Fall 2019: Classical Field Theory (PH6297)
Relativistic (tensor) fields, covariant fluids and covariant
electrodynamics

August 16, 2019

1 Tensor fields

So far we have looked at a single 4-variable, x*, namely the position of single particle. This can be
generalized to multiple but still finite particles with an index labeling the particle, z!'(f). However
consider the case when we keep on adding new degrees of freedom so that at the end we have an infinite
number of variables, one at each point in space. Recall that such a collection of infinite number of variables
at each point in space is called a field. For example, consider any point on a string strung along the
horizontal direction, say along the z-axis. When the string is oscillating (transverse), at any instant of
time, ¢ each point on the string will have a vertical displacement in the y-direction. We can denote the
vertical displacement by a field where we specify the location/point on the string, = and the time when
it occurs, say t by a displacement field

y(z,t).
Similarly for longitudinal waves through a gas, at each point in the gas, we have a density fluctatuon field,
Ap(x,1)

which is the change in density of the material from its normal equillibrium density.

Generalizing, we can define a “tensor fields” which means at each point in space we have a tensor-valued
quantity which is dependent on time. For example, a scalar field, ¢(z#) or a vector field, V#(z). Then it
is natural to ask what is the transformation law for such tensor fields under a Lorentz transformation,

r— 1’ = Azx.
The answer becomes obvious after a little thought,
b(z) = ¢/ (a') = d(a),
VH(x) = VP') = A", VY (),
wyu(x) — w;t(x) =N, wy ().

These transformations are often called the passive transformations.



Often, we shall be interested in the active transformation of a tensor field after an LT, defined by,

AVHz) = VH(x)—-VH(z).
= A*, VYA 2) — VE(x)
= A*, V¥ (A/go‘xﬂ) — VH(z)
= (4w, V" (aca—i-wgo‘xB) — VH(z%)
= W', V'(2) +wp® 2” 8oV (2%)
= W, V(@) + W MagVE, Mg = [0 95 — 5 O

Observe that M is similar form as the angular momentum operator in quantum mechanics (except the
i’s are missing).

2 Covariant Fluids

The fluid field is parametrized by the density, p(x,t) and the current j(x,t) = p(x,t)v(x,t), where v(x,t)
is the fluid velocity at x and at time ¢. Now, a well known equation for the fluid flow which represents
conservation of mass is the continuity equation,

ap .
P iv.j=o.
ot TV

In the context of a fluid we usually talk about two frames, again the Lab frame, S and the fluid frame, S’
which is attached to a fluid element. Let’s choose the direction of velcoty of the fluid element to be the
common X-axis of both frames. Now let’s look at the expression for the density. In the lab frame this is,

Am

P= dr dy dz’

In the fluid frame, S’, this is,
, Am

~ Ao dy’ dz'”

Since in the Lab frame the moving fluid element will appear to be Lorentz contracted along the x-direction,

p

/
i — 3%
v

while transverse length/dimensions of teh fluid element are unchanged,
dy =dy', dz=d7.

This imples one can write

p=0,
Je = ﬁcp
= B(cp).



Since the velocity of the fluid in the fluid rest frame is zero, we have, j2, = 0. So we can write down the
following pair of equations,

B
p=10" +7Jo

Jz = vJe +1B8(cp).

() = (G )%
Ja By Je )’
(%) = (2 7))
Ju -8 v Je
This equation is identical to the Lorentz transformation for the position 4-vector. From this one can
deduce the existence of a new four vector for the fluid, the “4-current”,

In matrix form,

i =(5%3),7"=cp.
The equation of continuity can then be written in a frame invariant form,
Ougt =

with equal number of up and down indices. (We will revisit relativistic fluid dynamics in detail in Gravi-
tation and Cosmology course)

2.1 Electric current density

For a single point charge moving in a trajectory, x(¢), we have the charge density,

p(tx) = 48 (x — x(1)), 1)

while the current density is,

it %) = p(t,x) v(t) = g v(t) & (x — x(1)) (2)

