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ABSTRACT: We consider Carroll-invariant limits of Lorentz-invariant field theories. We
show that just as in the case of electromagnetism, there are two inequivalent limits, one
“electric” and the other “magnetic”. Each can be obtained from the corresponding Lorentz-
invariant theory written in Hamiltonian form through the same “contraction” procedure of
taking the ultrarelativistic limit ¢ — 0 where ¢ is the speed of light, but with two different
consistent rescalings of the canonical variables. This procedure can be applied to general
Lorentz-invariant theories (p-form gauge fields, higher spin free theories etc) and has the
advantage of providing explicitly an action principle from which the electrically-contracted
or magnetically-contracted dynamics follow (and not just the equations of motion). Even
though not manifestly so, this Hamiltonian action principle is shown to be Carroll invariant.
In the case of p-forms, we construct explicitly an equivalent manifestly Carroll-invariant
action principle for each Carroll contraction. While the manifestly covariant variational
description of the electric contraction is rather direct, the one for the magnetic contraction
is more subtle and involves an additional pure gauge field, whose elimination modifies the
Carroll transformations of the fields. We also treat gravity, which constitutes one of the
main motivations of our study, and for which we provide the two different contractions in

Hamiltonian form.
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1 Introduction

The Carroll group is one of the contractions of the Lorentz group, obtained by letting the
speed of light ¢ go to zero [1, 2] (“ultrarelativistic limit”). It turns out to emerge in many
interesting physical contexts, ranging from gravity to condensed matter physics (see [3-5]
for earlier applications and [6-14] and references therein for more recent work).



A manifestly diffeomorphism invariant formulation of a gravitation theory based on
the Carroll group was given in [5]. That gravitation theory could be viewed as the strong

¢

coupling limit [3] or the “zero signature limit” [4] of Einstein theory. In that limit, the
dynamical equations obeyed by the metric involve only its time derivatives, and so, one
can view this ultrarelativistic contraction as the limit of Einstein theory in which time
derivatives dynamically dominate spatial gradients, a phenomenon physically relevant in
the vicinity of a spacelike singularity [15-19].

It was proved in [20] by analysing Maxwell’s equations of motion that electromagnetism
in four spacetime dimensions has two inequivalent Carroll contractions, one “electric” and
the other “magnetic”. This is the Carrollian analog of a similar phenomenon analysed in
the Galilean limit [21, 22]. The Carroll-invariant action principle was constructed in the
electric case. The Carroll transformation rules of the fields were also discussed and their
difference in the two contractions was displayed.

The purpose of this note is to show that the existence of two different Carroll con-
tractions is not peculiar to electromagnetism but that a similar phenomenon exists for all
Lorentz-invariant theories whether or not they enjoy electromagnetic duality. This phe-
nomenon is also present in the (full) Einstein theory of gravity, for which one can consider a
“magnetic” contraction different from that of [3, 4], which turns out to be the “electric” one.

Our method relies on the Hamiltonian formulation of the theories and on the Hamil-
tonian control of spacetime covariance [23-26]. Our approach automatically yields in each
case the relevant Carroll-invariant action principle, but being Hamiltonian, its covariance
is not manifest (one cannot apply spacetime tensor calculus in the standard way). The
problem of writing equivalent manifestly Carroll-covariant action principles for each con-
traction is then solved for p-form gauge fields in flat Carroll spacetime, starting with the
scalar field and the electromagnetic field. A key tool is provided by the geometrical con-
cepts developed in [5]. We find that the manifestly covariant description of the magnetic
contractions is more subtle in that it involves an additional pure gauge field, which can be
gauged away at the price of losing manifest covariance.

Our paper is organized as follows. After a brief survey of the geometrical concepts
adapted to the description of Carroll contractions (section 2) and the underlying sym-
metry groups (section 3), we establish the conditions for a theory to be Carroll-invariant
(section 4). We then take the electric and magnetic Carroll contractions of various Lorentz-
invariant theories, dealing successively with scalar fields, electromagnetism, p-form gauge
fields for general p (section 5) and then higher spin gauge fields (section 6). We find in that
latter case that some of the components of the spin-s fields are more conveniently put, in
taking the limits, on the same footing as the conjugate momenta, i.e., should be regarded
as “p’s”, while their conjugate momenta should be treated as “q”’s. The construction of
a manifestly covariant action principle turns out to be involved especially in the magnetic
case and in order to achieve this task, we focus next on p-form gauge fields, for which we
give the covariant actions for both the electric-type and magnetic-type contractions (sec-
tion 7). We also discuss the transformations of the fields under the Carroll group, which
are associated with different (dual) representations in the electric and magnetic cases. Sec-
tion 8 is devoted to the explicit derivation of the Carroll magnetic limit of the Einstein



theory within the Hamiltonian formalism. Finally, the last section (section 9) provides
conclusions and prospects.

2 Carroll geometries

2.1 Zero Hamiltonian signature spacetimes — minimal Carroll geometry

Curved Carroll geometries were defined long ago in [5]. They were called there “zero Hamil-
tonian signature spacetimes” because the Hamiltonian signature ¢ = £1,0 is a parameter
that distinguishes in the Hamiltonian formulation of general relativity between Euclidean
signature (e = 1), Lorentzian signature (¢ = —1) and “zero Hamiltonian signature” (e = 0),
which lie halfway between the Euclidean and Minkowskian cases [4]. This is clear if one
writes the spacetime metric as gop = diag(e, 1,1, , 1).

A vector space with a Carroll structure in D dimensions involve two ingredients.

1. First, there is a degenerate metric g,g of rank D — 1 which is positive semi-definite,
i.e. det gop =0, gagvo‘vﬁ > 0, with gaﬁvo‘vﬁ = 0 if and only if the vector v® is along
the null direction (“null vector”).

2. There is also a notion of normalization of the null vectors. This normalization can
be introduced in two different ways.

o One can introduce a non-vanishing density €2 of weight one, as was done in [5].
The “unit” null vector n® is then such that

G = O2nonf. (2.1)

Here G*? are the minors of Jap>
1 4
g = gea’\“ eﬁpﬂg)\pgwgw. (2.2)

(One has clearly G*8 g3 = 0 since det g,s = 0 and so the tensor density of
weight two G*? is indeed proportional to the product n®n® where n® is a null
vector. Giving €2 fixes the normalization of n®. Note that the procedure fixes
n® only up to a sign.)

e Equivalently, if there is a time-orientation — as we shall assume from now on,
— one can just give the unit (future-pointing) null vector n®.

The two definitions of a Carroll structure are equivalent. The first one explicitly shows
that the number of fields characterizing a Carroll geometry (gos with det go3 = 0 and
2) is equal to the number of fields characterizing a Riemannian geometry (g, with non-
vanishing determinant). The density (2 replaces the determinant of g,g, which is useful for
writing down variational principles.

A Carroll manifold is a manifold equipped with a Carroll structure in the tangent
space at each point, which depends smoothly on the point. In local coordinates, it is
defined by a symmetric tensor g,g(x) with the above properties and a density Q(x), which



are both smooth. These w — 1 (components of the degenerate metric of rank D — 1)

D(D¥1)
2

+1 (volume element) = field components match exactly in number the components

of the Riemannian metric formulation of general relativity.

