ 8¢e7“+ ra¢+a¢e¢+ ¢a¢+a¢ez
Substituting the derivatives of the basis vectors:
ov AV, L9V, G ) (A
- = —— €, Vr - - V r a . ©z
96 6¢e—|— e¢+a¢e¢ ¢e+a¢e



Combining like terms:

v [aV, L (O, L OVL
%o ) et () er e

Vertical Derivative %—\Z’ :

T
02 0z " 9z ?T 9 2

Again, there is no derivative of the basis vectors with respect to z, as they are independent of z.

Including Metric Factors

Cylindrical coordinates have geometric scaling factors. Distances in the r-direction are straightforward, but in the ¢-direction, the physical
length corresponding to a change in ¢ is rd¢. This scaling factor must be included in the calculation of derivatives with respect to ¢. Therefore,
the terms involving derivatives with respect to ¢ must be divided by 7.

Gradient of Tensor V in Cylindrical Coordinates

Thus, the full gradient tensor VV in cylindrical coordinates is:

oV, 1 (9V, Vv oV,
or r \ O¢ ¢ Oz
VV — 8V¢ 1 6V¢ 8V¢
or r \ 0¢ + th 0z
oV, 19V, oV,
or r 0 Oz

13 Vector Gradient Vv in Spherical Coordinates

Let the position in spherical coordinates be represented as (r, 0, ¢), where:
e r: Radial distance.
e 0: Polar (or colatitudinal) angle (angle from the z-axis).
e ¢: Azimuthal angle (angle in the xy-plane from the x-axis).

The basis vectors €, €y, and €y in spherical coordinates are not constant but vary with position. These vectors are mutually orthogonal, and
the unit vectors are:

sin 6 cos ¢ cos 0 cos ¢ —sin ¢
€. = | sinfsing |, € = |cosfOsing |, €3=| cos¢
cosf —siné 0

A general vector field V in spherical coordinates is expressed as:

V = V,(r,0,0) & + Va(r,0, ) & + Vy(r, 0, ) &

The goal is to find the gradient VV', which is a tensor (often called the del operator applied to a vector field). To derive this rigorously, we
need to compute the derivative of each component of the vector field in the r, 8, and ¢ directions while considering the variation of the unit
vectors.
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General Form of the Gradient of a Vector

In general, for a vector field V = V'€, the gradient in curvilinear coordinates is expressed as:

- ovh PR
VV:@%@eJA—VVei

Where V? are the components of the vector field, €; are the unit vectors, and Vé&; are the gradients of the basis vectors. The term ® indicates
a tensor product, resulting in a tensor. For spherical coordinates, we will first derive the derivative of the unit vectors €,, €y, and €4 with
respect to r, 6, and ¢.

Derivatives of the Unit Vectors

The unit vectors €, €, and €, vary with position. To compute the gradient of a vector field, we need their partial derivatives.

Derivative of €,:

o, _ a—a—é %—sineé
or 90 " 0 ¢
Derivative of &p:
@ = @ = —€ @ = cosf €
or 00 " 09 ¢
Derivative of €;:
0é 08, 08
% =0, % =0, %(; = —sinf &, —cosf &

These derivatives are essential for computing the gradient of a vector field in spherical coordinates.

Gradient of the Vector Field V

The gradient of V involves taking the derivative of each component in the r, 8, and ¢ directions, accounting for the variation of both the
components V., Vp, Vy and the basis vectors €,, €y, and €. Let’s compute each term.

av,

Radial Derivative o

@fa‘/ré’ +%é’ +%é’
or or " or ? or - °?

There is no derivative of the basis vectors with respect to r, as they are independent of 7.

oV,

Polar Derivative 50"

v v, 98, AV, _ 98 IV _
20~ o0 Va0 Tae Vg

20 " 90 20 " o <
Substituting the derivatives of the basis vectors:

N v
80 90




Combining like terms:

av<avrva)ér+<m+v> av“’é

a0 a0 a0 T g
Azimuthal Derivative %—\Z:
ov oV, 08, 9V, 08 Vs 98,
— = -+ Ve —-— Vo — V.
96~ 96 ae T a6 T ae T ae T g
Using the derivatives of the unit vectors:
oV v, aVy 9
% 9 8(;5 e9+Vgcost9e¢+ 8;€¢—V¢sin96r—v¢cosgé'g
Combining terms:
v [V, v, av,
% = ( % — V¢sin9> e, + (8@2}6 — V¢0059> €y + ( 8(; + V,.sin 6 + Vgcosﬁ)
Gradient of Tensor V in Spherical Coordinates
The gradient tensor VV in spherical coordinates is then given by:
88‘£T : (8V - Vg) rsi1n0 8VT - Vd’ sin ¢
vV = | 2% L(%W 1y —4 (9 8"6 — V4 cosb
8{% 1 <6V¢ + Vecosﬂ) rsilne (%—‘;ﬁ’ + Vrsmg—l— Vgcose)

14 Divergence V - T of a Second-Order Tensor in Cylindrical Coordinates

To derive the divergence of a second-order tensor in cylindrical coordinates, we begin by recalling that the divergence of a second-order tensor
field T in Cartesian coordinates is expressed as:

. aTij

In cylindrical coordinates, we have a new set of basis vectors corresponding to the radial direction €,., the azimuthal direction €y, and the
axial direction €, and the divergence operator becomes more complicated due to the non-orthogonal coordinate system. The coordinates
(r,0, z) are related to the Cartesian coordinates (z,y, z) by:

r=rcosh, y=rsinf, z=-z.
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Step 1: Coordinate Setup in Cylindrical Coordinates

The metric tensor in cylindrical coordinates is diagonal, and the components are:

Grr = 1, goo = T2, 9zz = 1.

The volume element associated with the metric is:

\/det(gij) =T

Step 2: General Form of the Divergence in Cylindrical Coordinates

In cylindrical coordinates, the divergence of a second-order tensor is given by:

1 1o}
(V-T), = m@ ( det(gij)Tij> :

In cylindrical coordinates, this becomes:

w1y~ L0

e
where the summation is over j = r, 0, z. The divergence of the second-order tensor T in cylindrical coordinates has three components: radial
(r), azimuthal (#), and axial (z). We will expand each component explicitly, rigorously applying the necessary derivatives.

(rTij)

Radial Component (V- T),

The radial component is given by:

10 } 8T9r aTzr T09

(V-T), = ror (rTer) + r 00 0z r

First Term

10
-~ = (T,
r or (rTer)
Using the product rule:
8TT"I‘
TTT’ - T’I'T
(rTe) * or
S0:
10 T OTy,
- T,,) ="
ro (rTer) r or
Second Term
laTGT‘
r 00

This is a straightforward derivative of the fr-component with respect to 6, scaled by 1/r.
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Third Term

8Tzr
0z
This is a straightforward partial derivative with respect to z.
Fourth Term
_Too
t

This term accounts for the divergence in the azimuthal direction, involving the §6-component, scaled by 1/r.