Of course both these expressions look non-covariant and we need to recast it in a form where the Lorentz
transformation is manifest i.e. as the components of a four vector, j#. One could simply replace ev-
ery quantity in expressions (1, 2) by their respective four-vector counterpart, leading to the tentative
expression,

J(a¥) = qui(r) 8* (¥ — 2¥(r)), 3)

where 7 is some invariant parameter finally to be indentified with the proper time. However note that
we have one extra Dirac delta compared to the non-relativistic expression and instead of lab frame time,
t the parameter is 7. So this cannot be the correct answer. Let’s try to guess the answer by switiching



back to t as a worldline parameter, then by comparing the rhs for y = ¢ i.e. by comparing to the rhs of
(2). We have the rhs of the tentative expression (3),

RuS = ¢ % 50 1) 6 (- x(r)
= I A ) 6 ()
= 20 e o) 20— xrie)
= 0“0 5 (1) 87 - x(0).

dt

So now we can identify what is missing and what to do in order for the RHS to be same as the RH.S of
(2). We just need to integrate over 7! So we have the expression for the current density four-vector for a
point electric charge to be,

jH(x) =¢q / dr u* (1) o4 (x¥ —a"(7)). (4)

3 Classical Electrodynamics in Lorentz covariant form

The source of electric and magnetic fields is the charge density and current density. We already know
how to fuse them into a single relativistic entity, the 4-current,

gt =(cp,3)-

The rest is to figure out how do E, B combine into some relativistic format. The Maxwell’s equation in
terms of E, B

10F 1
V -E= VxB——-—=
P % c Ot c”’
10B
V.B=0, VxE+-22_9
c Ot

The first line of two equations have the sources p and j on their RHS. The second line contains two
equations which are “sourceless”. So one thing is clear, there is a mismatch of number of degrees of
freedom on the LHS (E and B have 3 + 3 = 6 components) and RHS (source j* have 4 components).
So we are missing something right now and a Lorentz covariant form is not obvious. To make further
progress, we will need to recall our old friends, the scalar and vector potentials,

E = -V -
C
B = VxA. (5)

Now it is pretty obvious that one can combine the scalar and vector potential into a single 4-vector
potential, usually called the Maxwell Gauge field,

AP = (D,A).



This means the covariant 4-potential is, A, = (®, —A).

Now looking at (5) seems to indicate now needs to act with the derivates on the gauge field to get E
and B. Can we try something like E, B ~ 0,4,7 The answer is no because the number of components on
both sides don’t match up. E and B have a total of 6 components while 9,4, has 4 x 4 = 16 components
(the indicesy and v can take 4 values each namely 0,1,2,4 | so the total number of index combination is
4 x 4). Clearly we have to select only a 6 component subset of these 16 derivatives but at the same time
it has to be an “irrep” of Lorentz group. One possibility is to make a (0,2) type tensor, F},, defined by,

Fu = 0,4, — 0,A,.

The F),, is called the (Maxwell) field strength tensor. This being manifestly antisymmetric in the two
indices has Cy = 6 components as well! Indeed one can check that,

10A*  0® -
Foi = 0pA; — 0 Ay = ———— —— =F"'
0 0 0 c Ot ozt
Similarly, one can show,
194" 99

Fo=0"A"— 9 A" = 9y A" + 0, A" = =—E"

c Ot + oxt

Homework: Show how Fj; is related to the magnetic field. Then write out F),,, with the question
marks replaced by stuff in terms of B.

0 -E, —E, —E.
E, 0 7 2
E, ? 0 @

.7 ? 0

Now the first Maxwell equation with sources can be expressed in a covariant way in terms of the field
strength, F},, and current density 4-vector, j, as

1,
8'U‘F/“/ == Ej . (6)

The second Maxwell equation i.e. the one without sources/homogenous equations can be expressed as,
Oulyp+ 0uFy, + 0,F,, = 0. (7)

Since this equation has no source, we shall not call it an equation of motion. In fact, this equation is a
consistency condition for field strength, it is called a Bianchi identity.