2.2 Raising indices and one-form 6,

Because the metric is degenerate, it has no inverse, i.e., there is no tensor ¢®* such that
9°% 98y = 05.
One can nevertheless raise indices by introducing the extra structure of a one-form 6,
such that
On® =1 (2.3)

(see [5]). One then defines the twice contravariant symmetric tensor G*? such that
G*Pgs, = 6% —n"0,. (2.4)
If one imposes in addition the condition
GP0,0., = 0, (2.5)

the tensor G*? is completely determined. We shall sometimes write G®? (gpa,n)‘,ﬁu) to
emphasize that G’ depends not only on Jgap but also on n® and 0.
One has
9apG™ vy = Vo — Ba(nv,) (2.6)

so that one gets back v, after raising the index with G®? and then lowering it with Jop
only if v, is “transverse”, i.e., von® = 0.

It is useful to determine how G® changes if one changes the extra, non-Carrollian
structure given by the one-form 6,. A direct computation shows that for a shift of 8,

Oo — 0L, = 0n + Aq, Agn® =0, (2.7)
(A, finite), the contravariant tensor G*° transforms as
G — G'F =GP — AP —nPAC - nonPARA,, AT =GP A (2.8)
In infinitesimal form (A, = A\, small), this becomes
000 = Ao, 0GP = —nN —pfxe, A =GP, (2.9)

The one-form 6, was actually considered more recently in the interesting work [27]
where it was interpreted as an Ehresmann connection enabling one to split the tangent
space into the direct sum of the one-dimensional null subspace generated by n® and a unique
transverse subspace to this null direction spanned by the vectors v® such that 8,v% = 0.

Since the one-form 6, comes on top of the basic Carroll structure defined by the de-
generate metric g,g and the null vector n®, we shall insist that “Carrollian physics” should
not depend on 6, i.e. should be invariant under (2.7) and (2.8). These transformations
should appear as gauge transformations in any purely Carrollian action. Using G*? to



raise indices might be useful in order to use tensor calculus, but one should verify in the
end that the physics does not depend on which G (i.e., which 6,,) is chosen.

We also recall that if the covectors v, and w, are both transverse, their scalar product
G*Pv,w, does not depend on the choice of 6, and hence, is well defined in a purely
Carrollian structure without need for ,. Similarly, the trace Ka/gGO‘/B is independent of
6, for a transverse tensor K,g (Kogn® =0= Kagnﬁ) etc.

Note on affine Carroll structures. In [20], the definition of a Carroll manifold was
taken to involve an additional ingredient, namely, that it should also be equipped with a
symmetric affine connection preserving both the metric and the unit null vector. Since the
existence of such a structure may not exist and is not unique when it exists, this brings
constraints on g,g [28] (see also [29-31]). For that reason, we shall not include that extra
structure in the definition of a Carroll manifold and we shall stick to the original definition
of [5] involving only the degenerate metric and a normalization of the null vectors.
Actually, the introduction of a metric-preserving, symmetric affine connection was also
found to be unconvenient for some purposes in [6] and the authors of [6, 20] reverted to the
earlier definition of [5] without this extra connection, which turns out to be appropriate
for the generalization to conformal Carroll structures and the link with the BMS group [6].

3 Carroll groups

3.1 Infinite dimensional Carroll group C(D)

Flat Carroll space has constant g,3 and n®. In an appropriate coordinate system (x*)
(“Carrollian coordinates”), one can assume

1
0 0 X
<ga5>=<0 w)’ m =10, (31)

0
where D = d + 1 and Ij«4 is the unit matrix in d dimensions. One has then 2 = 1.
The group C(D) of isometries of this structure is infinite-dimensional and given by

20 =20 + f(z"), ® = RE 2™ 4 oF, (3.2)

where a* are constants and R, € O(d) is an orthogonal transformation in d dimensions.
The function f(x*) is arbitrary.
In infinitesimal form,

5330 = é(ajk)7 &Ek = wkmCCm + ak, Wkm = —Wmk (33)

(with wgy, = 5ktwtm). Note that there would be no condition on 6z° had we only required
invariance of the metric. 62° could be in that case an arbitrary function of space and time.



3.2 Finite-dimensional Carroll group C(D)

If one restricts the transformations to be linear, one gets the finite-dimensional (inhomo-
geneous) Carroll group C(D),

2" = 20 + a® + bya®, 2’ = RF 2™ 4+ aF, a®,ak b, € R, RE cO(d). (3.4)
The parameters b, parametrize the “Carroll boosts”, while the a® and a* are spacetime
translations. The restriction to linear transformations is natural in the flat case where
the structure is defined in a vector space. It can be implemented by requesting invariance
of the flat connection I'4, = 0 which preserves both the flat metric and the flat density
(and which manifestly exists in this very special flat case!). The finite dimensional group
C (D) can be obtained by group contraction from the Poincaré group [1]. Its homogeneous
subgroupgroup C(D) N GL(D) is obtained by setting a® = a* = 0.

In infinitesimal form, the Carroll transformations (3.4) read

k

620 = a® + bya®, dzf = w T+ a®, Wpm = —Wmks (3.5)

where we kept the same notation a® and a* for the infinitesimal translations and by, for the
infinitesimal Carroll boosts.

While the flat tensors (3.1) are numerically invariant under Carroll transformations
(by definition of the Carroll group), this is not so for the extra structure ,. One finds
instead that 6y is invariant

0h =6y =1 (3.6)

(in agreement with n®0, = 1 = n®@)), but that the spatial components transform non-
trivially,

O = —br(B™1)00 + (R, = —bp (BT, + 0u(RTHf,. (3.7)

Infinitesimally, one gets
600 =0,  00m = —bpy + O . (3.8)

Since 0y = 1, one can use Carroll transformations to set 6 = 0, so that 6, reads

(0a) = (10 0), (3.9)

but this special form is not preserved in all Carroll frames (defined as frames in which g.g
and n® take the form (3.1)). In fact, the Carroll subgroup that preserves (3.9) contains
only translations and spatial rotations.

When (3.9) holds, the contravariant tensor G*? reduces to

(G*F) = (8 Idoxd> : (3.10)

but in general ((0,) = (1,0,)), it reads

. 59,0, —abo),
(G = <—5aced sab ) (3.11)



in agreement with (2.7) and (2.8). It is thus not numerically invariant under Carroll boosts,
for which one can actually verify that
Ox®

GM =G (gpy,n", 0., = 05%), (3.12)

Az’ §x'P
Ozt Oxv

as it follows from (3.4), (3.7) and (3.11).

