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1 Introduction

Relativistic classical electrodynamics is a theory that studies the interactions between cur-
rents and electric charges. In the classical regime where the quantum mechanical effects are
negligible, this theory describes electromagnetic phenomena. However, for small distances,
these interactions are best expressed by quantum electrodynamics.

In the development of covariant field theories of radiation and matter, this theory
provides both a point of reference and a point of departure. The observation predicted by
Maxwell’s equations about a universal speed of light in vacuum gave birth to the special
theory of relativity. The symmetries of special relativity made us realise that the equations
of classical electrodynamics can be written down in a compact form, using a Lorentz vector
representing the field, where we can maximally simplify various dynamical properties in a
way that the Lorentz covariance is easily manifest.



Classical electrodynamics is also an example of a conformal field theory (CFT). It
is Poincaré invariant in all dimensions but conformally invariant in d = 4 [1]. Invariance
under finite-dimensional conformal transformations in the covariant formulation has been
discussed in [1, 2]. This theory is anomalous at the quantum levels, but when we gen-
eralise to N/ = 4 Supersymmetric Yang-Mills (SYM), the conformal symmetries survive
miraculously [3-5]. One of the reasons we study conformal invariance in gauge theories is
the AdS/CFT correspondence [6] which provides a concrete example of the Holographic
Principle [7, 8]. The Holographic Principle tells us about the connection between a theory
of gravity in d + 1 dimensions to a quantum field theory in d dimensions. The AdS/CFT
correspondence perceives it by relating a specific theory of gravity (Type IIB superstring
theory) on 5-dimensional negatively curved Anti-de sitter times S° to a specific quantum
field theory (N =4 SU(NN) Supersymmetric Yang-Mills theory) in d = 4.

One thing to be noted is that the conformal symmetry is infinite-dimensional in two
dimensions [9]. It means one can compute various physical quantities without even resorting
to a Lagrangian description. The infinite symmetries apply only to field theories found in
d = 2. But for classical electrodynamics that is conformally invariant in d > 2, it is not
applicable. It would be interesting to have infinite symmetries in all possible spacetime
dimensions (especially in d = 4 for our case) such that it will be of use to constrain
various quantities. If one looks at the non-relativistic limits of conformal field theories,
this wish gets fulfilled. The conformal algebra in non-relativistic limit gives rise to infinite-
dimensional Galilean conformal algebra (GCA) [10].

Galilean electrodynamics (GED) is one such example of a Galilean conformal field
theory that exhibits infinite-dimensional Galilean conformal symmetries in four spacetime
dimensions. Galilean Electromagnetism was first examined in the language of electric (E")
and magnetic (B) vectors by Le Ballac and Levy-Leblond in 1973 [11]. In [2], the authors
reformulate GED by taking the non-relativistic scaling on spacetime coordinates as well as
on electromagnetic four-potential vector (A,). They started with the equations of motion of
the original relativistic theory and expressed it in terms of the component form of Lorentz
vector (fu = fi, fi). Then they applied the non-relativistic limit to get the two limits
(Electric and Magnetic limit) of GED. The possible disadvantage of this process of taking
the limit on CFTs is that there is no standard way to do the same on the Lagrangian. But
now, there has been a lot of progress to find the action of GED in recent years by using
different techniques in hand [12-17]. In [18], the authors went one step forward where
they couple this theory to a Schrédinger scalar in 241 dimensions to study the quantum
properties. They found an infinite number of couplings at the quantum level due to the
scalar field present in the Galilean multiplet of the gauge field.

The main reason for looking into GED is that the conformal symmetry survives at
the quantum regime of relativistic N' = 4 SYM. We expect that the non-relativistic
N =4 SYM will have invariance under GCA both at classical and quantum domains. The
presence of such a non-relativistic sector raises fascinating possibilities due to the existence
of infinite-dimensional symmetries. If this is a close sub-sector, it could turn out to be a
new integrable sub-sector like the planar limit of N'=4 SYM.



As we notice, all the techniques rely mainly on the component formalism of the Lorentz
vector to proceed. It motivates us to frame a covariant formulation for GCA and Galilean
electrodynamics in this paper. We first start with some features of the geometry of Galilean
space-time which are pertinent to our formalism of GCA and Galilean electrodynamics.
We then give a brief review of Galilean conformal algebra in component form. Once we
have them, we write GCA and its representation in covariant formalism. We can write a
single Lagrangian that defines the dynamics of both the limits of GED in four dimensions
which was not possible before. We also look at the invariance of the Lagrangian under
GCA. Finally, we calculate the energy-momentum tensor and find the conserved Noether
currents associated with this theory.

2 Galilean conformal algebra

2.1 Geometry of Galilean spacetime

We will first discuss the geometry of Galilean spacetime and then move to Galilean con-
formal algebra. We know from literature [11] that Lorentz transformations of a vector
VI = (V9 V) for boost velocities v < ¢ in four dimensions are given by

i 2 , i 2
ve-ve-tviso(L) L vievi-Sutro(Y) (21)

where i = (1,2,3), ¢ is the speed of light and r denotes the relativistic quantities. If we
take ¢ — oo directly in (2.1), it won’t lead to Galilean transformations. For that we have
to first classify vectors into two categories:

e Case 1: the vectors V}* for which the ratio (V,°/V;!) is proportional to ‘¢’ in the
limit ¢ — oo. Such vectors are often called largely timelike vectors and they can be
written as V* = (cV% V?). By substituting it in (2.1), we see that the V# = (VO V)
transforms like a Galilean vector in the limit. One such example is the spacetime
coordinates: =¥ = (ct,z') = zt = (t,2%).

o Case 2: the vectors V* for which the ratio (V,°/V) is inversely proportional to ‘c.
Such vectors are known as largely spacelike vectors. They can be mathematically
realized as V# = (—=V°%/c,V?). The vector V, = (Vo,V;) also transforms like a
Galilean vector in the limit ¢ — co. The examples include 4-force: F,, = (F.v/c, F*)
= F,=(—Fu,F

These reparametrized vectors V# and V,, will act as the Galilean versions of Lorentz vectors
in the non-relativistic limits. One can verify that these vectors transform under Galilean
boost and rotations in accordance with Galilean relativity. We can write down how these
vectors change under general coordinate transformations x# — z/*(x"):

ox'H ox”

VH 5 VIF = B VY, V, =V, =

Therefore, we call V# as a contravariant vector and V), a covariant vector. For generalisation

= (2.2)

to Galilean tensors, we urge the readers to look at appendix A.