Final Expression for Radial Component

Thus, the radial component becomes:

_ Trr 8Tr7‘ 1 aTGT 8Tz7‘ TQ@
(V-T), = r i or +; 00 i 9z 1

Azimuthal Component (V- T),

The azimuthal component is:

10Ty 0T | Tie
r 00 0z r

10
(V-T), = ror (rTvo) +

First Term

10
——(rTyg) .
ror (rTro)
Using the product rule:
1o} T
a_ Tr == Tr 5
or (rTvo) 6+T or
S0:
10 T.o 0T
—Z (rThg) =
r Or (rTro) r + or
Second Term
10Ty
r 00

This is the partial derivative of Tyg with respect to 6, scaled by 1/r.

Third Term
aTZG
0z

This is the straightforward partial derivative of the zf-component with respect to z.
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Fourth Term
T,

r

This term accounts for the contribution of the radial direction to the divergence in the azimuthal direction.

Final Expression for Azimuthal Component

Thus, the azimuthal component becomes:

Ty Olg 10Th9 0T, Tre
T, = _
(V-T), +8r +r a0 82+r
Axial Component (V- T),
The axial component is:
]. a 1 8TGZ aTzz
T, = —— (+T., il
(V-T), ror ( ) 00 0z
First Term
10
—5 Trz
r Or (rTrz)
Using the product rule:
0 T,
E (TTrz) - Trz + r 87‘ 9
S0:
10 Tr. 0T,
ror =T

Second Term

laTez
r 00

This is the partial derivative of Ty, with respect to 6, scaled by 1/r.

Third Term

aTzz
0z

This is the straightforward partial derivative of the zz-component with respect to z.

Final Expression for Axial Component

Thus, the axial component becomes:

? r or r 00 0z
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Final Complete Answer

The derivation of the second-order tensor divergence in cylindrical coordinates results in the following expressions for the three components:

1. Radial Component

Trr 8Tr7‘ 1 aTGT 8Tz7‘ TO@
T = z _ 2%
(V-T), r or * r 00 0z r
2. Azimuthal Component
Ty OTvg 10Tyg 019  Tro
T, = _
(V-T), + or + r 00 0z + r

3. Axial Component

oT,, 10Ty, 0T,
+ —

Trz
(V- T), = T + or r 00 0z

These three components together form the complete tensor divergence in cylindrical coordinates.

15 Divergence V - T of a Second-Order Tensor in Spherical Coordinates

To derive the divergence of a second-order tensor in spherical coordinates, we begin with the general expression for the divergence of a
second-order tensor field T. In Cartesian coordinates, the divergence of a second-order tensor is given by:

- aTij
n 8a;j

(V : T)i

However, in spherical coordinates (r,0,¢), where we have the orthonormal basis vectors €,, €y, and &, the tensor components must be
expressed in terms of the spherical coordinate system, and the divergence operator takes a more complex form due to the non-Cartesian
nature of the coordinates.

Step 1: Coordinate Setup in Spherical Coordinates

In spherical coordinates, the metric tensor g;; is diagonal, with the following non-zero components:

Grr = 17 ge9 = 7‘2, Joop = 7"2 Sin2 0.

Thus, the volume element (related to the determinant of the metric tensor) is:
det(gi;) = r*sin .

Step 2: General Form of Divergence in Spherical Coordinates

The divergence of a second-order tensor T in spherical coordinates is expressed as:

1), = e % (aenta 1)

~ detlgyy) 0u
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In spherical coordinates, for each direction i = r, 0, ¢, we expand this expression using the appropriate scale factors and differentials in r,
0, and ¢. The divergence of the second-order tensor T has three components corresponding to the radial (r), polar (#), and azimuthal (¢)
directions. Let’s derive each component explicitly, performing the necessary derivatives.

Radial Component (V- T)

r

The radial component is:

10 1 9 1 0JT,
V-T), === (r*T) + —— = (sin T}, or
( )r r2 Jr (r )+rsin980 (sin 6T )+rsin0 O¢
First Term
10 ,,
7’725 (T T’I‘T) .
Apply the product rule:
0 , 4 20T,
a Tmr) = 21T, s
or (r ) e T or
S0:
1 3 2 2T’r7‘ aTT’I‘
- A Tr'r‘ -
r2 Or (r ) r + or
Second Term
1 9 .
m% (Sln HTQT)
Again, apply the product rule:
Ty
% (sin 0Ty,.) = cos 0Ty, + sin Gaag
S0:
1 0 . . 0Ty, cos 0 10Ty,
_— 0Ty,.) = 0Ty, 0 = —"Typ+ -
rsinf 00 (sin 65 ) rsin 6 (COS or s 00 ) rsing’ i r 00
Third Term
1 0Ty,
rsind 0¢
This is a straightforward partial derivative.
Final Expression for Radial Component
Thus, the radial component becomes:
2T,  OT,, cos 6 19Ty, 1 0Ty,
V.-T) = e
( )r r + or +rsim@ 0 Jrr 00 rsinf 0¢
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Polar Component (V- T),

The polar component is:

10 0 1 0Ty Tyecotl
V-T),=—— (T, — (sin 0T, 00 _ 00
( Jo = r2 Or (r*Tro) + rsinf 06 (sin 99)+rsin9 0¢ r2
First Term
Sy (7T
Using the product rule:
0 , 4 50T
— (r“Tyg) = 20T, ,
or (T 9) o T or
so:
10 ,, 2T,  O0Trg
= (12 T) =
r2 Or (o) T + or
Second Term
1 0
0T,
rsinf 90 (sin 6T40)
Using the product rule:
a . 0The
5 (5n 0T00) a0
so:
1 0 1 Ty cos 1 9Ty
0T, —_— =T —Z-00
rsinf 00 (sin 6Tpe) = rsind < 00 > rsind 99+r 00
Third Term
1 0Ty
rsind O¢
This is a straightforward partial derivative.
Fourth Term
T¢,¢ cot 6
—=Ee—
This term arises due to the cot 8 factor in the spherical coordinates, and it’s already simplified.
Final Expression for Polar Component
Thus, the polar component becomes:
2T 0Ty cosf 1 0Tye 1 0Ty49 Tygcotd
T, = - _
(V- r + ar + rsin 6 o0 + r 00 rsinf 0¢ r2
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Azimuthal Component (V- T),

The azimuthal component is:

1 8T¢¢ + T9¢ cot 6

10 g .
(V . T)¢ = 7’725 (7“2Tr¢) + (sm 9T9¢) +

rsin 6 00 rsinf O¢ r2
First Term
9 (o
7‘725 (’/‘ Tr(b) .