G/aﬁ =

4 Carroll invariance in the Hamiltonian formalism

Except when we deal with gravity, we will consider in this paper Carroll invariant dynamics
of fields ¢A(m) in flat Carroll spacetime. When these are tensor fields, their transformation
under a linear Carroll transformation,

1 b,
2P = CBa® + dP, (C%) = <O R) : (4.1)

is just inherited from their transformation under general coordinate transformations. For
instance, we saw that for a one-form 6,

bu(2') = (C71)ob5(x), & 04(2") = bo(x), 6(a") = (R™), (=bubo +Op(2)),  (4.2)

which is just the restriction to a linear Carroll transformation of the general coordinate

transformation o
) = 2D ). (4.3)
For a vector field, one has
V(') = VP (z), & V) = VO(x) + b,V (z), V'(z)) = RYV(x), (4.4)

and the product 6,V ¢ is clearly invariant. Under an infinitesimal Carroll transformation
parametrized by the vector field £€#, the fields ¢* transform with the Lie derivatives,

Sed™ = Leg™. (4.5)
A Carroll transformation is generated in the canonical formalism by
1
aE + d*P, + b, B + §”kkam’ (4.6)

where the Carroll generators are given by integrals of local densities involving the “en-
ergy density” £(x) and the “momentum density” Py(z). The spacetime translations are
generated by

E- / dlz€(z),  Pp— / Py (), (4.7)

while the generators of Carroll boosts and spatial rotations read

BF — / dlrakE(z), M = / (a6 — 2°6™)Py(x) (4.8)



In particular, the dynamical generator E is the generator of time translations (Hamiltonian)
and depends on the action.

A necessary and sufficient condition for the theory to be Carroll invariant is that the
generators fulfil the Carroll algebra

[Py, B™) = 07E, (4.9)
[Pk7 M’I’S] ( IZ 5357’1) [Bk, M’I’S] — _Br6sk + B55rk’ (4‘10)
[Mkm’ Mrs] — _5krMms + 5mers + 5kstr . 5msMkr (411)

(other Poisson brackets equal to zero). Indeed, when this is the case, the Hamiltonian
action S[p?, 4] = [ da®([ d% 7 1¢* — E) is invariant under the canonical transformations
generated by E, P, B™, M"® and these transformations close in the same way as their gen-
erators, i.e., according to the Carroll algebra. Here 74 is the momentum conjugate to ¢*.

The condition that the generators E, Py, B™, M should close according to the Carroll
algebra implies constraints on the form of the Poisson brackets of the densities £(x) and
Pr(x) out of which they are constructed, just as in the Lorentz invariant case [23, 24].

In fact, since P, = [d%Py(x) is a kinematical generator, the form of which can be
determined without knowing the action, the non trivial conditions for Carroll covariance
are only conditions on £ and are fulfilled if (i) £ is a scalar under spatial translations and
rotations (kinematical transformations); and (ii)

[E(z),E(=")] =0 (4.12)

(to be compared with the Dirac-Schwinger conditions [E(z),&(z")] ~ (PF(z) +
P*(2"))d (z — 2')). We now establish that these two conditions imply indeed the Car-
roll algebra.

The kinematical momentum density Py () is given by [d?z¢*Py = [d3xmaLled?,
smmﬂwwjﬂwﬂ)(N-Q&@Mm[()fﬁﬁ()(ﬂzﬁ A(2) for
any spatial vector ¢¥(z). This implies quite generally [F(x), [ d%y&*(y)Pr(y)] = LeF(x)
for any function of the fields. Since [ d%y&¥(y)Pr(y) is the generator of the spatial Lie
derivatives, the algebra of the kinematical generators P, and M"® is automatically fulfilled
if we specialize £* to be a spatial translation or rotation.

Now, if F' is a scalar under spatial translations or rotations, one gets

2), / dhy(a*Pr(y) + w, 2" Pi(y)] = (a* + w2 )0 F (z), (4.13)

ie.,

1
[F(x), APt Jons M| = (0 + w0 F (). (4.14)

This equation holds in particular for £ if it is a scalar, as condition (i) above im-
poses. Integrating then this Poisson bracket over space gives [ dda:[E ,a" P, + %wrs M™s] =
[ d4z(a* + w,F2")0xE and an integration by part of the right hand side yields the correct
Poisson brackets [E, Py] and [E, M"] (which both vanish). Similarly, multiplying £ by
2™, integrating over space, using the above Poisson bracket and integrating by parts yields



also the correct Poisson brackets [B™, P;| and [B™, M,s|. [We assume the energy density
to decay sufficiently fast so that the integrals for the Carroll generators converge and the
surface integrals occurring at infinity in this computation vanish.]

The second condition (ii) implies even more straightforwardly that the Poisson brackets
[E, By| and [By, Byy,] are equal to zero. This shows that the full Carroll algebra is satisfied.

We note that in the case of a gauge invariant theory, a further consistency condition
should be verified, namely, that the Carroll generators should be gauge invariant, i.e.,
have vanishing Poisson brackets with the generators of gauge transformations up to these
generators themselves (which weakly vanish), leaving thereby invariant the corresponding
constraint term in the action (with possibly a transformation of the Lagrange multipliers).
This will be the case if the integrands of the Carroll generators themselves are gauge
invariant, or gauge invariant up to a total derivative (modulo the gauge constraints).

We now describe the two different types of contractions of Lorentz-invariant field the-
ories.

5 Carroll contractions of p-form gauge theories

5.1 Scalar field

We start with the Klein-Gordon field. Since there is no universal speed to convert time
into length in the limit ¢ — 0, we use a time variable ¢ that has dimension of time and
keep track explicitly of the powers of ¢ in the Lorentz-invariant action before taking the
Carrollian limits. The Lorentzian metric reads ds?> = —c2dt? + Y,.(dz¥)? (in particular,
ni = —c?) and the inverse component n' is equal to —c%. We initially assign a dimension to
the scalar field such that the potential energy density (9x¢)? has units of an energy density
(without power of ¢). This choice is adapted to the magnetic-type Carroll contraction. A
different choice will be made below when we take the electric-type contraction.
The canonical action for a scalar field in Minkowski space is,

S[é, o] = /dt U damsd— H} b=, (5.1)
with )
= /dde, £ = 5[c* (mg)* + Oh0"g), (5.2)

where the indices are raised with the flat metric.
The magnetic contraction is the straightforward limit ¢ — 0 in that expression, which

gives
SM(p, 7] = / dt { / dlrmyp — HM] , (5.3)
HM — / dlzgM,  gM— %akqsa%. (5.4)

The limit is direct because one only sets to zero the “visible” ¢’s, without rescaling the field

¢ or its conjugate momentum .



Alternatively, by rescaling ¢ = c¢¢/, 7y = %7[';5, which preserves the canonical structure,
taking the limit ¢ — 0 and dropping then the primes, one gets the electric contraction

P, my) = /dt U dwred — HE |, (5.5)
HY = /ddeE, EE = %( 6)° . (5.6)

[In terms of the old variables £ is equal to % (c7r¢)2; the change of variables absorbs the

factor ¢ and “transfers” it to £M, which reads %8@8% in terms of the new variables.]
The terminology “electric contraction” and “magnetic contraction” is used in analogy
with the terminology introduced in [20] for electromagnetism. The field ¢ has naturally
different units in the electric and magnetic contractions, since it is either ¢? or (Or9)? that
has the dimension of an energy density.
Both contractions are Carroll-invariant since the resulting energy density £(z*) obeys
in both cases the Poisson brackets

[£(2%), £@™)] =0, (5.7)

characteristic of Carroll-invariant dynamics. The momentum density Py generating spatial
Lie derivatives is given by
Pr = w30, ¢. (5.8)

Both limits are also compatible with Carroll causality, which requests that information
propagates only along the null curves (neighbouring points do not speak to each other).
Indeed, in the magnetic case, the equations are é = 0 and 7y = A¢. This implies ¢(t, a;k) =
#(0,2%) and 74(t,2%) = tAP(0,2%) + 7,(0, 2%), which shows that the fields at time ¢ and
space z* depend only on the fields (and a finite number of their spatial derivatives) at time
t = 0 evaluated at the same spatial point z*. In the electric case, the equations of motion
are ¢ = Ty, Ty = 0 and lead to similar conclusions.!