If we define a dual field strength tensor,
1

G,uz/ = 58/u/p0'Fp07 (8)
then the homogeneous Maxwell’s equation can be expressed as,
MGy = 0. (9)



3.1 Action for Electrodynamics

The action again must be made out Lorentz invariant quantities, like for example, A, A", F,,, F'*, F,,, G,
GGt j# A ete. From this list we will need just two terms,

Cc

1 4
114] = / diz (—ZFWFW—i— ”jﬂAﬂ) (10)

The curious factor of —%1 is so that when we expand out the F),, F'*” term, we get a positive kinetic term
with the correct coefficient for the potential, to wit, %A -A.

Homework: Check that this action gives you (6). Note that the Bianchi identity (7) cannot be
extracted from the action because it is NOT an equation of motion.

Homework: Check the term G, G*” is nothing new because it is proportional to F,, F'*".
Homework: Check the term G, F* is a total derivative i.e. of the form, 0,(T",. ).

Note: The term A,A* is not allowed because it breaks gauge invariance. Such a term would mean
photon has a mass. We know that the photon has zero mass.

Homework: Gauge Invariance of the Maxwell field

The Electric field and magentic field are invariant under a special redefinition of the potentials ®, A,
namely,

b = <I>—|—8tx,
A—-A" - A-Vy,

for an arbitrary parameter y. This can be expressed in a covariant form,
AP — AT = AR 4 M. (11)

This is called a gauge transformation®. Show that under such a transformation F},, remains unchanged
i.e. it is gauge invariant. (This means that the Maxwell term, f%FWF MV is gauge invariant as well).
Show that the term, j,A* is also invariant up to a total derivative for a conserved current j, i.e. when
continuity 9,,j* = 0 holds. Show that a term like A, A" is not invariant under gauge transformations (11).

3.2 Charged point particle in an Electromagnetic field

Let consider a point particle of mass, m and electric charge, g (a point electric monopole) in a background
electro-magnetic field, Fj,,. We know that in the non-relativistic/Newtonian limit, we should get an
equation of motion,

mcfi—‘t’:qE—i-q(%xB). (12)

ITo be precise this is a U(1) gauge transformation.



We also know from the free point particle case the lhs of the above equation can be made covariant (i.e.

a four vector/tensor) as follows,
dv dut

me— —m e
The rhs is not that obvious since it has E, B which are part of a two index object, F*”. So to make it
match up with the lhs in terms of indices, we need to contract F*” with some (till now undetermined)
vector, say w,. If we look at the rhs of the noncovariant law, (12) we see the presence of a velocity and
we are lead to suspect that this vector could be u,(7), the four-velocity vector. Indeed that is the correct
guess. So now we can contract F*” on the rhs with u,(7) and we get the fully covariant version of the
Lorentz force law,

W) _ 9 o () (). (13)

What about the action, I,,? How does it change from the free case? The answer can again be arrived

at from a symmetry perspective. We can write down some terms which are Lorentz invariant and gauge
invariant,

IEnp %/dTF“”uuu,,.
c
But this vanishes, being a product of antisymmetric and symmetric tensors, so we might try,
I 4 z
EMp 0.8 E dr u# AH,
A more reparametrization invariant form is,
I 1 "
EMp X . dx,, A" (z),
x ¢ /d)\ BT (0
c dA

Homework: Show that if you add a term

Tpnty = f% / dr uy, () AP (z(T))

to the free point particle action, I, = —mc [ /dxtdr, = —mc [ dX df/( d;—/{* ) then the Euler-Lagrange
quation of motion obtained from varying the full action, I, + Igap, is indeed the covariant Lorentz force

law (13). (Hint: Recall that v, = ﬁLM, where &, = (Zx—; and at the end set, A =71 ).

4 Levi-Civita tensor

We introduced the Levi-Civita symbol?, Euvpo, Which is completely antisymmetric in it’s indices, i.e.
swapping any two indices turns it negative wrt to what it was. We will work with the convention,

€o123 = +1.

2We are calling it a symbol since we have not proven yet that it is a tensor.