We have two kinds of vectors (2.2), those represented by a contravariant vector and
the others which are represented by a covariant vector. Therefore, we can have two kinds
of metric tensors, represented by 7, and h*" respectively for contravariant and covariant
vectors. These metric tensors have been known in the literature [15, 19-21] and are given by

0 0 —1 0
B = , - : 2.3
[0 13x3] T [ 0 03><3] 23)

The metric A" preserves the spatial norm of an up-indexed vector under rotations and
Galilean boosts whereas, 7,,, preserves the 0-component of a down indexed vector under
rotations and Galilean boosts. Note that these metric tensors are non-invertible. Moreover,
T has a matrix rank equal to 1, therefore it can be written as

T = —Tu7y where 7, = [1000] . (24)

The following relation holds between the metric tensors that will be used extensively later
in the paper
T, = 0. (2.5)

In addition to these metric tensors, there are two more tensors defined in the literature.
These two will act like the metric tensors for the irreducible subspaces of the contravari-
ant (up-indexed vectors) vector space and the covariant (down-indexed vectors) vector
space under the action of Galilean boosts and rotations. The irreducible subspace of the
contravariant vector space is a 3-dimensional vector space defined by

Tp := {V* | V¥7, = 0}. (2.6)

Similarly, the irreducible subspace of the covariant vector space is a 1-dimensional vector
space defined by
Co :={V, | V,h'" = 0}. (2.7)

It is easy to verify that these two vector spaces defined above are invariant and irreducible
under the action of Galilean boosts and rotations. Therefore they deserve their own metric
tensors. We will call them submetric tensors and denote them by h,, for Tp and 7/ for
Co. The submetric hy, turns out to be

hy = la bi} , (2.8)

b 13x3

where a, bj(= b1, b, b3) can be any real numbers. Under Galilean boosts and rotation, the
3 x 3 identity matrix block doesn’t change but the rest of the components a, b; can change.
The submetric 7#¥ turns out to be

T = 7Y where 7" = (1, ¢1, c2, ¢3), (2.9)

where ¢;’s can be any real numbers and they will change under boosts and rotations.



2.2 Properties of the metric and the submetric tensors

We know that the submetric tensors have some components which transform under Galilean
boosts and rotations. We cannot use such components to calculate physical scalars. Still,
the submetric tensors can be combined with the metric tensors to create quantities that
do not change under boosts and rotations. One such useful property to note about the
submetric 7 is 7#7, = 1 whereas another property for h,, is given by h“ahaghﬁ” = h*",
In addition, we can construct a new and very useful tensor out of these. To find that,
we first notice a curious combination of 7, and some arbitrary down indexed vector V,

defined as

V;jy = 2T[MVV] = (TuVu - T,,VH). (2.10)
The only non-zero components of V3, are Vi = —V;i = V;. This antisymmetric combination

doesn’t have the Vj component at all. Now, notice that the only components of h,, that
are invariant under Galilean boosts and rotations are h;; where ¢ and j run from 1 to 3.
Therefore, we can use an antisymmetric combination of 7,, with h,g so that the non-zero
components of the resulting combination will only have the information of h;; in it. This
means that the resulting tensor will be invariant under Galilean boosts and rotations. That
tensor is defined as

Topuw = 4T[ah6][u7',,} = (TahguTy — T8hapTy — Tahgy Ty + T8RauTy)- (2.11)

It is easy to see that 1,3, remains same on exchanging o and v simultaneously with an
exchange of § and p that is given as T,,g,, = T84 Notice that T,,5,, changes sign if we
exchange o with 8 or p with v i.e.

Topw = —Tgapw = —Tapvy = TBavy- (2.12)

It also follows the property given by

Topu — Taupr = Tavup- (2.13)

The advantage of this tensor T,,5,, is that it encompasses the geometrical properties of
the metric tensors and the submetric tensor h,, in such a way that it remains unchanged
under rotation and Galilean boosts. We will use it in the construction of Galilean conformal
algebra in covariant formulation in the next section.

For completeness, we discuss the partial derivative 0,, with respect to space-time co-
ordinates and also construct a contravariant version of this. We know from the chain rule
of derivatives, 0, := (0, 0x,0y,0.) follows the same transformation that of a covariant
Galilean vector. Its transformation is given by

Y ox¥

= g O (2.14)

Unlike the relativistic case, the metric tensors are non-invertible here which means that
there is no reversible way to convert an up index to down index or vice versa. Nevertheless,
given a vector V¥, we can create a down indexed vector V, = V¥7,,. If we have only the



information of Vw we can’t reconstruct a unique V*. Similarly, we can create an up indexed
vector V# = V,h**. By definition of Vu and V#, it is evident that they will transform as
(0,1) and (1,0) tensors respectively under any general coordinate transformation. Likewise,
we can define an up indexed contravariant operator 0* from d,, by contracting it with hA*” as

oM =h"d, = 0" =(0,0,,0,,0.). (2.15)

2.3 Covariant formulation of GCA

We will first review the Galilean Conformal Algebra (GCA) and its infinite extensions in
component form and then write it down in covariant language. We can find the Galilean
group by doing an Inonu-Wigner contraction [10] on the conformal group. The process of
going to the Galilean framework from relativistic one involves breaking of Lorentz covari-

ance. In order to do so, we will consider £+ = < — 0.
The finite part of GCA (f-GCA) consists of rotations (.J;;), spacetime translations (H
and P;), boosts (B;), scaling (D) and special conformal transformations (K and K;). In

terms of vector field, we can write the generators of the Galilean group as
Jij = —(a:zﬁj — a:j&-), P, =0, H=-0, B; = t0;. (2.16)

The extension to a conformal part of the algebra is done through scaling (D) and special
conformal transformations (K and K;). They are given by