There are thus two ways to produce a Carroll-invariant theory. Either we drop the
spatial gradients of the fields in the energy density and keep only the time derivatives, i.e.
the conjugate momenta (“electric limit”). Or we drop the conjugate momenta and keep
only the spatial gradients (“magnetic limit”). The kinetic term [ dt [ d%zms¢ in the action
is always kept intact. In both cases the key relation [£(z¥), £(2%)] = 0 is obviously fulfilled
since the resulting energy density ‘depends only on the “p’s” or on the “¢’s”. Furthermore,
since both the kinetic energy density and the potential energy density are independently
scalars under spatial translations and rotations, the whole Carroll algebra is fulfilled.

Note that a mass term m?¢? is acceptable in both contractions provided one rescales
the mass so that this term survives in the limits. This is true even in the electric-type
Carrollian limit because the resulting energy density contains undifferentiated 7 and ¢ (it
is “ultralocal”). The mass must be rescaled with different powers of ¢ in the magnetic and
electric limits, in such a way that m2$? has the dimensions of an energy density in terms
of the original ¢ (magnetic contraction) or the new one (electric contraction).

!The wave equation obtained after integrating out 7, in the electric case has been considered in [32].

~10 -



5.2 Electromagnetism

We start with the standard Lorentz-invariant Maxwell action in Hamiltonian form, which
reads

S[A;, 7, Ay = / dt [ / dlxm®A, — H} : (5.9)

where 1 1
H= /dd:v(é' — A 0,m?), E= 3 <c27ra7ra + 2F“bFab> (5.10)
(Agdt and A,dz® have same dimension, i.e., [4;] = [¢Aq], so that d;4; and A, have same

dimension). Here 7@ is the momentum conjugate to A, and is (up to the factor ¢~2 and on
the Maxwell shell) equal to the mixed temporal-spatial components of the field strength Fy,,

Fio = Ay — 0, Ay, (5.11)
whereas Fp is the magnetic field defined as usual,
Fupy = 0, Ay — OpA,. (5.12)

The magnetic contraction is obtained by letting ¢ — 0, which yields

SM[ Ay, 7, Ag] = / dt [ / dlrnt A, — HM| (5.13)
where 1
M = / dla(EM — Adun), €M = JFUE, (5.14)
so that
[EM(2F), M (2™)] = 0. (5.15)

The field equations that follows by extremizing the Carroll magnetic action are then given
by

ot Fo=A, — 0,4, =0,
0A,: 74— AAY+9°9,A" =0, (5.16)
(5At . &ﬂra =0.

In that limit, 7® is no longer equal to Fj,. We still call it, however, the “electric field” (or
rather, minus the electric field), since Fy,, being zero, is not a particularly interesting object.
In four spacetime dimensions, one can equivalently rewrite these equations of motion

in terms of the electric field E* = —7® and the magnetic field B® = %eabCFbc = ey A, as
oFE 0B

V.E=0, V- -B=0, -—-VxB=0, - =0, (5.17)
ot ot

in agreement with [20]. (The last equation follows from Fj, = 0 and the Bianchi identity;

conversely it implies Fy, = 0 by a suitable choice of A;.)
1

To reach the electric-like contraction, we rescale the fields as A, — cAq, 7 — <7¢
and also Ay — cA;. In the limit ¢ — 0 this yields
SE[A,, 7, Ay = /dt {/ dlon®A, — HP|, (5.18)

- 11 -



where

1
Y — / a2(EP - Apur®),  EF = Sxtm, (5.19)
so that
[EE(2F), E (2™)] = 0. (5.20)
The field equations are now
om% s Aq — 04Ar — T, =0,
§Aq : 7 =0, (5.21)

. a __
(5140 : aaﬂ' = O,
and, in four spacetime dimensions, are equivalent to

OE

B
V.-E=0, V.-B=0, 8—+V><E:O, = =0, (5.22)

ot
again in agreement with [20].

Since the energy density £(x) fulfills in both cases the Poisson bracket relation
[E(z),E(2")] = 0 and is gauge invariant, it can be used to construct, together with the mo-
mentum density Pr = Fj,, 7", the Carroll generators E, P,, B*, M"®. Note that this choice
of Pr, which is gauge invariant, differs from the generator of spatial diffeomorphisms by a
physically irrelevant term proportional to the gauge constraint-generator —J,7* =~ 0 (Gauss
law). The standard generator of spatial diffeomorphisms could be equally used, a kinemati-
cal issue that is actually independent of whether one performs or not a Carroll contraction.

Carroll causality is meaningful only for gauge-invariant functions (observables). It is
discussed as in the scalar field case by integrating explicitly the field equations. Given the
similarity between the equations of motion of the electric and magnetic Carroll contractions,
it is sufficient to consider only one of them, say the electric limit. In that case, one gets

BY(t, 2*) = te®dym.(0, 2%) + B*(0, z%), 7(t, 2F) = 790, z*), (5.23)

the compatibility with Carroll invariance being then manifest since information evidently

k — const.

propagates only along the lines x

One can easily include a mass term. The Proca Lagrangian is the above Lagrangian
supplemented by $m?(c™2A7 — A,A%) (in appropriate units for the mass). There is no
gauge invariance and the field Ag is an auxiliary field that can be eliminated using its own

equation of motion, to give

stoee — [ adte (x4, - 1) (5.24)
with

HProca — gE + SM, (5'25)

and )

1 1 1 m

E 2 a a\2 M ab a
= —Tq S a 5 == 7Fa F 7AG,A . 2

£ c<27r7r+2m2(87r)> EM = JFuF + 7 (5.26)
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One clearly has [£€(2F),£¢(2'%)] = 0 for C = M or E. Both magnetic-type and electric-
type Carroll limits can be taken as above (no rescaling for the magnetic case; rescaling
7t — ¢ Int, A; — cA; prior to taking the limit for the electric case, in order to pass the
c2-factor from £F to €M in terms of the rescaled variables).

5.3 p-form gauge fields (general p) and interactions

We shall use from now on the notation 2° = ¢ (without factor of ¢) in order to avoid
possible confusion between 0; = % (t time) and 0y = % (¢t latin index). We also write
dPx = dtd%z.

p-form electrodynamics. We consider a p-form gauge field

1
A= aAal...%dazal A= ANdx?, (5.27)

whose associated field strength is given by the curvature (p + 1)-form

1
F=dA= mFar"apdeal VANV dxap+l, (528)

where
Foyoapiy = (p+ 1)6[a1Aa2...ap+l]. (5.29)
The action for the free theory,

1
Slioyo] = =50y | 475y P07
1

1[5 (1

can be cast in Hamiltonian form following the standard procedure. One finds

(5.30)

S[Aal.“ap,Wal"'apaAOar"apq] = /de (Tral...apAalmap _ A0a2~~-apga2"'ap _ ”H) ) (5.31)

where
with |2
Ie 1
EE = %ﬂal"'apﬂal ap7 (‘:M — mFal"'ap+lFal ap+17 (533)
and

glll"'apfl — _paa,]_[_aa1~-~ap71‘ (534)

The variables 79179 are the momenta conjugate to Ag,...q, while AOal...aW1 are the La-
grange multipliers for the constraints G*%-1 = 0.