Using the product rule:

0 0154

E (TZTT¢) = QTTT¢, + T2 or 5
so:

10 ,, 2T,y 0Ty

r2 or (T TT¢) T * or

Second Term

1 0
— (sin 07
rsind 00 (sin 6T5)
Using the product rule:
0 oT,
20 (sinTps) = cos0Tpy + sind 8Z¢
so:
1 0 ,. 1 . 0Ty cos 0 1 0Tpe
— 0Tpy) = —— 0T, 0 = T, -
rsinf 00 (sin0Tp5) rsin 6 (COS o9 -+ SIn oo} ) rsing 7 7 00
Third Term
rsinf ¢
This is a straightforward partial derivative.
Fourth Term
Tyq cot
r2

This is already simplified.

Final Expression for Azimuthal Component

Thus, the azimuthal component becomes:

2T, o7, 0 10T, 1 0T T t 0
_ ¢ 4 ¢ 4+ cosY 09 ¢6 9¢ CO

(V-T), T or rsing %7y 00 rsinf O0¢ r2
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Final Complete Answer

Therefore the second-order tensor divergence in spherical coordinates results in the following expressions for the three components:

1. Radial Component

2T,  OT,, cos 1 90Ty, 1 0Ty,
V -T = r -
( )r r + or +7‘511&(9 0 Jrr 00 rsinf 0¢
2. Polar Component
2T 0Ty cosf 1 0Tye 1 0Ty Tygcotd
T, = - _
(V- r + ar + rsing % + r 00 rsinf 0¢ r2

3. Azimuthal Component

2T, o7, 0 10T, 1 0T T t 0
¢ 4 ¢ 4+ cosY 09 ¢b 9¢ CO

~T = —
(V-T), T or rsinf 9¢+r 00 +rsim@ 0¢ r2

These three components together form the complete tensor divergence in spherical coordinates.

16 Directional Derivative (A - V)V in Curvilinear Coordinates

The Directional Derivative defined for a vector field A by (A - V), where V is the gradient operator. The Directional Derivative operator
applied in arbitrary orthogonal three-dimensional coordinates to a vector field v becomes:

3
Z {Ak aUJ Uk (Ajahj _ Akahk)]
= L O hkhj Oqr dq;

where the h;’s are related to the metric tensors by h; = \/g;;.

Directional Derivative in Cartesian Coordinates:

In rectangular coordinates, g11 = goo = g33 = 1, therefore the Directional Derivative defined for a vector field v in Rectangular Coordinates

shall be
ov ov ov ov ov v ov ov ov
24 A2+ A2 A,—2 +4,—*2L+4,—Y A—2 4+ A, 2+ A,=2 )3
or oy T &)“( ox oy TH0s )“( or oy T 8z)z

(A-V)V = (Az

Directional Derivative in Cylindrical Coordinates:

In cylindrical coordinates (7,6, z), g11 = 1, gao = 72, g33 = 1 , therefore the Directional Derivative defined for a vector field ¥ in Cylindrical
Coordinates shall be

- Bvr Ad) 6% 8vr _ A¢v¢ N
(A V)V(AT8T+T8¢) + A, " >r
% A¢ 8% 8v¢ A¢’UT ~
( e 3
(91)2 A¢ 6’Uz a’UZ 2
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Directional Derivative in Spherical Coordinates

2

In spherical coordinates (r,60,¢), g11 = 1, gao = 12, ga3 = 1 sin? @, therefore the Directional Derivative defined for a vector field v in

Spherical Coordinates shall be

S ov, Ay Ov, A¢ ov, Apvg + A¢’U¢ R
(A-V)¥ = <AT or r 80 ' rsind dp r "
Ovg Ay Ovg Ay Ovg  Agv,  Agvgcotl) ,
* (AT or * r 00  rsinf 0¢ T T b
8v¢ Ap 61145 A¢ 6’U¢ A¢’UT- A¢1}9 cot B\ -
A0 0700 )
+( " or * 00  rsinf 0¢ r r ¢

17 Vector Laplacian AV in Curvilinear Coordinates

Consider the general curvilinear coordinates (u!,u?,u3). We shall limit ourselves to orthogonal coordinate systems in Euclidean 3-space, each

system being characterized by the metric coefficients g11, g22, g33. The element of distance is specified by:

(ds)? = g11(du®)? + gaa(du®)? 4 gas(du®)*.

Also,
L9 106 1 9%
grad ¢ = a1 ol + 2922 o2 3933 00
: 1 9
dlvv=7 3 - (Vg 1)+8 2(\/@)2)"‘%(\/@’3)
and
1 1o} 0
curl v = ™ (8u? (g22v3) Ey (933”2))
1 0 0
+E (aug (g33v1) — Jul (9117}3))
0

where a1, as, and a3 are unit vectors, and g = g11922933. Using the above equations, we obtain the general expression for the vector Laplacian
0

operating on V:
v 1 v
() s ()
922 g33 Ou® \ gs3

1 8’1)2 0 <’U2>)
933

1
<mmﬂ+m&ﬁ

1 0
g1 6’(1,1

a2
2 g1 811,1

1wy, 19
g1 8’&1 g22 6’(1,2

(vz> U
g11 922 ou?

A62a1<

n <1 6<1)3>+1 3(v3>+1 8(13’03))
an [ — 2 (3 L9 (U I ]
>\ ou \ g1 g2 Ou? \ g22 g33 Ou’ \ g33 Ou?
This is much more complex than the scalar case:
o, L 0 1 P 1 5
g1 0(ul)?2 T gao O(u2)? T g3 O(u)?
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Vector Laplacian in Rectangular Coordinates

In rectangular coordinates, g11 = goo = g33 = 1, therefore the Vector Laplacian AV in Rectangular Coordinates shall be

0%v, 9%v

AV = a,

Ox? tay Oy

Yy
2 ta:

‘While

ox?2 = 0Oy?

2 2 2
v2¢:a—¢+@+a¢

In this special case, each component of AV has the same form as V?¢.

Vector Laplacian in Cylindrical Coordinates

In cylindrical coordinates (1,0, z), g11 = 1, goa = 12, g3z = 1 , therefore the Vector Laplacian AV in Cylindrical Coordinates shall be

or? r or r?

0%v, 10vg v
L ( 0 0 0

AV —a (8211,« 10v, v,

or? ror r?

0%v, 10w,
+a + +

a2 trar

and

n 0%v,
0z2
827)9

* 0z )

L 9%v,
072

V24

CPo 109 10% 9%

“o2 tror TEae T

The first two components of AV are of different form from V2@, each containing two additional terms.