D = —(td +2'0;), K = —(2t2'0; +t*0;),  K;=1t%0;. (2.17)
We can rewrite the generator (2.16) and (2.17) in a more compact form given by

L™ = —(n+ Dt"z'o; — t" oy, M = "o, (2.18)

1

where for n = 0, +1, the generators L™, Mi(”) denotes

LYY — g p kY, MUY = 1P, B K. (2.19)

(2

The f-GCA in terms of these new generators can now be written as following

L [ =(n— tm) L™ M™ | = (n —m)M, ,
[(n) <m>} (n — m)LM+m) {(n) (m)} ( )M

7

1

(M, T = (V65— MM sy), (M M ] =0, [L™,gy] =0, (2.20)

One can see that (2.20) closes even if we let the index n of (2.18) run over all integers.
It means that finite algebra becomes an infinite-dimensional algebra. We will refer to this
algebra (2.20) as GCA from now on. Another thing to notice from (2.18) is that the
generators Mi(") give rise to time-dependent boosts, whereas L(™ generates some form
of conformal isometry of the Galilean spacetime. Similar to L(™) and Mi(n), the rotation
generators could also be given an infinite lift as follows

J(n) == —t”(miaj - x]é?l) (221)

v]



The complete infinite-dimensional algebra becomes

200, L] = (0= m)Lmm) (20, (™) = (n = m)M ™ M, ™| =0,

1

w gm)) _ o ntm) (M) )] — ) (ntm)
)=, [A ) =g - s,
I TG0 | = 6§ 4 85 G 4 6 T 4 6y . (2.22)

We will now use the results from above to write the generators (2.18) and the alge-
bra (2.20) in a covariant form. We have seen that the variable ¢ appears in most of the
generators of GCA. Our first step will be to write ¢ in a covariant tensor form. We also
know that time is absolute in Galilean relativity and doesn’t change under time-independent
Galilean boosts and rotation. Therefore, ¢ is a scalar and given by

t=x%7,. (2.23)
We will note down the following trivial, nevertheless, useful properties of ¢:
Ot =74, Out" =nt""'7,, " =0. (2.24)

Now, we will move on to defining the generators in covariant formulation. Let us first focus

on time-dependent rotation and boosts. They are given by
Jz](n) _ —tn@?iaj _ xjai)’ Joi (n) _ _tn-i-laj _ _M](”) (2.25)
Both of the generators can be combined into a single generator as
Jr () — —t"(zH” — x¥OM). (2.26)

Now will write down L™ in covariant form. For that, we will examine its transformation
under a Galilean boost (z¢ — 2 — v't) given by

L™ — L™ 4 i (nt"t19;). (2.27)

It looks like a transformation of the zeroth component of a down indexed Galilean vector.
Let us denoted it by Z,,. Then the transformation looks like

Zy — Zo+ ’UZZZ (228)
Inspired by this, we define a down indexed vector Z, as follows
Zl(f) = —(n+ 1)t"7,(2%04) + nt" 10, (2.29)

It is easy to verify that Zon) = L™ and Zi(n) = nMi(n). Note that these two generators

Z,Sn) and J* (") are not independent, but are related to the time dependent boosts Mi(n) as

7" =g = ™, (2.30)



In covariant form, this dependence is given by
WY = g g ), (2.31)
Next, we can write down the commutation relations of these generators. They are given by

[ g () o <m>} _ puar JvB (ntm) B gov (ndm) | e g8 (ntm) B jua (nm).

n m n—m n+m n+m (Tl — m)2 af (n+m
[2(M, 257] = (r2imtm) 4 7,z S T I 4,
(200, 7% (W] = g, Jo8 (4m) 4y g (08 (rmIga e nim) 5 (2.32)

where Ty, is defined in (2.11). We can also split the commutation [Z,Sn), ,Sm)] for the
two cases when m+n # 0 and m+n =0 as

n—m
[ZEL"), Zﬁm)} = m (nT,,ZISmJF") - mTHZZ(,m+”)) for m # —n (2.33a)
[ZI(L”L Zﬁ_”)} =2n (TMZI(/O) +n TMQBVJQB (0)) for m=—n (2.33D)

If we restrict the rotation J#* (™ only to time-independent rotations i.e. restrict n = 0 and
define J# := J# (0 then we get an infinite-dimensional subalgebra as following:
n—m

(n) Z(m)] _ (m+n) (m+n) _
[Zu 2, | =05m (’I’LTZ,ZM +mT,Z, ) for m # —n

[zﬁn), Zﬁf — 2 (TMZ,£0> +n Tmﬁyjaﬁ) ,

20, 0°%] = (wesf — wPsg) Zm,

R e R e e P (2.34)

In the subsequent sections, we will show that this infinite-dimensional subalgebra will come
out to be the symmetry of Galilean electrodynamics at the level of Lagrangian.

2.4 Representation of GCA for Galilean vectors

We will now write down the representation of GCA for Galilean vectors. The highest
weight representation was discussed at lengths in [2, 22-24]. Here, we will construct it in
the language of covariant formalism. The theory of representation will then serve us to
determine the invariance of the Lagrangian under GCA. In terms of notations, we will use
[T, ®(t, )] for the action of a group generator 7" on a generic field ®(¢,z). Since we will
be talking about gauge fields (V#,V, = a*,a,) in this paper, we will only note down the
representation theory in terms of these fields.

Let us start by writing down the action of J* (9 (or simply J#*) on vectors a® and
aq- It comes out to be

[T, a®] = (210" — 2 0M)a™ + (05 B — )3 hYa?,
[T ag] = (210" — 270" )an + (6 BPY — 5% hPM)ag. (2.35)



If you write (2.35) in component form, you will get the same expressions mentioned in [2].
Similarly, the action of Zﬁn) is given by

{ZIS”), ao‘] = ((n + 1), (2%05) — nt" 19, + (n + 1)t”m)a°‘
+n(n+ )" a2 (8975, — 607, ), (2.36a)
2, a0] = ((n+ )" 7,(2°05) — nt" 10 + (n+ 1)1, ) e
+n(n+ 1)t" taga? (55770‘ - (55@@). (2.36b)
For simplicity, we can also write (2.36) as follow
[Z,(]l), ao‘} (n+ 1) (t” Foga™ + t"a® — n(a 575)$at”_1)
—n (t"“@ a®—(n+1)t"(a Tg)éﬁ) , (2.37a)

[Z/S”), aa} =(n+1)1, (t”xﬂagaa +t"a, + n(a[gmﬁ)Tatn_l)

n(t”“@HGQ + (n+ l)t”a“Ta). (2.37b)

where we have used (2.4) in the intermediate steps. Similar to J*, if we replace Z,(f) with
(L("),nMi(n)) and write the gauge fields in component forms, we get back the expressions
which are mentioned in [2].