The magnetic Carrollian limit is straightforward, whereas the electric limit requires
the rescalings

1
Agyovay = CAgyoay, TP — Ew‘“ w, Aoayap_y — CAoayap_;- (5.35)
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Interactions. Carrollian contractions are also compatible with the switching on of in-
teractions (when these consistently exist). We explicitly consider here the Yang-Mills case,
and p-form interactions.

« Yang-Mills field: the Yang-Mills action for a non-Abelian gauge field A, = AAT,,
where T4 stands for some set of Lie algebra generators, [T4,Tg] = f CA glc, is given by

1
o / dPzFAFS,  FA = 0,A% — 0540 + [Aa, Aglh,  (5.36)
where ¢ is the Yang-Mills coupling constant. For comparison with the abelian case,
we perform the convenient rescaling AA — gA 5 — gF4 o> Which ylelds
_ —7/dDazF FSP R = 0,44 — 0,44 + g[Aa, Ag™ (5.37)

The Hamiltonian action then takes the form

S[AfaW%vAg]:/de (modd = H — AfGa), H_%W§WA+4F F2. (5.38)

where 79 are the momenta conjugate to A2 and Af)4 the Lagrange multiplier for the
non-abelian Gauss constraint G4 ~ 0, with

Ga = —Damy = —(0a7% + g fBaAlTE). (5.39)

The constraints generate the Yang-Mills gauge transformations.

The magnetic Carrollian contraction is straightforward in (5.38). The electric
contraction requires to set

1
AL AL n% = Sag, AL = cAR. (5.40)
C

However this renders the curvature F;},,

Abelian. While this result yields a consistent theory, one can circumvent it by

as well as the covariant derivative D,
supplementing (5.40) with
1
g— —g. (5.41)
c

The effect of this rescaling is that the constraint-generator G4 does not rescale,
whereas F/} rescales in the same way as AZ. The action then takes the form

. 1
S:/de(ijg‘—H+A§Dawj), H—(za +4FF ) (5.42)
on which the electric Carrollian contraction can be implemented.

Note that one can introduce a mass in term in the Yang-Mills action in complete
analogy to the Abelian case.
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e p-form interactions: we consider for definiteness the coupled Yang-Mills-2-form

system, with action
1

75 (Gagy + AOag,) (G + Aeaﬁv)) . (5.43)

Here, A2 is the Yang-Mills field and B,g is the Abelian two-form, F, &46 is the
Yang-Mills curvature tensor given in (5.37), G is the field strength of the 2-form,

1 o
S[AZ, Bag) = /dDaf <—4F&4ﬁFAﬁ -

Gapy = 0aBgy — 0pBary — 0y Bga, (5.44)

A is a constant and ©,4 are the components of the Chern-Simons form

1 1

(e}

where, after implemented the rescaling A7 — gAZ, Fof‘ﬁ — 9F&46 as in (5.37) and
absorbing a factor g in A, we can write

A 9 A 4B 4C
6045’}/ - AA[OCF,B’}/] - ngBCAaAﬂ A,Y . (546)
We have also assumed the gauge group to be compact so that fapc is totally
antisymmetric.

The Hamiltonian form of the action has been worked out in [33] and reads in obvious
notations

Si = / dPz (wngg‘ + P Bay — H — 2BoadP™ + Af (Dary + 20P"0,A 5, ) )

(5.47)
where the Hamiltonian density is given by
H=EP+eM
1
gE — 2 (Pabpab + 5(7‘(% — QAPabAAb)(T(’:;‘ — QAPQCAAC)> (5.48)
1 1
EM — Z}7’;})}7;1‘17 + E (Gabc + /\eabc) (Gabc + )\@abc> '
One has
(M (@h), M) =0, [EF(N), €8] = 0. (5.49)

In the electric case, where both Ag‘ and its conjugate momentum appear, this
commutation relation holds because no derivative of the canonical variable enter ¥
(ultralocality).

We can immediately see that the magnetic Carrollian limit is again straightforward,
whereas the electric one requires the rescalings

1
Af — cAg‘, T4 — -4,

C
1
Bap — ¢Byy, P%® — =P,
c (5.50)
AOA — CAA7 BOa — CBOav
1 1
A= =, g——g
C C
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(the rescalings of the coupling constants guarantee that the interactions survive in
the limit).

We considered here the explicit case of the Chern-Simons-like couplings of a 1-form
with a 2-form. The analysis can readily be extended to more general form degrees.

6 Carroll contractions of higher spin gauge theories

The reasons why the above contraction procedure can be applied without difficulty,
yielding consistent Carroll-invariant theories with a variational description, can be
characterized as follows.

The Hamiltonian formulation of these Lorentz-invariant theories involves an energy
density and a momentum density. While the momentum density is unaffected in the Carroll
contractions, this is not so for the energy density.

The energy density is a sum of two terms, each of which is a scalar under the kinemati-
cal spatial translations and rotations. These are the potential energy density containing the
fields and the kinetic energy density containing their conjugate momenta. The potential en-
ergy densities at distinct spatial points have vanishing Poisson brackets, as do the kinetic en-
ergy densities — but the brackets between the potential and kinetic energy densities do have
non-trivial Poisson bracket that ensure the validity of the Dirac-Schwinger Poisson bracket
relations. Therefore, if one drops either the potential energy density (electric contraction)
or the kinetic energy density (magnetic contraction), one gets a Carroll-invariant theory.

The full consistency of the procedure is established once one has verified that it is com-
patible with gauge invariance. Now, the gauge generators are unchanged in the Carroll lim-
its and the gauge transformations in phase space remain the same. In the verification that
the total (kinetic + potential) energy density yields gauge invariant generators [ d%z€(x)
(Lorentz energy) and [ d%zx?E(z)) (Lorentz boost generator at 20 = 0), which does hold
because of the consistency of the pre-contraction Lorentz-invariant theory, there is no com-
pensation between the individual contribution of each type of energy density, because the
gauge transformations of the fields and their momenta involve independent parameters.
Therefore, each type of energy densities leads to gauge invariant Carroll generators.

These properties also hold for higher spin gauge fields described by the relativistic
Fronsdal action [34] and therefore these theories also possess two different consistent Carroll
limits, one electric and one magnetic.

We illustrate the contraction procedure in the Pauli-Fierz case (spin 2) and in the spin
3 case.

6.1 Pauli-Fierz field

Keeping track of the powers of ¢, one finds that the massless Pauli-Fierz action in Hamil-

tonian form is

: 1
S[hap, 7, hoo, hoa] = / dPx (w“bhab —H - @hooc — hO“Ca), (6.1)
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where hg, are the spatial components of the graviton field, 7® the conjugate momenta and
hoo, hos the Lagrange multipliers for the first-class constraints

C=—0%h +0hay ~ 0,  Cu=—207q ~ 0. (6.2)

We have rescaled hgg as
hoo — C2h00, (63)

so that hgp and hgp have same dimension. Spatial indices are raised with §9.
The energy density H reads

H=EF+&M, (6.4)
where the electric and magnetic contributions are respectively
1
E _ 2 ab . a\2
& =c <7T Tab D—_9 (ﬂ-a) ) ) (65)
M 1 a1,bc 1 bcqa 1 a bic 1 apb c
g = 18 h 8ahbc - iabh 3 hac + 50 haba h c 18 h baah c* (66)

The total energy & is not strictly invariant under the gauge transformations generated by
the first-class constraints, which are,

5ﬂ_ab _ _aaabgo + 5abacacé~0’ Shap = 0up + Op&a. (67)

More precisely, £ is only invariant up to the divergence 9,V* of a spatial vector and

constraint terms,
1
0E = 0,V — 20,80, V= 220, 7% — thcaba[agbl + hb928¢. — h*8°Dpg,. (6.8)

Its integral over space is thus gauge invariant when the constraints hold.