Vector Laplacian in Spherical Coordinates

In spherical coordinates (1,0, ¢), g11 = 1, gaz = 12, gag = 1> sin? 6, therefore the Vector Laplacian AV in Spherical Coordinates shall be

oz " ror 2 2 002

( 321}9 2 3’09 Vo 1 821)9
+ag —

AV =

(821),« 20v, 2u, 1 0%,
Qp

o2 " rar 12 12 962

ta, (Lve | 200 10
¢ or? r Or 1?2 002

and

1 821),«)

r2sin 0 0¢?

cot 0 dvg 1 %y >

r2sin® 0 0¢?
1 (92”0¢ >

r2sin® 9 0¢>

2, _9¢ <209 10°¢
V¢_8r2+7”87"+7"2892

Po 209  10*  cothdp

r2sin?0 @

1 9%

Here each component of AV contains more terms than V2¢. Other coordinates are handled in the same manner as the foregoing three cases.
In the more complicated coordinate systems, the difference between the vector and scalar Laplacians becomes even more pronounced.
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18 Derivatives with respect to vectors and second-order tensors

18.1 Derivatives of scalar and vector valued functions of vectors

Let f(v) be a real valued function of the vector v. Then the derivative of f(v) with respect to v (or at v) is the vector defined through its
dot product with any vector u being

Z u= sl = |5+ o)

for all vectors u. The above dot product yields a scalar, and if u is a unit vector, it gives the directional derivative of f at v, in the u direction.

If f(v) = f1(v) + f2(v) then of of of
1 2
PR N P

a=0

If f(v) = f1(v)fa(v) then o o, o,
Foa= (% a) 2w+ 5w (22 )

of [ _0h0f

ov Ofs Ov
Let f(v) be a vector valued function of the vector v. Then the derivative of f(v) with respect to v (or at v) is the second order tensor defined
through its dot product with any vector u being

If f(v) = fi(f2(v)) then

ov

for all vectors u. The above dot product yields a vector, and if u is a unit vector, it gives the directional derivative of f at v, in the u direction.
If f(v) = fi(v) + f2(v) then

X = DEY)[u] = leaf(v + au)}

a=0

of ofy ofy

ov " av "oy
If f(v) = f1(v) x f5(v) then
of

_ (% ot
o u_(é)v u)xfg(v)—i—fl(v)x(av u)

A (O
8V _8f2 8V

18.2 Derivatives of scalar and vector valued functions of second-order tensors

If f(v) = f1(f2(v)) then

Let f(S) be a real valued function of the second order tensor S. Then the derivative of f(S) with respect to S (or at S) in the direction T is
the second order tensor defined as

of d
7S T =Df(S)[T] = Llozf(s ‘*‘O‘T)} o

for all second order tensors T. If F(S) = F1(S) + F2(S) then

OF . [OF, OFy\
as'T—<as as>~T

35



If F(S) = Fy(S) - F5(S) then

OF o _ (9F1 oFs
as'T_<as .T)-Fg(S)—i—Fl(S)-(aS .T)

If F(S) = Fy(F5(S)) then

OF . OF, (0F,
aS.T—aFQ.(aS.T>

Of w_0h (9F2
%.Tan.(aS.T>

19 Advanced Tensor Derivatives

19.1 Christoffel symbols

This section introduces the Christoffel symbols as part of the formalism used to express the connection on a manifold in local coordinates.
These symbols help define the covariant derivative, which is critical in differential geometry, particularly in curved spaces. Here’s what we
need to rigorously derive:

e Manifold, Coordinate system setup and the metric tensor

e Covariant differentiation of a vector.

Let’s break this down step-by-step with detailed mathematical rigor.

19.1.1 Manifold, Coordinate System setup and the metric tensor

Let M be a differentiable manifold of dimension n. At each point p € M, the tangent space T, M is an n-dimensional vector space. To
specify the geometry of M, we introduce a coordinate chart (U, ), where U C M is an open set and ¢ : U — R™ is a smooth, bijective map.
For each point p € U, o(p) = (z*(p), 2%(p), ..., 2" (p)) gives the local coordinates of p. The coordinate basis vectors at each point are denoted
by %, abbreviated as 0;. These vectors span the tangent space 1), M at each point p.

To define distances and angles on the manifold, we introduce the metric tensor g, which is a smooth, symmetric, positive-definite (0,2)-
tensor field. In a coordinate chart, the metric is represented as:

9= Gij de® @ da?

where g;; = ¢ (%, %) are the components of the metric in the chosen coordinates, and dz’ are the dual basis 1-forms. The metric
components g;; are smooth functions on the manifold, and g;; = g;;, ensuring the symmetry of the metric tensor. The inverse of the metric
tensor is denoted by g%/, where:

" ,
9" grkj = 6;

where 5} is the Kronecker delta.

19.1.2 Covariant Derivative of a Vector Field

On a manifold, the covariant derivative extends the notion of differentiation to curved spaces, ensuring that differentiation is consistent with
the manifold’s geometry. To define it, we need the notion of a connection. The covariant derivative of a vector field X in the direction of
another vector field Y, denoted Vy X, must satisfy the following properties:

1. Linearity: Vy(aX +bZ) = aVy X + bVy Z for any scalar functions a and b, and vector fields X, Z.
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2. Leibniz Rule: Vy (fX) = fVy X + (Y )X for any scalar function f.

3. Compatibility with the Metric: Y (g(X,Z)) = ¢(Vy X, Z) + g(X,Vy Z), ensuring that the covariant derivative preserves the inner
product structure defined by the metric tensor.

The Christoffel symbols Ffj are the components of the connection in a coordinate basis. They provide a way to express the covariant derivative
in terms of local coordinates. The Christoffel symbols are defined by the condition that the covariant derivative of the basis vector field 9; is
a linear combination of the basis vectors:

Vo,0; =T};0k

The Christoffel symbols Ffj are related to the metric tensor by the following expression, derived from the requirement that the covariant
derivative preserves the metric (i.e., Vg = 0):

1
I‘i?j = igkl (0igji + 0jgi — O19ij)

where ¢g* is the inverse of the metric tensor, and 0;g;1 denotes the partial derivative of the metric component g;; with respect to the coordinate
z'. Let’s derive the expression for the Christoffel symbols step-by-step:

1. Start from the compatibility condition for the metric tensor:
Vigij =0
This implies that the metric is covariantly constant.
2. Expanding this condition in terms of the Christoffel symbols:
gi; — Thigiy — F%cjgil =0

3. Rearranging terms gives the following equation:
Okgij = Thigij + Thjgu

4. Using the symmetry of the metric g;;, cyclically permute the indices ¢, j, and k in the above equation, then add and subtract the
resulting equations to isolate the Christoffel symbols. After some algebra, we arrive at the expression:

1
Il = 59’” (Digji + 0jgi — Oigij)

Thus, the Christoffel symbols are completely determined by the metric tensor and its first derivatives. Given a vector field X = X?0;, the
covariant derivative of X in the direction of 0; is:

VX' =0; X"+ T, X"

This formula expresses the covariant derivative of a vector field in terms of the Christoffel symbols and the partial derivatives of the components
of the vector field.