3 Galilean electrodynamics: from perspective of equations of motion

In literature, Galilean electrodynamics (GED) was studied first by Le Bellac and Levy-
Leblond in [11]. In [2], the authors were motivated to search for finite and infinite GCA
symmetries in GED at the level of equations of motion. To their surprise, they find GCA
as symmetries of this theory.

In this section, we will construct GED in the covariant formulation. We will first start
by briefing ourselves on the equations of relativistic electrodynamics (Maxwell’s equations)
that are given by

a’rl/waw = :U’()Jﬁv (31)

where FF = (OFAY — OY AF) is the electromagnetic tensor, J¥ is the four-current, 0,, =
(Or/c, 0;) is the relativistic partial derivative. Next, depending on whether A* and J* are
largely timelike or largely spacelike, we will redefine A# and J# in terms of new fields a*
or a, and j* or j, respectively which will act as the Galilean version of A% and JF.

To begin with, we will unpack (3.1) in the space and time components and write
c=1/e:

—€Di(0;AL) — 0;0° A% = 1o J°,
(0 AY + 0; ALY — (—€20; + 0;0") AT = g 3. (3.2)

We will now invoke the two kinds of limits defined in section 2.1 on A# and J¥. The largely
timelike limit on A# and J} is known as the Electric limit, whereas the largely spacelike
limit on A# and J}! is the Magnetic limit [2, 11, 25].



Electric limit. In terms of €, the largely timelike limit on the gauge field and the current
in (3.2) is the following

AV =L Al = g J==, J=j. (3.3)
Plugging (3.3) into (3.2) and taking the limit ¢ — 0, the final resulting equations becomes
— 0;0'a° = poj°, & (01a° + dsa’) — (8;0")a’ = poy’. (3.4)

The equations (3.4) are the non-relativistic limit of Maxwell’s equations in the Electric
limit [2].

We will now write the equations in the language of Galilean vectors as follows. Let us
define a quantity analogous to the electromagnetic tensor as:

= (0¥ — 8”a"), (3.5)

where 0" = (0,0;,0y,0.) as defined in (2.15) and a* is the Galilean definition of gauge
field in this limit. In terms of f*, the equations (3.4) becomes:

D ™ = poj*. (3.6)

Magnetic limit. Like in the previous case, we need to invoke the spacelike limit on
(A#, J#) in (3.2). In terms of €, the spacelike condition becomes

YT
A% = —eag, Al =ay; J° = —¢jo, Ji=ji. (3.7)

T T

Plugging (3.7) into (3.2) and using the limit € — 0, the result come out to be
8t8iai - 8i8ia0 = ,uojo, 8j8iai — &-Biaj = /L()jj. (3.8)

These are the equations of motion in the Magnetic limit. Similar to the Electric limit, we
will define a quantity analogous to the electromagnetic tensor:

f;w = (auay - auau)a (3'9)

where 0, = (0, 03,0y, 0;) and a,, is the Galilean definition of gauge field in the Magnetic
limit. In terms of this f,,, the equations (3.8) become very compact as:

O fuw = 0y (3.10)

The general solution of the GED. We now have the equations of motion that we
calculated in the previous section. The next step will be to find the general solutions in
the presence of the sources for both the limits. To solve (3.6) and (3.10), we will use a
particular gauge choice, which is analogous to the Lorenz gauge (9,,A} = 0). In other
words, we will choose a gauge that will hold in all inertial frames. Specifically, we choose
the following gauges

Oua! =0 (Electric limit), (3.11a)
0"a, =0 (Magnetic limit), (3.11b)

~10 -



for our case. It is easy to show that the Lorenz gauge in the non-relativistic limit becomes
one of the above two depending on the Electric or Magnetic limit. We first show that
we can choose such gauge conditions with some assumptions. Suppose that we know a
field configuration a*(x*) (in the case of Electric limit) that doesn’t obey the above gauge
conditions. Because of the gauge freedom, let us see if we can add a gauge term O*X
for some function X such that the new field obeys the above gauge conditions and so the
following will hold

Ou(a +0"X) =0 = 0,0"'X = —0,ad". (3.12)

Note that 0,0 = V2 is the Laplacian operator in Galilean definitions. Given the values
of a*, the above condition is a Poisson equation in the variable X. We assume that the
solution for this X exists which means, we can choose the gauge conditions as (3.11).

Now we solve for the non-relativistic equations (3.6) and (3.10) which on imposing the
above gauge conditions (3.11) becomes

0,0"a” = —pog”  (Electric limit), 0,0"a, = —poj, (Magnetic limit). (3.13)
These are Poisson equations and can be solved to obtain the following solutions

a’(x®) = uo/jlj(md4x' (Electric limit), (3.14a)

/ Jul@ d4 " (Magnetic limit). (3.14Db)

where 7 is the spatial distance between the two simultaneous events 2'* and x#. The events
2" and x* are simultaneous because there is no time derivative in the Poisson equation.
Hence, these solutions are in stark contrast with the relativistic solutions. Fields at one
point are instantaneously affected by a source at some arbitrary distance. Because the

1

difference of z/* and z* has time difference equal to zero, the vector ¥ — z# belongs to

the space Ty defined in (2.6). The distance r is defined using the submetric tensor h,,, as
r? = (2" — 2" Yhy (2 — 2¥). (3.15)

We will get the same results as we got in (3.14) if one takes the non-relativistic limit on
the solutions of Maxwell’s equation written in Lorentz gauge.