As in the case of p-forms, the electric energy density depends only on the momenta,
while the magnetic energy density depends only on the fields. Since the gauge transfor-
mation generated by C affects only the momenta 7, while those generated by C, affects
only the hgp, one has separately that £F and €M are gauge invariant up to a divergence,
so that their integrals over space are gauge invariant (on the constraint surface).

Since the constraints and hence the gauge invariances are unchanged in the limits,
one can take consistently the magnetic and electric limits as in the previous section. The
magnetic limit amounts to setting ¢ = 0 in the above expressions, while the electric limit
needs a rescaling of the fields before setting ¢ equal to zero.

Mass term. If we add the mass term —mTQ (%habhab — C%h()ah(]a + C%hoohaa — %haahbb>
one gets as new Hamiltonian action, after the hg,’s, which are now auxiliary fields, are

eliminated using their equations of motion,
. 1
Spm220[hab, T, hoo] = / dPz <7r“bhab —H — 2hooc’), (6.9)

with
H =P 4 &M (6.10)
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and
c? 202
D—2 (71—%1)2 + mi(aaﬂ-abacﬂ—cb)u (611)

2
M — laahbca hpe — 38 hb9%h,, + laah O°he. — laahba he
— 4 allbe 2 b ac 2 ab c 4 pYall o

g/E — 627Tab7rab _

1
+m’ (hhay = (h%)?), (6.12)
C' = —0%0uh + 0°0°hygy + m>hY,. (6.13)

There is now no gauge invariance since the equation of motion ¢’ = 0 implies the constraint
D =~ 0 with
ab m2 a
D = 0,0y + D57 (6.14)

The pair (C', D) is second class.
One can clearly take again consistently the electric and magnetic Carroll limits.

6.2 Higher spins

One can extend the procedure to Lorentz-invariant higher spin theories described by the
Fronsdal action [34]. These possess also two Carroll contractions. A new interesting feature
emerges, however, which is that in order to preserve the form of the gauge invariances (i.e.,
of the constraints), some of the original Lagrangian field components should be regarded as
“momenta” (i.e., are p’s rather than ¢’s) while their conjugate variables should be regarded
as “fields” (i.e., are ¢’s rather than p’s).

We illustrate this phenomenon with the spin 3 field. Its Hamiltonian formulation reads,
with the rescaling ¢ooa — ¢2d00a,

S = / dPx (Habcq'sabc + I — H — poapC™ — ¢aooca), (6.15)
where ¢qp. are the spatial components of the spin-3 field,
1
a= 67¢000 — 3904 (6.16)

and TI1%¢, TI their conjugate momenta. Here, the energy density is explicitly given by (with
b = ¢,;F and T1% = 119K

2 2
41712 C abc 3c a 5D —3 a 3 a
=c'II — I, 147 — —11,IT ———— 0,0 —I1?0,
H=c +2 b 5D + 52D « OH_QD « 617)
1 3 3 3 '
+ §8k¢abcak¢abc - §8a¢deab¢acd + 3aa¢abcab¢c - 5 a¢baa¢b - Z(aa¢a)2a
and the constraints read 3

Cab = _380Habc — @%b, Ax (6.18)

and 5
Co = 3c20,11 4 30°0°Pape. — 3A¢q — 5aaabgbb. (6.19)

The temporal components ¢gp. and ¢gg. are the Lagrange multipliers for the constraints.
These are first class and generate the following gauge transformations:
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e Constraint Cgup:

Sehije = 30u€m), (6.20)
5,11 = Cingeaa (6.21)
(879% =0, 6. = 0).
e Constraint C:
5 Ik = —gligiyk) 4 50 (Axk) + ;ak)amxm) (6.22)
Sy = =20 x™ (6.23)

(5xhijkz =0, 0, I = 0).

The fields (h;ji,1I) transform together, and only under the action of Cup; the fields
(7% ) transform together, and only under the action of C,. However, ¢? appears in the
transformation laws. In order to avoid a singular limit as ¢ — 0 and, more crucially, a
modification of the constraints and the gauge transformations in the Carrollian limit, we
rescale o and its conjugate momentum (besides the already performed rescaling of the
Lagrange multiplier ¢q00)

1
a— Ca, I — I, (6.24)
c
which has the effect of exchanging the role of o and its conjugate momentum II. This
yields
. ) 1
S = [ P (Masedane + T = 1 = 0aC™ ~ 5 dunc” ). (6.25)
where the constraints are now c-independent,
3
Cop = —30M 4p. — idabAa, (6.26)
and 3
Co = 30a11+ 30°0°Pape — 3A¢, — 5aaa%b. (6.27)
The energy density reads
H=¢cF1&F (6.28)
with 1 3 5D —3 3
gE = C2 (QHabcHabC - EHGHG‘ + 3D aaozaa“a + 2DH“(%O¢> 5 (629)
and

1
EM =T+ L 046 — 0B+ 30 G000 — 20,06 — 2 (000, (6.30)

One can easily take the Carrollian limits in a way that manifestly preserves the gauge
symmetries. The magnetic limit is obtained by dropping £F while the electric limit is ob-
tained by dropping £M, after rescalings analogous to those of the p-form case. Even though
we swapped the roles of a and its conjugate momentum II before taking the contractions,
Carroll causality is easily verified to hold in the limit because the dynamical equations
effectively reduce again to ordinary differential evolution equations with respect to time.
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7 Manifestly Carroll invariant actions for p-form gauge fields

The Hamiltonian actions considered so far do not exhibit explicitly spacetime covariance
in the sense that we cannot use directly standard tensor calculus to check their Carroll
invariance. A manifestly spacetime covariant action can be useful in certain circumstances.
We achieve the task of constructing manifestly Carroll invariant actions for p-form gauge
fields, dealing first with the cases p = 0 and p = 1 and generalizing then to all p’s.

7.1 Scalar field
7.1.1 Electric contraction

We start with the simpler electric case.

In the electric limit, the manifestly covariant action is just obtained by eliminating
the momentum 7y in terms of the velocity d) using its own equation of motion. One gets
SFl¢] = % [dP x¢?, or in covariant form

$¥10) = 5 [ dr(n0u0)? (7.1

This action is manifestly invariant under Carroll transformations, which leave n® invariant
and preserve the volume element.

The field ¢ is a scalar, the components J,¢ are the components of a 1-form and the
momentum 7y = n%Jy¢ is a scalar.

7.1.2 Magnetic contraction

In the magnetic limit, one cannot eliminate 7y using its own equation of motion. In fact,
the connection between ¢ and Ty is lost, since é = 0 but in general 7y # 0.