19.1.3 Christoffel symbols in Euclidean Space

The section defines the Christoffel symbols in a Euclidean space, where the coordinates are typically Cartesian, but we can also consider
curvilinear coordinates (e.g., polar, cylindrical, spherical). Christoffel symbols appear when we want to express derivatives of vector fields
in a non-Cartesian coordinate system. In Euclidean space, the Christoffel symbols represent how the coordinate basis vectors change as we
move from one point to another. We will rigorously derive the following key components:

e Fuclidean space and coordinate systems.
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e Connection between the Christoffel symbols and coordinate transformations.
e The role of Christoffel symbols in non-Cartesian coordinates.
e Detailed derivation of Christoffel symbols in Euclidean space.

We begin by considering the standard n-dimensional Euclidean space R™. The FEuclidean space is a flat space, and it can be equipped with
different coordinate systems:

e Cartesian coordinates (x!,22,... 2"): These coordinates are orthogonal and have a straightforward metric, which is the identity
matrix.

e Curvilinear coordinates (¢!, ¢?,...,q"): These coordinates can be functions of the Cartesian coordinates, such as polar or spherical
coordinates.

The key idea is that while Euclidean space has no intrinsic curvature, when we introduce non-Cartesian coordinates, the coordinate basis vectors
change from point to point. This change is precisely captured by the Christoffel symbols. In a general coordinate system (¢', ¢, ..., q¢"), the
basis vectors aiqi span the tangent space at each point. These basis vectors are not necessarily orthogonal, and their inner products define
the components of the metric tensor g;;, which in Euclidean space is:

B oz ozt 5
9ij = aq aT;a ki

where d; is the Kronecker delta, representing the flat Cartesian metric of Euclidean space. Thus, the metric tensor in curvilinear coordinates
is:

i oxk ok

gij = Fy R

= 0" 9q

In Cartesian coordinates, the covariant derivative reduces to the partial derivative because the Christoffel symbols vanish. However, in
curvilinear coordinates, the basis vectors 8%1‘ vary from point to point, and this variation is captured by the Christoffel symbols. The

covariant derivative V; of a vector field V' is given by:
V,Vi=0,V' + % V*

where I‘ék are the Christoffel symbols. The Christoffel symbols in Euclidean space are derived from the requirement that the covariant
derivative of the metric tensor is zero: Vyg;; = 0. This is the metric compatibility condition. Expanding it gives:

ngij — Thigiy — Thj9u =0

Rearranging this expression gives:
hgii = Dhgis + Thjgi
After some manipulation, we obtain the Christoffel symbols as:

1
Iy = 59“ (0igji + 09 — Digij)

In Cartesian coordinates, the metric tensor g;; is the identity matrix, g;; = d;;, and its derivatives vanish. Thus, the Christoffel symbols are:
Ffj = 0. In curvilinear coordinates, the Christoffel symbols are generally non-zero. For example, in 2D polar coordinates (r,6), the metric

tensor is:
1 0
g’Lj = 0 ,r2

6 _ 1

One of the non-zero Christoffel symbols in polar coordinates is: I, = ;.
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19.1.4 Christoffel Symbols of the Second Kind

The Christoffel symbols of the second kind, often denoted as Ffj, represent the components of the Levi-Civita connection in a local coordinate
system on a differentiable manifold. They are used to express the covariant derivative of tensor fields and play a crucial role in general

relativity, Riemannian geometry, and differential geometry in general.

Let M be an n-dimensional differentiable manifold with a smooth Riemannian metric tensor g. The Christoffel symbols of the second
kind Ffj represent the components of the connection in a coordinate basis. The Christoffel symbols are defined by the following equation for

the covariant derivative of the basis vector fields %:
g 5 0
57 Ozd Y Ok
The covariant derivative on a manifold must satisfy the condition of metric compatibility, meaning that the covariant derivative of the metric
tensor g is zero Vjg;; = 0. Expanding the covariant derivative of the metric tensor gives:

\Y

O9ij — Thigry — Tijga = 0

Rearranging the equation from metric compatibility:

ngij = Dhagis + Thjgi

Cyclically permuting the indices 4, j, and k, and adding/subtracting the resulting equations, we obtain:

Ongij + O0igir — Ojgki = 2D k015
Multiplying by ¢*!, we find the Christoffel symbols:
k1w
i =59 (0igji + 09 — Digij)
The Christoffel symbols are symmetric in the lower two indices: Ffj = F?i. This follows from the symmetry of the metric tensor g;; = gj;.

The Christoffel symbols describe how basis vectors change as we move on the manifold. In general relativity, they are used in the geodesic
equation:

d%zt ;. dad da®
@ T
In a holonomic basis, the basis vectors % are derived directly from a coordinate system. These vectors commute: [%, %] =0. In a
nonholonomic basis, the basis vectors e, may not commute [e,, ey] = CS, e, where C¢, are the structure constants. The covariant derivative
in a nonholonomic basis {e,} is given by:
Ve, € = Wipec

where w¢, are the connection coefficients. The structure constants C¢, are defined by: [e,, ep] = C5 e.. These constants are antisymmetric

C¢, = —Cy,. In a nonholonomic basis, the connection coefficients are related to the Christoffel symbols I'¢, by:
(& (& 1 C
Wab = Fab + §Cab

We derive the connection coeflicients as:

1 1
wap = §QCd (Dagbd + ObGad — OaGab) + 56’3()

In general, the connection coefficients w¢, are not symmetric in their lower indices due to the structure constants.
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19.1.5 Transformation Law for Christoffel Symbols

The Christoffel symbols I‘fj define the covariant derivative in a given coordinate system. In this document, we derive the transformation law
for the Christoffel symbols under a change of variables, focusing on the relationship between the original and transformed coordinates. The
Christoffel symbols in a local coordinate system (z*) are defined through the covariant derivative of the basis vectors:

0 ;0
Vol gk g

Let (z',...,2") and (z',...,2") be two coordinate systems related by a smooth map z* = z*(z',...,2™). The Jacobian matrix is given by:
gTj;. The basis vectors transform as:

o 917 9

oxt  Oxt 0xI
The transformation law for the Christoffel symbols is:

e OT™ Oxd O™ oz™ §%aP
M Oxt 0zk 9zl T O 97RO

The Christoffel symbols are symmetric in their lower indices, and this symmetry is preserved under the transformation:

k _ 1k
rk =1k

19.2 Parallel Transport in Riemannian Space

A Riemannian manifold (M, g) consists of a differentiable manifold equipped with a smooth, symmetric, positive-definite metric tensor g,
which defines an inner product at each point. In local coordinates, the metric tensor is:

g = gij(z)dz' ® da’
where g;; = g ( a(zi , %). Parallel transport describes how a vector field V (¢) is moved along a curve «(t) such that its covariant derivative
vanishes:

V,y(t)V(t) =0
The covariant derivative V satisfies linearity, the Leibniz rule, and metric compatibility. The Christoffel symbols Ffj are defined by:
V;Vi=09;Vi+ % V"
The Christoffel symbols are determined by the metric compatibility condition: Vjg;; = 0 Expanding this, we get:
Okgi — Thigj — Thjgir = 0
By permuting indices and solving, we find:
1
Iy = 59“ (Oigji + 094 — Digiz)

The Christoffel symbols describe how vectors are parallel transported along curves. For a vector V(t) being parallel transported along a
curve (), the condition is:
dv? o dy? &
r,—~ve=o0
@ g

The Christoffel symbols I‘fj describe the covariant derivative of a vector field V* in the direction of %:

V;Vi=0;Vi+ % V"
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In index-free notation, the covariant derivative VxV of a vector field V' along X satisfies linearity and the Leibniz rule:
Vx(fV)=fVxV +(X)V

In a coordinate system, the covariant derivative is expressed in indexed notation as:

o )
_(xigyi ind k) 9
VxY = (X ;Y + X ;Y ) -~

In index-free notation, it is written abstractly as:
VxY = abstract connection operator acting on X and Y

The Levi-Civita connection satisfies the metric compatibility condition Vg = 0, expressed in indexed notation as: Vjg;; = 0. In index-free
notation, this is written as:
(Vxg)(Y,Z2) =0

The Christoffel symbols provide a coordinate-based description of the connection, while index-free notation describes the connection in an
abstract, coordinate-independent manner.

19.2.1 Derivation of the Relationship to Index-Free Notation

The Christoffel symbols in the indexed notation are used to represent the covariant derivative in a coordinate basis. For a Riemannian

manifold (M, g) with local coordinates (z!,22%,...,2"), the Christoffel symbols I‘fj are defined through the covariant derivative of a vector

field V? in the direction of a coordinate basis vector %:

V;Vi=0;Vi+ % V"

Here, the covariant derivative is expressed in terms of the partial derivative 0; = % and the Christoffel symbols Fék, which describe how

the coordinate basis vectors 8.21' change as one moves through the manifold.

In contrast to the indexed representation, the indez-free motation expresses geometric objects and operations without explicit reference
to coordinates. Instead, the focus is on the intrinsic geometric meaning of these objects.

The covariant derivative of a vector field V' in the direction of a vector field X is denoted by VxV in index-free notation. This can be
understood as a directional derivative of the vector field V along X, and is defined such that:

1. Vx(aV +bW) =aVxV 4+ bVxW (linearity),
2. Vx(fV) = fVxV + (X [f)V (Leibniz rule).

Here, f is a smooth scalar function, and a and b are constants. In index-free motation, the Christoffel symbols do not appear explicitly.
Instead, the connection V is defined abstractly as a map that takes two vector fields X and Y and returns another vector field VxY. This
abstract map satisfies the linearity and Leibniz rules described above.

Let {e;} be a local frame (or basis vector fields) on the manifold, such that e, = % in local coordinates. The Christoffel symbols de-
scribe how these basis vectors change with respect to each other under parallel transport, and in index-free notation, the covariant derivative
Ve,€; (in terms of the basis vectors) can be written as:

_ 1k
Ve, e =I5 ep

This relation defines the Christoffel symbols F?j in terms of how the basis vector e; changes in the direction of the basis vector e;. In index-free
notation, we avoid explicitly writing the indices and instead describe the relationship in terms of the abstract covariant derivative and vector
fields. The Lewvi-Civita connection is the unique connection V on a Riemannian manifold that satisfies two important properties:
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1. Metric compatibility: Vg = 0, meaning that the covariant derivative of the metric tensor g is zero. In other words, the inner product
of vector fields is preserved under parallel transport.

2. Torsion-free condition: The connection is symmetric, meaning that for any two vector fields X and Y,
VxY - VyX =[X,Y]
where [X, Y] denotes the Lie bracket of the vector fields X and Y. This condition ensures that the connection is torsion-free.

In index-free notation, these two conditions provide an abstract way to define the connection without referring to the Christoffel symbols
explicitly. The connection is understood as a map that satisfies these two properties. The Christoffel symbols can be derived from the metric
compatibility condition in both indexed and index-free notation. In indexed notation, the condition Vg = 0 is written as:

Vigij =0
Expanding this in terms of the Christoffel symbols gives:

gij — Thagiy — Thjgu =0

This equation shows how the Christoffel symbols are related to the partial derivatives of the metric tensor.

In index-free notation, the same condition is expressed without reference to a coordinate system. The covariant derivative of the metric
tensor is written as:

(Vxg)(Y,Z)=0

for any vector fields X, Y, and Z. This equation means that the inner product ¢g(Y, Z) remains constant under parallel transport in the
direction of X. Using this condition, we can derive the Christoffel symbols by working with the abstract covariant derivative and the metric
in an intrinsic manner, but without introducing explicit coordinate indices.

In indexed notation, the Christoffel symbols explicitly describe the connection coefficients in terms of the coordinates. However, in index-free
notation, the connection itself is viewed as an abstract operator that satisfies the properties of linearity, the Leibniz rule, and metric com-
patibility, without direct reference to the coordinate system. To see the relationship between these two notations, we observe that in local
coordinates, the covariant derivative VxY can be written as:

i iy 0
o 19 \J g k
VxY = (X077 + X'T,v) o

This is the indezed version of the covariant derivative. In index-free notation, we express this in terms of abstract vector fields and operators:

VxY = abstract connection operator acting on X and Y

The relationship between the two notations is that the Christoffel symbols I‘{k in indexed notation provide the components of the abstract
connection V in a local coordinate system. The index-free notation is more geometric and abstract, emphasizing the intrinsic properties of
the connection, while the indexed notation provides a detailed, coordinate-based description.