4 Action of Galilean electrodynamics

The goal here is to write down the action in terms of covariant formulation in the Galilean
background. To evaluate it, we will use the equations of motion of GED denoted by

O f* = poj", ayf;w = 10Jp- (4.1)

Let us begin with the action of relativistic electrodynamics in d = 4 given by

v (Ars Oy Ary) = [ d'a TFwER g Ay (4.2)

- 11 -



which gives the equations of motion (3.1) where the subscript r denotes relativistic defini-
tion of quantities. Similarly, we want to find the action which gives (4.1) as the equations of
motion in Galilean limit. The action which gives us the correct non-relativistic equations is

1 1 1
S(ay,a",0ua,,0"a") = /d3x dt [—4]‘#1,]”“” + JH0 Jta, + SHo Juar| . (4.3)
Notice that we have written the action as a function of a* and a,. It means that a* and a,,
are two independent fields, and there is no invertible linear map between them. To find the
equations of motion from (4.3), we have to treat the two fields separately. Mathematically
speaking, the following functional derivatives vanish:
dat oa,

5, =0 and Sar

= 0. (4.4)

It is easy to see from the Lagrangian (4.3) that we get the equations (4.1) for the Electric
and the Magnetic limit by varying the action with respect to a, and a* respectively.

4.1 Gauge transformation

From this section onwards, we will only consider the free Lagrangian (i.e. without current
sources j* and j,) unless mentioned. The reason is that the source term can be different
matter (scalars or fermions) fields and these fields transform differently under symmetry
transformations. To avoid the difficulties related to it right now, we will stick only to the
free part of the Lagrangian.

In the non-relativistic limit, two sets of gauge symmetries are also present. They are
somehow similar to the relativistic case in appearance. It is because both f,, and f*”
appear in the free Lagrangian as

Ly= _%fwjfw/- (4.5)

The two sets of gauge symmetries, one for the Electric case and one for the Magnetic case,
are as follows:

at — ' +0'X = f* — f* (Electric Limit), (4.6)

ay, = a,+0,Y = fu — fuw (Magnetic Limit).

Because these are two independent sets of symmetries, we have used two different variables
that are X and Y for the gauge transformations. Also, in the Electric case, a* is trans-
formed by O X = (0,0'X,0?X,93X) which means only the three spatial components are
transforming, unlike the Magnetic case.

4.2 Symmetries of the Lagrangian

We will now move on to finding the symmetries related to the free Lagrangian (4.5). For
that, we will use the results mentioned in section 2.4. Because of the covariant formalism,
it is evident that the Lagrangian of the free theory is invariant under Galilean boosts,
rotations and translations. To find the variation of Lagrangian under thn), denoted by
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0 [Zfﬁ)]ﬁf, we need to use (2.36) which describes the variation of the gauge fields a, and

a’ under Z;(Ln) and a simple calculation shows:

S1Z0NLs = (n + 1)t (x°L5) — " 9L
= 0Oa ((n + 1)1t Ly — 65 n t”*lﬁf) : (4.8)

In the second line, we have used the by-parts rule to get the variation as a total derivative

)

term. In conclusion, it means that the generator Z,(f is a symmetry of the Lagrangian.

5 Energy-momentum tensor

We will derive the energy-momentum tensor (EM tensor) for the Galilean electrodynam-
ics using the similar procedures that we followed for finding the non-relativistic limit of
Maxwell’s equations. We start by writing the EM tensor of the relativistic theory given by

(T = (B (Fe)y + 08 (B (B, (5.)

and then take the non-relativistic limit on the relativistic EM tensor and write the resultant
in terms of the Galilean vectors a* and a,.

As we know that the EM tensor can be written in the relativistic scenario as (7,)"",
(T )4 or (T;)m. We can switch between the up and down indices using the Minkowski
metric 7, or n*¥. Unlike the relativistic case, our Galilean scenario doesn’t have the
freedom to switch between such tensors. It is because the metric tensors are non-invertible
and so any contraction of some tensor with the metric tensor will lose information of that
tensor. So, we can only have one unique definition of EM tensor, which will have the full
information of the energy-momentum of the fields, instead of three inter-convertible tensors
(T, TH or Ty).

To find out which one of these three is mathematically appropriate, we propose the
following arguments. The EM tensor is usually of interest partly because of its conservation
law. Mathematically, we take a divergence of the EM tensor to find the rate of change of
energy-momentum of the fields such that it is equal to zero for a free theory. In our Galilean
framework, we can represent the divergence by a contraction with 9, which implies that
the EM tensor must have an upper index. We cannot use 0" = (0, 0;, 9y, 0,) because there
is no time-derivative in 9*. So we have to take the contraction with 9, to be able to talk
about the conservation law.

The divergence of the EM tensor does not vanish in the presence of the source. Math-
ematically, the divergence of the EM tensor is equal to the negative of the Lorentz force
(F,) applied by the fields on the sources. It is given by

Orp(T1) = —(Fr)w- (5.2)

If we use this definition of the Lorentz force, we see that we have to perform a contraction
on the EM tensor with d,. It is because of the force given by a down indexed vector in the
Galilean case. It leaves us with only one thing that is T*.
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Electric limit. We have to substitute (3.3) in place of the field A to write it in terms
of the Galilean vector a*. But instead of this, we can also substitute A¥ = (a°, ea?). Tt is
just a scaled definition of (3.3) by a factor e. We do this to avoid € in the denominators
and doing this won’t change the physical content of EM tensor as it is homogeneous in A#
(scaling A# by any number k, scales the EM tensor by k? and therefore we can extract
the same useful content if we didn’t scale). We simplify the first term on the right side of
equation (5.1) which is

(FT)HV(FT) =

va

0 —(07a° + €20ya’) 0 Opa® + €20,a*
0'a® + 20ia’  €(0'ad — &a?) —(0ja° + 20va?) €(0jak — Oa?) '

In each matrix element, we will keep only the lowest order terms of €, because higher order
terms will inevitably go to zero on taking the limit ¢ — 0. So, neglecting the higher order

terms in €, we can simplify the above equation as

y 0 —09a° 0 Ora®
(Fr)# (Fr)ya = [ ] |: ] . (5.3)

9d €(0iad — dat)| |—0;a® €(9;a* — Oral)

We can also write it as

(5.4)

(Fr)uy(Fr)ya = [ ajaoajao EajaO(ajak a akaj)] .