Therefore, we try to rewrite the first-order action directly in manifestly covariant form.
To that end, we recall that if a covariant tensor is transverse (its contraction with n® on
any index is zero), then its square norm is well defined. Thus, at least on shell, where
n“0,¢ = 0, one can rewrite the energy density of the magnetic theory as 6a¢65¢Gaﬁ ,
where G is any contravariant tensor fulfilling (2.4), i.e., G*? gpy = 05 —n"6,. We need,
however, to define the action off-shell. For that purpose, we introduce the one-form 6, (x)
(with ,n% = 1), which we treat as a dynamical variable and consider the action

1
SM(p, 7, 0a] = / dPx (ﬂ¢na8a¢ - 2Gaﬁaa¢aﬁ¢). (7.2)

This action is Carroll invariant if we transform ¢, 7y as scalars and 6, as a one-form.

It is nevertheless not clear that it is satisfactory since it involves the extra field 6,
which might change the dynamics. It turns out, however, that this is not the case and
that the action (7.2) is dynamically equivalent to the Hamiltonian action (5.3). This is
because it possesses a gauge invariance that enables one to gauge the extra field 0, away,
thereby reducing (7.2) to (5.3). Indeed, if we shift 0, as in (2.9) (with A,n® = 0), the term
%Gaﬂ 0 903¢ changes as

1
800 = Ao, O (20aﬁaa¢8ﬁ¢) = —n®GPP),0,005 (7.3)
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If we transform at the same time the momentum 7y as
oy = —GPPN, 056 (7.4)

the action is invariant.

Using this gauge invariance, we can set () = (1,0, - - - ,0), in which case G*? takes the
canonical form (3.10) and the action (7.2) reduces to (5.3). Note that the gauge condition
0, = 0 is not Carroll invariant. Under a Carroll boost parametrized by the vector field
& = bama%, one finds 60, = L¢0, = (0,b,), and thus one must accompany the Carroll
boost by the compensating gauge transformation with A\, = —b, to maintain 6, = 0. This
means that once the gauge is fixed, the momentum 74 transforms as

Symy = Lemy + b0 = bgz®domy + b0ep b = (0,b%) (7.5)

where L¢my is here the Lie derivative of my viewed as a scalar (ordinary transport term
£P0,my) and where the second term comes from the compensating gauge transformation.

This is a perfectly acceptable transformation rule. In fact, if we construct the D-
component object with components (V°? = 74, V% = —9%) (index raised with §%°), the
transformation law (7.5) coincides with the zeroth-component of £V where V' are viewed
as the components of a contravariant D-vector, i.e., &my = LV = £P9,V0 — VP90 —
and the spatial components of the relation 6,V* = LV are obviously fulfilled since £* = 0.
Thus, the procedure of gauge-fixing has effectively changed the transformation law of
from that of a scalar to that of the zeroth-component of the contravariant vector field V<.

If we compare the transformation laws of 7, in the electric and magnetic theories, we
see that they are different. In the electric case, 74 transforms as the zeroth component of a
covariant vector field, while in the magnetic case, it transforms as the zeroth-component of
a contravariant vector field. The two representations are inequivalent and there is indeed
no non-degenerate invariant metric to go from one to the other. The same difference in
transformation rules was observed and analyzed in the case of electromagnetism, where
again, the electric theory was naturally found to correspond to a formulation involving
fields transforming in covariant representations, while the magnetic theory was found to
correspond to contravariant fields [20]. How this arises in our approach will be discussed in
the next section, but first, we show that the same conclusions concerning transformation
rules hold in the Hamiltonian formalism.

One way to characterize the inequivalence of the two representations is to observe
that in the representation described by covariant vectors , there is a d-dimensional in-
variant subspace defined by Vj = 0. The representation is not completely reducible since
there is no complementary invariant one-dimensional subspace (the conditions V, = 0
are not invariant), i.e., is not decomposable. In the dual contravariant case, there is an
invariant one-dimensional subspace defined by V¢ = 0, but no invariant complementary
d-dimensional subspace; the representation is again indecomposable, but in a different way.

What makes the above construction possible, is that the representation in the
d-dimensional invariant subspace of the covariant representation is equivalent to the
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d-dimensional quotient representation of the contravariant representation by its one-
dimensional invariant subrepresentation. This d-dimensional representation represents triv-
ially the boosts and coincides with the vector representation of the spatial rotation group,
for which there is no distinction between covariant and contravariant tensors.

To conclude this section, we show equivalence of the transformation rules derived in
the covariant formulation and in the Hamiltonian formulation. We only need to consider
Carroll boosts since the other Carroll transformations raise no particular difficulty.

Under a Carroll boost parametrized by the vector field £ = bkxk% & 0 = bpak ¢k =
0, the Hamiltonian fields transform as 6¢?4 = [¢4, [ d%wbrz*E]. This must be compared
with ¢4 = L',gqﬁA.

In the electric case where 7 is the zeroth component dy¢ of the one-form d,¢, one gets

51,({) = bkxkﬂ¢, 5b7T¢ = 0, (76)

which is found to be in perfect agreement with dy¢ = L¢¢p = £°0,¢ and 6,009 = Lc0n¢ =
£P0,(0a0) + 0.£P0,¢ if one uses the equations of motion.
In the magnetic case, one gets

o =0, (5b7l'¢ = bk8k¢ + bjxjakak¢ (7.7)

Again, this is in perfect agreement with dy¢p = L¢gp and 6,V = LV = PO,V — VP,
with V@ = (7, —0%¢) when one uses the equations of motion.

7.2 Electromagnetism
7.2.1 Electric contraction

The actions of the electromagnetic contractions can also be cast in a manifestly Carroll-
covariant form. Again, we start with the simpler electric limit, where one can eliminate
the momenta by means of their own field equations. If one does this, one finds that the
action, which is second order, takes the form

1 .
SE[AZ,A()] = i/dDm'FOiFOZ (7.8)
or, in manifestly Carroll-invariant form,
1
SP14a] = 5 / dP(n® Fog)? (7.9)

The integrand Gp"nO‘Fapnﬁ Fp, is well-defined because Fagnﬁ is transverse, n® agnﬁ =0.
The electric and magnetic fields form the components of the covariant antisymmetric
tensor Fyg, as in the Maxwell theory. The action is invariant under

§An = LeAy = EP0,An + 0uP A, (7.10)

which implies
0Fap = LeFap = £ 0pFop + 0aE"Fpp + 05€ Fap (7.11)
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In particular for Carroll boosts £ = bax“%, one gets
6Ag = bax®Ag,  §A = bz Ay + b Ag (7.12)
which leads to the transformations of the electric and magnetic fields
6 Fpp = bax®Foy, 6 Fiem = baz®Fiem + b Fom — b Foy (7.13)
equivalent to the expressions given in [20)].

7.2.2 Magnetic contraction

The magnetic Carroll limit of electromagnetism is very similar to the magnetic Carroll limit
of the Klein-Gordon theory, with in particular, the impossibility to express the momenta
7’ in terms of the velocities through their equations of motion.