Since it is completely antisymmetric by definition, it follows that in general,

Euvpe = (_)P501237
P
= "

where P and is the number of exchanges/swaps one needs to get to pvpo from 01233,

Example: Consider the element e€9139. We need to do the following two swaps to arrive at this
element from eq123

€0123 — £3120,

followed by,
€3120 — €2130-

Since we needed to do two swaps, P = 2, and we have,

€92130 = (—)2 = +1.

Example: A cyclic change of all four indices, 0123 — 1230 — 2301 — 3012 requires odd number of
swaps. Lets look at thel230 case. We arrive at this from 0123 using the following steps,

0123 — 3120,
3120 — 2130,
2130 — 1230.

So it required 3 swaps i..e. P = 3, and hence,

e1230 = (—)° = 1.

Example: A cyclic change of three out of four indices requires even number of swaps. Consider the
case of 0123 — 0231. One needs the following two swaps to attain this

0123 — 0321
0321 — 0231.

Since, P = 2, we have,
€0231 = +€0123-

One can define a new symbol with all upstairs indices by raising all four indices of the Levi-Civita
symbol, viz.

HPT = o P o gy

3Usually P is defined as the number of swaps modulo 2, i.e. it can be either 0 (even) or 1 (odd), but it makes no difference
if we omit this modulo 2.



This implies,

80123 _ nOan15n27n36€a676

(detn)
-

In general,

vpo
ehrr? = —Euvpo

where the underline means this equation is not a tensor equation (since indices are mismatched on both
sides) but just an equation reflecting the equality of numerical value of components of the two tensors on
the two sides.

4.1 Levi-Civita Symbol under Lorentz transformation: Levi-Civita tensor
Let’s see what the Levi Civita symbol turns into after a Lorentz transformation,

= A OA PN, YA, caps
= (det A) €ppo

!
E;wpa

For proper Lorentz transformations, det A = 1, so Levi-Civita remains the unchanged and it is an in-
variant tensor of type (0,4)! However for improper Lorentz transformations, det A = —1 and Levi-Civita
does not transform as a (0,4)-rank tensor.

4.2 Identities on contractions of Levi-Civita tensor
4.2.1  epppoctP?

There are in all 4! = 24 such terms and since e"”*? = —¢,,,,5, each term is equal to —1, so we have,

Evpo€t”P? = —4l. (14)

4.2.2  £,p08MPT

Now since the Levi-Civita is totally antisymmetric, for the contracted product to be non-vanishing, ¢ and
7 have to take the same value. For example, if 4 = 0,v = 1,p = 2, then ¢ and 7 both have to be 3 as
there is no other choice. So we can write down,

Euvpae!PT o 0.
Now we have to find out the proportionality constant, call it C
Eupoe!PT = C 6.
This is very easily determined by giving special values to the free indices 0,7, say ¢ = 7 = 3, then we

have,

vp3
C = €p3e!™”.



Now given that the fourth index is 3, the first three indices u, v, p can only take values 0, 1,2. There are
in total 3! such terms (permutation of 0,1,2). Also recall that,

vp3
M = —eup3.

So we have,

and the identity,
Evpoe!PT = =316]. (15)

4.2.3  &,ppe"P

Again looking at the index structure this quantity is (2, 2) type tensor and again as before we note that the
antisymmetry of the Levi-Civita means that once we fix u and p then either p = a,0 = for p = 3,0 = «,
i.e.

€ poe = D (5355 —-5353) . (16)

The negative sign gets chosen because o and § are antisymmetric indices. Now we need to determine the
unknown constant, D and we proceed as we did in the previous case, i.e. by consider special values of the
free indices,

p=a=2,0=0=3.

We get,
D = euze?

= c01236"® + €123

= -2
So we have,

Cupot = =21 (G507 — 3537
= —20216670
Here we have introduced the “antisymmetrized sum” defined by,
(AB] = %MB—BM,
[ABC| = L (ABC+ BCA+CAB — ACB— BAC —CBA).

3!

and so on.

Homework: Simplify the following product of two Levi-Civita’s with a single index contracted
v 3y
5,u1/,00'5'“(“ Y

All of these identities with contractions of course can be obtained from the mother of all identities,

Euvpoe™? = —41 5176865752,

10