—e(d'a? — 87a")9;a° 0a’0a’

Using the same process, we can simplify the second term iég(Fr)ﬁ "(Fr) g, It becomes

By _
755(}77’) (F’V‘)B - 5 0 6]7% (8ja08ja0) (55)

1 1|07 aoaj a 0
4 v 2 '

Now that we have the expressions in terms of Galilean vectors a* and €. We need to remove
¢ by defining a new tensor that will act as the Galilean version of the EM tensor. We will
now look at the first term of (7.)). As described in section A, there is no direct way to
extract a Galilean tensor out of it. To understand how to solve this problem, we need to
use the fact that we are trying to find a specific tensor which is the EM tensor. More
importantly, we want to find a conservation law that equates the divergence of the EM
tensor and the Lorentz force on the sources. Let us first take divergence of the first term

of (T,)% which is (F,)"(F}),, in the relativistic case. It is given by
€0, (070°0;a°) — s (9 9;0°) €20, (99a°(Dya* — Dpal)) + 0, (9'a°Ba)] . (5.6)

where fi = (0'a’ — 97a’). We note that in the second element of the row matrix above,
there is this term €20, (E)j a®(0ja* — Oy’ )) which has to be neglected in comparison to
0; (0°a®9ya®) because of the €? sitting in the former term. What we can do to neglect
this is to remove the second element of the first row in the matrix of (5.4) which is
€07a°(9;a* — Oga’). This may seem ad-hoc at first, but as we will show now it really
solves the problem entirely. What we did is that we removed a term earlier which was
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eventually going to be removed. Therefore, we will write only the relevant terms (the ones
which will survive eventually) of the matrix in (5.4) as

(E)™ (Fr)ye =

(5.7)

ajaoajao 0
—€ fijajao 0*a%0a°

Now this looks like a quantity which can be converted to its Galilean counterpart. But
we can do even better and neglect the irrelevant quantities (those which were going to
be removed eventually) at one more earlier step i.e. in (5.3). In the equation (5.3), if we
remove the second element of the second row of the second matrix i.e. €(9;a* — 9a’?) and
carry on the same steps forward, we get the same result as (5.7). Therefore, the relevant
terms of (5.3) are as follows:

(E)* (Fr) ye = [ (5-8)

0 —09a° 0 Oa®
0¥ € fi —ﬁjao 0

Now it is relatively easier to guess the Galilean counterpart from here. We write the
extracted Galilean parts from the useful components of 7,% to formulate the Galilean EM
tensor as

~ 1 -
TEua = f’wjfya + Z(ngﬂyfgy, (59)

where we define
f;w = _faﬁT;wc,BV = (auau - azx&u)a a’,LL = aVTw/a (5'10)

and the subscript £ denotes EM tensor in the Electric limit. It can be verified that this
EM tensor is indeed conserved in the free theory and is also traceless. It is easy to show
that in the presence of sources, the conservation equation comes out to be

au,TEua = _jyfua- (511)

where we have set g = 1. The definition of Lorentz force on the sources then becomes
Fo = —0,Tg", which in the Electric limit turns out to be F, = j” fl,a.

Magnetic limit. Using the same method as we did for the Electric limit, we will now
write the EM tensor for the magnetic limit. After neglecting the irrelevant quantities in
the case of magnetic limit, the first and the second term of the energy-momentum tensor
come out to be the following

0 0

(F)M(F),, = l , (5.12a)

—€(Oraj—0ja0) fij  firfik
0ja;—0a;)(0ja;—0ya; 0
lag(FT)ﬂ”(Fr)BV:_l l( jar=0ia;) O =daz) . (5.12b)
4 2 0 512 (8jal—8laj)(8jal—8laj)
Using (5.12), the Galilean EM tensor becomes
_ 1
Taro = " fooc+ 0617 fov, (5.13)
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where we define fH¥ := ot faﬁhﬂ” and the subscript M denotes EM tensor in the Magnetic
limit. This tensor is conserved in the free theory and is also traceless. In the presence of

sources, the conservation equation is given by
a/,LTMMa = _T/fuay (5'14)

where we define j¥ := h* Ju and we have set po = 1. The Lorentz force on the sources can
be defined as F, := —0,Tn", which in the Magnetic limit turns out to be F, = 7 fra-

6 Noether currents

We have looked into the symmetries of the Lagrangian in section 4.2. The next step will be
to find the Noether charges corresponding to those symmetries. For that, we will again look
at the free Lagrangian (4.5). We see that the Lagrangian contains both the Electric and the
Magnetic limit. As we know, these two limits can’t exist simultaneously by their definition.
Still, if we find the Noether charges corresponding to a symmetry using the Lagrangian, we
will get a conserved quantity containing both the a* and a,, in general. At first sight, this
doesn’t make sense because any conserved quantity should refer to one physical scenario,
either the Electric limit or the Magnetic limit. To understand the resolution of this seeming
problem, we will first describe two properties to the non-relativistic equations.

6.1 Useful properties of GED

To start, we will first write the properties in the case of Electric limit. We define two
vectors @, and 3#- They are given by

Ay = Twad”,  Ju=Tuwi’. (6.1)

In the previous section, we have already defined a tensor fW while finding the EM tensor
for the Electric limit as

fuu = _faﬁT,uaﬁu = (audy - 8ydu)7 (62)

in terms of the vectors (6.1). This fuv doesn’t contain the full information of f#” by its
definition. One can check that it still follow the equations of the Magnetic limit

81}qu = /’LO.;/L' (6-3)

We can prove it by multiplying 7., on both sides of equation of motion of the Electric
limit. It shows that given a field configuration in the Electric limit, we can create a
corresponding field configuration for the Magnetic limit by the procedure described above.
This correspondence is not one to one as the information from converting f*¥ to fW is lost.