We thus follow the same steps as in the scalar case, and look for a direct covariantization
of the first-order Hamiltonian action. For that purpose, we introduce the gauge field 6, that
enables one to define G*?. We also assume initially that the momenta 7@ are the spatial
components of a spacetime vector 7%, with the gauge invariance 7 — 7 + An® (\ arbi-
trary) to keep the number of degrees of freedom unchanged. As we shall see, a representa-
tion transmutation phenomenon similar to the one found in the scalar case will occur for 7¢.

We postulate the action

1
SM[A,, 77,6, = / dPzx <7ra wan — 4GQBGPUFQPFBU) (7.14)

The gauge invariance 7% — 7 + An® is obvious since Fig is antisymmetric — 70 just
drops.

The scalar product G*# GP?F,,F3, is 0-independent when the equations of motion for
7o hold, but off-shell, this scalar product — and hence also the action — does depend on
0. This dependence, however, is associated with a gauge invariance, just as in the scalar
case. If one shifts 6, as in (2.9) (with \yn® = 0) and at the same time transforms 7¢ as

00 = Aay 7% = —GF,,\" (7.15)

the action is invariant.

Therefore, we can shift away 6, and go to the gauge 6y = 1,0, = 0. In that gauge,
the action (7.14) reduces to the Carroll magnetic action (5.13). Furthermore, just as in
the scalar case, the gauge condition is not maintained by Carroll boosts, which must be
supplemented by a compensating 6-shift to bring one back to 6y = 1,0, = 0. Under this
compensating gauge transformation, 7% picks up a term of the form F%“b.. The net result is
that the electric field and the magnetic field transform in the representation of the Carroll
group given by antisymmetric contravariant tensors H®?, in agreement with [20] (note
the obvious typo in (5.14) of that reference, the transformation of the electric field should
involve B instead of E in the second term). One has (H®%) = (7%, F%) and

SHoj = baax®HF — b, H™, S Hppn, = bgz®HF™ (7.16)

~ 93 -



under Carroll boosts (the first term is the standard transport term, the second term is
determined by the representation).

One can also verify that the Carroll transformations are correctly generated in the
Hamiltonian formalism. Note that as it is well known, the transformation of the vector po-
tential differs from its Lie derivative by a gauge transformation that drops when computing
the transformation of gauge invariant quantities.

7.3 p-form gauge theories

Direct extension of the previous derivations yield as covariant action
1
E D 2
S%[Aayap] = o) /d x(nﬁFgal..‘ap) (7.17)
for the electric-type contraction and

e 1
SM [ Ay, 0 0.] = / P <7r B g — !(Fal...ap%l)?) (7.18)

2(p+1)
for the magnetic-type one. Here, in computing expressions such as (n’F, 5a1...ap)2 or
(Fa--apay.)?, one raises of course the indices with G8. The form of the gauge transfor-
mation that shifts 6, takes now the form

1

000 = s omdror = —
p!

Gob ... GapoFﬁl--ﬂpJ)\a . (7.19)

8 Carroll contractions of Einstein’s theory

The Carroll contractions of gravity are discussed along similar lines once the Einstein action
is put in Hamiltonian form. Spacetime covariance corresponds now to a local symmetry
generated by first-class constraints. The question from the Hamiltonian viewpoint, then, is
to check whether there are contractions of these constraints that yield the Carroll structure.
It is easy to show that this is so.

The Hamiltonian action reads, in standard notations,

S[gij, @, N, N'] :/dmo/dd‘”(”ijgij — NH — N'H;) (8.1)

where we do not write explicitly the surface terms as these will be discussed elsewhere when
we analyse the asymptotic symmetries. Here, H =~ 0 is the Hamiltonian constraint and
H; ~ 0 is the momentum constraint. The explicit expressions are, in appropriate units,

H = Gijkmwijﬂm" — R\/g, H; = —27T2-j . (8.2)

¥

One can drop consistently either term in the Hamiltonian constraint, since in each
case, one gets the system of first class constraints,

[HE (), HE (2)]
[HE (), H(2)]
[Hun (), Hi()]

0, (8.3)
(HE (x) + HE (2"))8 p(x — 2')
Hon(2')0 . (x — &) + Hi(2)d 1 (z — ')
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where HC stands for either HE or HM,
HE = Gyjemm 7™, HM = —R\/g (8.6)

This first class constraint algebra is precisely the algebra characteristic of Carrollian space-
times (see [4, 5, 25]) and therefore, there are again two consistent Carroll contractions.
Note that the cosmological constant term A,/g is consistently allowed in both limits. The
electric-type contraction, where spatial gradients are dropped in 7, is the strong cou-
pling limit [3], or zero signature limit [4] defined long ago, which are relevant to the BKL
behaviour.

The Hamiltonian action possesses in each case D class constraints, which correctly
matches the number of gauge invariances of a diffeomorphism invariant theory. The mani-
festly covariant action (i.e., in the present case, manifestly diffeomorphism invariant action)
for the electric limit was written in [5]. It involves the second fundamental form K,z defined
as (—%) times the Lie derivative of the degenerate metric g,4 along the vector n®,

1
Ka,@ = _iﬁngaﬁ (8'7)
and reads
5] gas, Q) = / dPe QK K, — K?) (8.8)

This expression makes sense because K,z is identically transverse, Kaﬁnﬂ = 0, so that
K= KaﬂGO‘B and KO‘BKQB = KngpaGJBKaﬂ are well defined.

We have not derived the manifestly covariant action for the magnetic limit, where one
gets the equation of motion K,3 = 0 so that there is no connection between the momenta
and the time derivatives of the metric.

In fact, covariant actions for Carroll gravity have been constructed in [35, 36] by

gauging the Carroll algebra.?

Although we have not performed the explicit check, we
suspect that the action of [35], which has a structure similar to K BEK ag— K 2 is equivalent
to the above electric action, while the action of [36], which implies K,p = 0, would be
equivalent to the Hamiltonian action of the magnetic-type contraction. We hope to return

to this issue in the future.

9 Conclusions

In this paper, we have shown that Lorentz-invariant theories possess two distinct Carroll
limits, one electric and one magnetic. This generalizes to arbitrary fields what was found
earlier for electromagnetism [20], and is the analog of a similar phenomenon described in
the Galilean case [21]. The existence of two distinct limits reflects the fact that while
contravariant and covariant tensors transform in equivalent representations of the Lorentz
group where there is an invertible invariant metric connecting the two, this property no
longer holds in the Carrollian case [20].

2Covariant actions for Carroll gravity in three and two spacetime dimensions in have also been con-
structed in [37-42].
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Our approach for taking the Carrollian limits is based on the variational formulation
and provides automatically Carroll invariant action principles. Spacetime covariance is not
manifest, however, since we use the Hamiltonian form of the variational principle. It is
controlled through the Poisson brackets of the energy density and momentum density. We
have nevertheless constructed covariant action principles for p-form gauge theories for both
the electric magnetic limits, which share, in the electric case, features quite similar to those
of the electric-type limit of Einstein theory [5].

As we alluded to above, a different method for constructing Carroll-invariant actions
have been devised more recently for Carrollian gravities, by gauging the Carroll algebra [35,
36]. It would be interesting to explicitly compare this approach with our results, as well
as its extension to the higher spin Carroll algebras of [43].

Since one potentially useful application of the Carroll algebra deals with non relativistic
holography, another interesting problem is to perform the asymptotic analysis at spatial
infinity of both the electric and magnetic limits of Einstein gravity in arbitrary spacetime
dimensions.
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