In many geometric applications, especially in differential geometry and general relativity, index-free notation is preferred because it ab-
stracts away the dependence on specific coordinates and emphasizes the geometric properties of objects like vectors, tensors, and connections.
This allows us to express geometric concepts such as curvature and geodesics in a coordinate-independent manner. For example, the Riemann
curvature tensor can be written in index-free notation as:

R(X,Y)Z =VxVyZ -~ VyVxZ - VixyZ

This expression highlights the curvature as a map that depends on vector fields X, Y, and Z, without requiring explicit coordinate indices.
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19.2.2 Christoffel Symbols In Earth Surface Coordinates

Given a spherical coordinate system, which describes points on the Earth surface (approximated as an ideal sphere),

2(R,0,p) = (Rcosfcosp, Rcosfsing, Rsinf)

For a point x, R is the distance to the Earth’s core (usually approximately the Earth radius). 6 and ¢ are the latitude and longitude. Positive
6 is the northern hemisphere. To simplify the derivatives, the angles are given in radians (where dsin(x)/dx = cos(x), the degree values
introduce an additional factor of 360/27).

At any location, the tangent directions are er (up), eg (north), and e, (east) - you can also use indices 1, 2, 3.

er = (cosfcosp, cosfsing, sinfh)
eg = R-(—sinfcosp, —sinfsing, cosb)
e, =R-(—cosfsing, cosfcosyp, 0)

The related metric tensor has only diagonal elements (the squared vector lengths). This is an advantage of the coordinate system and not
generally true.

grr =1 geo = R? Jop = R2cos?0
gi; =0 else
1 1
RR 06
frng 1 = — PP = —_——
g 9 R2 9 R2 cos? 0
g7 =0 else

Now the necessary quantities can be calculated. Examples:
eft = g™ep . ep = (cosfcosp, cosfsing, sinf)

0
IPp=e”" IR = e¥ - (~Rcosfcosp, —Rcosfsing, 0)=—Rcos’0

The resulting Christoffel symbols of the second kind I‘?i =ck. % then are (organized by the ”derivative” index 4 in a matrix):
F;QR F?R re, 0 0 (1)
G Tin T )= {00
Trr Tor Tor 0 % 0

T'% Top Fge 0 —% 0
re, 19, Iy | = % 0 —tané
'ty Toy Fie 0 0 0
ng Féi ng 0 0 —Rcos%6
rg, T T, |=( 0 0 —taned
F%gp Fggo Fi‘ﬂ % % 0

These values show how the tangent directions (columns: eg, ey, €,,) change, seen from an outside perspective (e.g., from space), but given in
the tangent directions of the actual location (rows: R, 0, ).
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19.3 Covariant Derivative of Tensors

We begin with the simplest case: the covariant derivative of a vector field. Let V = V* 621 (M, g).

The covariant derivative of the vector field V in the direction of another vector field X = X7 % is denoted by Vx V', and is given in local
coordinates as:

0
ox %
where I‘;k are the Christoffel symbols of the Levi-Civita connection, and 9;V* represents the partial derivative of the component V? of the

vector field. This expression can be understood as a directional derivative that is adjusted by the Christoffel symbols to account for the
curvature of the manifold.

VxV = (X79;V' + XTI}, Vh) —

Next, consider a covector field (also known as a 1-form) w = w;dx’. The covariant derivative of a covector field is slightly different be-
cause the Christoffel symbols must be applied in a way that respects the transformation properties of covectors. The covariant derivative of
the covector field w in the direction of a vector field X = X7 % is denoted by V xw, and in local coordinates is given by:

Vxw= (Xjajwi — Xjfg?iwk) dz’
Here:
e Jjw; is the partial derivative of the component w; of the covector field.
e The Christoffel symbols F?i account for the change in the basis for the covector components.

The minus sign in the second term arises because covectors transform contragrediently to vectors.

Let’s now extend the notion of the covariant derivative to a general tensor field. A tensor field 7" of type (r,s) has r contravariant in-

dices (upper indices) and s covariant indices (lower indices). The components of such a tensor are denoted by T;;;; , and it can be written
as:

T Tzle"'Z’V' a a
J1J2---Js ale 3931’2

The covariant derivative of the tensor T in the direction of a vector field X = X* - k is denoted V xT', and in local coordinates, the covariant
derivative is defined as:

® - Rdr’ @ dx’? ®

VT = X*V, T

where V. is the covariant derivative with respect to the coordinate direction a%' The components of the covariant derivative of T are given
by:

011 011 zr R WU 011
\ Tﬁljj =0Ty 5+ Z Ly TJ11J2 ]s Z FkJnT 12
Ok T;;;j ]{ is the ordinary partial derivative of the tensor components. The first summation .  _ F}C’l”TJ’1 ]';l“Ji“ involves the Christoffel

symbols acting on the contravariant indices (upper indices). Each contravariant index contributes a posmve term involving the Christoffel
symbol. The second summation — > > _, ijnT“Z2 ‘i involves the Christoffel symbols acting on the covariant indices (lower indices). Each

covariant index contributes a negative term involving "the Christoffel symbol.
This formula ensures that the covariant derivative transforms correctly under coordinate changes, respecting the tensorial nature of 7.

As an example, consider a rank-2 tensor field T**2, which is a tensor with two contravariant indices. The covariant derivative of this tensor
is given by:
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ViTh? = 9T + TRTH + TRTH
Similarly, for a rank-2 covariant tensor T}, ;,, the covariant derivative is:
1 l
vajué = 8/6lej2 - ij1le2 - ij2Tj1l
These formulas are special cases of the general formula for the covariant derivative of a tensor field, with the Christoffel symbols acting

appropriately on each index.

The covariant derivative of a tensor field can be interpreted geometrically as a measure of how the tensor field changes as we move from one
point to another on the manifold, taking into account the manifold’s curvature. The Christoffel symbols adjust the ordinary derivative by
accounting for how the basis vectors and the metric change across the manifold. For example:

e In the case of a vector field, the covariant derivative measures how the vector changes as we move along the manifold while accounting
for the curvature.

e In the case of a covector field, the covariant derivative measures how the covector changes along the manifold, again incorporating the
manifold’s geometry.

The geometric importance of the covariant derivative lies in its ability to describe derivatives on curved spaces in a way that respects the
underlying geometry, which ordinary partial derivatives cannot do. Substituting equation (61) into equation (60), we get:

oA _on
dri  Oxd

where the names of the dummy indices ¢ and k are swapped after the second equality.