Now we will state a similar properties for the Magnetic limit. We define two vectors
a* and j* as

@ = h"a,, G* =", (6.4)

~16 —



We have defined a tensor f# in the previous section and it is given by
fr = h’”o‘fagh”ﬁ = (Ma” — 0"a"). (6.5)

This f* does not contain the full information of fu by definition, still it follow the

equations of the Electric limit. It is given by
Dy ™ = 1" (6.6)

We can easily prove it by multiplying A~“” on both sides of the equations of motion of the
Magnetic limit. It shows that given a field configuration in the Magnetic limit, we can
create a corresponding field configuration for the Electric limit. These two properties (6.3)
and (6.6) will be useful in the next section.

6.2 EM tensor as a Noether current

We will rederive the EM tensor for both the limits, but this time we will use the Noether’s
theorem. Using the spacetime translation symmetry in our GED Lagrangian, we obtain
the canonical EM tensor denoted by 6%(a”, ay), which is a function of both the dynamical
fields a, and a*, as

0"(a", ay) = gﬁaf; 0 + gif Oy — 01 Ly
1t nla
1 B a 1 « 1 af
= _ihu fﬁaaua - ifﬂ auaoz - 55 _Zf faﬁ . (67)

We will now describe what quantity we can extract from (6.7). Let us start by saying that
we want to find the EM tensor for the Electric limit. It is easy to verify explicitly that
the divergence of this canonical EM tensor will vanish, provided we use the equations of
motion of the Electric and Magnetic limit. When we are in the Electric limit, the field
a, of Magnetic limit is like an auxiliary field with no physical significance. Similarly,
when we are in the Magnetic limit, the field o* is a field with no physical significance.
If we have some field configuration a* in the Electric limit, then any gauge field a, that
obeys the equations of motion 0* f,,, = 0 allows this canonical EM tensor to be conserved.
Looking at the canonical EM tensor this way for the Electric limit makes it richer, in that
we can have infinite possible conserved currents, that is one conserved current for each
field configuration a, satisfying 0" f,, = 0. We can pick any one of those currents at our
convenience. But to find the EM tensor for the Electric limit, we must use the information
from only the gauge field a*.

To resolve this issue, we use those properties that we presented in the previous section.
We know from (6.3) that a, is a vector which satisfies the equations for the Magnetic
limit and more importantly @, is a vector that can be constructed entirely from a* itself.
Therefore, we can insert @, in (6.7) to obtain a conserved tensor which is in principle
defined only using the field configuration a*. The EM tensor (6.7) becomes

1 1 1
01 (a",d,) = —ih“ﬁ (Batig — Opta)Opa® — 5 f**Dytia — 0, (—4 fP(Dna5 — aﬁaa)>

1 -
= — 9, a, + 155 £ fop. (6.8)

17 -



The EM tensor is conserved, gauge independent and is made only from the information of
the field a*. The equation (6.8) can also be written down in terms of the variables f* and

Juv- To do this, we will add a conserved current f#*0,a, (divergenceless with respect to
index ) to (6.8). The new EM tensor then becomes

_ 1 s
Tily = 04(a7,6y) + f"*0at = f** for + 0, £ fop. (6.9)

As we see, it is the same traceless EM tensor defined in (5.9).

We will now follow a similar procedure for finding the EM tensor in the Magnetic limit.
This time the field a* acts like an auxiliary field. Let us say we have a particular field
configuration of a, on-shell, then for every field configuration a* which satisfies 9, f*#* = 0
we have a corresponding conserved current defined by the canonical EM tensor. From (6.6),
we know that such a field configuration is a* := h*#“a, which is constructed entirely out
of the Magnetic field variable a,. Now, we replace a* with a* in (6.7) but we will also
need to add a conserved tensor f#*d,a, to make it gauge independent, then the EM tensor
becomes

~ 5 ~ 1 ~
TM'ZL/L = gg(a’y? a'y) + fﬂaaaau = fuafau + zéﬁfaﬂfaﬁ. (610)
It is the same as the same traceless EM tensor defined in (5.13) for the Magnetic limit.

6.3 Conserved currents for the conformal symmetries

We will first find the canonical conserved current associated to the Z&n) symmetry which

will be a function of both a¢” and a,. We denote it by J“[Z((Xn)](al’ ,a,). The canonical

conserved current that we obtain from Noether’s theorem using (4.8) is

oL oL
e ARY — f (n) f (n) ,v|_ Nt SHo 4]
JHZV](a" ay) = D Bar) {Za ,a,,}—}—a(a“ay) [Za ,a } ((n41) 1ottt —6Ent" )Ly,
(6.11)
where L = —iF HY F. This current is conserved if both a” and a, satisfy their on-shell

conditions i.e. (3.6) and (3.10). We will follow on the similar lines of reasoning for finding
the current for both the limits that we did while finding the EM tensor in the previous
subsection. For the Electric limit, we have to replace a, by @, so that the conserved current
contains only the information of the field a*. It is given by

TN A, ) =~ (04 D) 7a(2905) = 0"+ (n+ 1)72) G

+ ((n+ Draz? = hnt) 5. (6.12)

We can also add a conserved quantity to J# [Z((Xn)](a” ,d,) which is defined as
Cih = 0, ((n + D)t"raz’ag — nt"* ', ) (6.13)
so that we can write the resultant in terms of f#** and fu,, as
T2 = (200 @) + Ch = ((n+ 1)t rea? — nt™167) £ g

n

+ tz ((n + )12t — %‘nt) P fp. (6.14)

~ 18 —



The final expression becomes
Te"[Z8) = ((n+ 1)t raa” — nt™*167) Tih, (6.15)

where Tl is the EM tensor for the Electric limit defined in (5.9). Substituting n = —1
above will give us the EM tensor T/ for the Electric limit.
For the Magnetic limit, we have to replace a” by @” in (6.11) to get

JHZM)(@, ay) = —F* ((n + 1)t" 70 (2%85) — nt" 19, + (n + 1)t”ra) a,

+ o ((n+ Draa? = hnt) P fs. (6.16)

This is a gauge dependent conserved current. We can add a conserved current to it to
make it gauge independent. That conserved quantity is given as

Cyt = fHo, ((n + D)t ra2lag — nt"Haa) : (6.17)

After adding it to J “[Zc(yn)] (@, a,) and simplifying, we get the gauge independent conserved
current for the Magnetic limit as

T2 = ((n+ D)t raz® —nt™*167) Tagh, (6.18)

where T M’é is the EM tensor for the Magnetic limit defined in (5.13). If we substitute
n = —1 above, we recover the EM tensor for the Magnetic limit.

7 Conclusion

A quick summary. We will now summarise the main results mentioned in the paper.
Our main aim was to construct the GCA and the Lagrangian for Galilean electrodynamics
in the covariant formulation of Galilean spacetime.

We first looked into the basics of the non-relativistic limit and talked about the geom-
etry of Galilean spacetime. We then discussed the properties of the metric tensor and the
submetric tensor. We moved on to writing the GCA and its representation based on the
newly constructed covariant formulation. Once we have that in place, we wrote down the
most general Lagrangian for the Galilean electrodynamics. We also checked the symmetry
and found that it comes out to be invariant under infinite-dimensional GCA. Finally, we
calculated the energy-momentum tensor and the conserved Noether currents associated
with this theory.

Future directions. Some obvious generalisations follow from the current work. Below
is a list of a few of them.

e Galilean gauge theories: the equations of motion and its symmetries for these theories
have already been seen in [23, 24]. We would like to have an action formulation for
Galilean gauge theories in the covariant formulation constructed in this paper. We
also want to look at the conserved charges and Poisson brackets associated with the
charges. It will confirm the presence of GCA at the level of the charges.
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e Carrollian limit: we like to build a similar covariant formulation for the Carrollian
limit (¢ — 0) of electrodynamics. It was formulated first in [12, 26] in terms of
equations of motion. Then the action was constructed using Helmholtz conditions
in [27]. This theory is very captivating with different sectors, both of which exhibit
infinite-dimensional BMS symmetries. It will be interesting to examine it in the

covariant formulation.

o Supersymmetric Galilean theories: we want to investigate the Galilean version of
N = 4 SU(N) supersymmetric Yang-Mills (SYM). The hope is that even if the
Galilean conformal symmetries survive only at the classical version of electrodynamics
and Yang-Mills theories. The conformal symmetries would hold out the quantum lift
in the supersymmetric generalisation. The expectation would be to obtain the super-
GCA [28-31] in the non-relativistic sector of N' = 4 SYM. These symmetries may
indicate the presence of a new integrable sub-sector. It would differ from the usual
integrable planar sector.
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A Construction of Galilean tensors

We will use the tensor products of contravariant and covariant Galilean vectors to construct
the Galilean tensors and infer their transformation properties. Specifically, under general
coordinate transformations, a Galilean tensor of rank (n,m) should transform as

ox'™r 9x'*2  9x'n Qx™ Jx" ox™

oy g...0m (I Y17Y2---Yn
Ty (2f) = S B O 9P i DT Ty n (x). (A.1)

We saw before that we cannot get the correct Galilean transformations by naively taking
¢ — oo limit on Lorentz vectors (V#,V,,). We need to have certain conditions on Lorentz
vectors (section 2.1). Similarly, when we try ¢ — oo on Lorentz tensors, they should
have some specific forms to transform like Galilean tensors. Using the fact that we can
decompose every tensor into a sum of outer products of vectors, we can then find the
expression of Lorentz tensors explicitly written in terms of ¢ that can be converted into
Galilean tensors in the limit ¢ — oco. From now, we will use 1/e instead of ¢ and will
take € — 0.

Let us take an example to understand this. Consider a tensor T, and say that it is
given by

(A.2)

—eA B
TF = .
@ [—620 ED‘|
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This tensor can be thought of as linear combinations of outer product of largely timelike
Lorentz vectors P#* = (P eP?) and largely spacelike Lorentz vectors Q.. = (—€Qo, Q;).
Mathematically, it follows as

—€eA B] , (A3)

T’I‘Z :ZPTHQT'Q = [_620 ED

where the summation » denotes that we are taking linear combinations of such dyads.

A B
Similar to what we did for vectors, we can define a new Galilean tensor T# = c D]’

whose components are independent of e. Now, because we see that 7,5 was made up of
P! and Q,,, we know how T,/ transforms under Lorentz boosts with velocities v < c. It
means we can find out how A, B, C, and D transforms. Thus, one can easily show that
the transformation of the tensor T%, is the same as that of a (1,1) Galilean tensor under
Galilean boosts. Also, it is important to note that we may need to divide or multiply a
Lorentz tensor by an overall factor of € to see how it is made up of largely timelike or
spacelike Lorentz vectors. For example, consider the following quantity

(A.4)

—A BJe
MH = .
@ [—GC D 1

Although it looks different from 7.4, it is just a scaled version of T,.% by a factor 1/e. Hence,

the Galilean tensor that we will extract from M, !, will be the same as T*,. In conclusion,
the overall factors of € or 1/e are irrelevant in deciding the extracted Galilean quantity.

Till now, we have only looked at a specific example where the relativistic quantity 7;.4
is in the form of a linear combination of the outer product of the vectors (A.3). In other
words, the dyads were all of the same ranks that allowed us to write consistent tensor
indices on the Galilean tensor T#,.

But in some cases, it may happen that a Lorentz tensor, when written in the lowest
order of €, cannot be decomposed into a linear combination of dyads of the same type
(largely spacelike and largely timelike). It would then imply that the Lorentz tensor has

no Galilean counterpart. For example, consider

(A.5)

S“—[_A EB]

—eC D

If we break this tensor into two parts, then we will see that it is a sum of two Galilean
tensors of different ranks which would imply that the overall quantity has no corresponding

Sh = [__:é 01/;] + [O(/)e ‘ﬂ. (A.6)

Galilean tensor:

Let us first focus on the first matrix in the equation above. It looks like a particular case
of (A.4) with B = 0, which means that the Galilean tensor that we can extract from it
is of the kind X*, (some Galilean tensor with p index up and « index down). Now, look
at the second matrix in (A.6). The Galilean quantity we can extract from this would be
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of the type Y, (Galilean tensor with the p index down and « index up). Therefore, the

sum of these two cannot be a Galilean tensor. It means that all relativistic tensors need

not have a corresponding Galilean tensor.
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