. OA? .
e; + FfjA”ek = (aﬂ + F;kAk> €;, (75)

Definition 4.3. The covariant derivative of a contravariant vector, A%, is given by:

C9AT
V;A" = e + I, A", (76)
where the adjective covariant refers to the fact that the index on the differentiation operator (j) is in the covariant (lower) position. Thus,
equation (75) becomes:

0A :
Thus, the i-th contravariant component of the vector % relative to the covariant basis e; is the covariant derivative of the i-th contravariant

component of the vector, A?, with respect to the coordinate z7. In general, covariant derivatives are much more cumbersome than partial
derivatives as the covariant derivative of any one tensor component involves all tensor components for non-zero Christoffel symbols. Only for
Cartesian coordinates—where all Christoffel symbols are zero—do covariant derivatives reduce to ordinary partial derivatives.

Consider now the transformation of the covariant derivative of a contravariant vector from the coordinate system z’ to ZP. Thus, using
equations (59) and (74), we have:

- AP . 7 9FP QA i 92zp .
qup:aA Oz’ 9z OA*  dzI 0% A (

~ . 0zt 0xF 0zP 0z 9%t oz"
TP AT = T T T eame pemar + mr o | T AL (78)
0z4 a 0x9 Oz Oxd 0% OxI D’ 8 oze Oz drt - Ozt 0790%" ) Oxt
Now for some fun. Remembering we can swap the order of differentiation between linearly independent quantities, and exploiting our freedom
to rename dummy indices at whim, we rewrite the last term of equation (78) as:

08 0x" 0 (0a'\ 0% 0 (0’ (0 [080a'] Oa' & (0FNY
Ozt Ox! 9z \ 9z T 9zt 9xl \ 93 T\ ozt | 9xF B4 0z Ox! \ Oxt '
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Thus, equation (78) becomes:

Oxd OFP )
074 Ozt ’

and the covariant derivative of a contravariant vector is a mixed rank 2 tensor.

vApf

19.4 Applications

19.4.1 Application 1: Geodesic Equation

A geodesic is the shortest path between two points on a curved manifold, analogous to a straight line in flat Euclidean space. On a Rie-
mannian manifold, the equation that describes a geodesic is derived using the concept of parallel transport and involves the Christoffel symbols.

Let ~v(t) be a curve on the manifold, parametrized by ¢, and let 4(¢) represent the tangent vector to the curve at each point. The con-
dition that v(t) is a geodesic is that the tangent vector 4(t) is parallel transported along the curve. This gives the geodesic equation:

Vi y(t) =0

In local coordinates, the components of the geodesic equation can be written as:

Ayt ody? do

ez "R ar at

This is the geodesic equation in terms of the Christoffel symbols I’§ > which account for the curvature of the manifold. Here:

=0

o I represents the second derivative of the coordinates of the curve ~(t).

dt2

. F;'. . are the Christoffel symbols that describe how the coordinate basis vectors change as we move along the curve.

Consider a curve «(t) on the manifold, with tangent vector 4(¢).The condition for v(¢) to be a geodesic is that the covariant derivative of ¥(t)
along itself vanishes:

Viy=0
In local coordinates, the tangent vector is 4* = %", and the covariant derivative of the tangent vector along itself is:
- d%y o dy? dy
Vo= O 0y

a2 IR g dt
Setting this equal to zero gives the geodesic equation:
Pyt dy Ayt
darr R ar dar
Geodesics are the paths that particles or objects follow when moving under no external forces in curved spacetime, and the Christoffel symbols
account for the effects of curvature on these paths.

19.4.2 Application 2: Riemann Curvature Tensor

The Riemann curvature tensor is a fundamental object in differential geometry that measures the curvature of a Riemannian manifold. It
describes how the geometry of the manifold deviates from being flat and is defined in terms of the Christoffel symbols and their derivatives.

The Riemann curvature tensor lel is given by:

jkl akr 81F3k+rkm gl = ;m ;I}c
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This equation describes the curvature in terms of the change in the Christoffel symbols as we move across the manifold. (“);J‘?l — (’91I‘§k:
These terms represent how the Christoffel symbols vary from point to point on the manifold, which is related to how the geometry changes.
FZmI‘;’} — F%mfﬂ: These terms account for how the Christoffel symbols interact with each other, capturing the nonlinearity of the space.

The Riemann curvature tensor measures the failure of parallel transport to be path-independent. Specifically, it quantifies how much a vector
changes when parallel transported around a small closed loop on the manifold. If the manifold is flat (like Euclidean space), the Riemann

curvature tensor vanishes.

19.4.3 Application 3: Ricci Tensor and Ricci Scalar

The Ricci tensor R;; is obtained by contracting the Riemann curvature tensor over one of its indices. It is defined as:

Ri; = Ry,
The Ricci tensor is a trace of the Riemann curvature tensor and describes how the volume of a small geodesic ball deviates from the volume
of a similar ball in flat space due to curvature. The Ricci scalar R is obtained by further contracting the Ricci tensor:

R=g"Ry;
The Ricci scalar provides a single number at each point on the manifold that describes the degree to which the manifold is curved. Start with
the Riemann curvature tensor Ry Contract over the first and third indices to obtain the Ricci tensor:

Ri; = Rfkj = 3krfj — T, + Fglrij - F?lrik
Contract the Ricci tensor with the metric g*/ to get the Ricci scalar:
R=g"Ry;
The Ricci tensor and Ricci scalar are important in general relativity, as they appear in the Finstein field equations that describe the relationship

between the curvature of spacetime and the distribution of matter and energy. The FEinstein field equations are the fundamental equations of
general relativity, describing how matter and energy influence the curvature of spacetime. They are given by:

1
Rij — igin = 87TGT%J'

where: R;; is the Ricci tensor, R is the Ricci scalar, g;; is the metric tensor, T;; is the stress-energy tensor, which describes the distribution
of matter and energy in spacetime, G is the gravitational constant.

The Einstein field equations relate the geometry of spacetime (represented by the Ricci tensor, Ricci scalar, and metric) to the matter
and energy content of spacetime (represented by the stress-energy tensor). The term R;; — % gij R describes the curvature of spacetime, and
the right-hand side 87GT;; describes the matter and energy that cause this curvature. The equations are derived by combining the geometric
properties of the Ricci tensor and scalar with physical principles such as the conservation of energy and momentum.

In this extremely rigorous derivation, we have covered the following key points:

e The geodesic equation, which describes the motion of particles in curved space and involves the Christoffel symbols to account for
curvature.

e The Riemann curvature tensor, which measures the intrinsic curvature of a manifold and is expressed in terms of the Christoffel symbols
and their derivatives.

e The Ricci tensor and Ricci scalar, which are contractions of the Riemann curvature tensor and describe aspects of curvature related to
volume distortion.

e The FEinstein field equations, which link the geometry of spacetime (curvature) to the matter and energy content through the stress-energy
tensor.

These applications of the Christoffel symbols are foundational to the study of Riemannian geometry and general relativity. They provide the
framework for understanding the relationship between curvature, geometry, and physical phenomena in both mathematics and physics.
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