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ABSTRACT: We analyze possible local extensions of the Poincaré symmetry in light-cone
gravity in four dimensions. We use a formalism where we represent the algebra on the
two physical degrees of freedom, one with helicity 2 and the other with helicity —2. The
representation is non-linearly realized and one of the light-cone momenta is the Hamilto-
nian, which is hence a non-linear generator of the algebra. We find that this can be locally
realized and the Poincaré algebra extended to the BMS symmetry without any reference

to asymptotic limits.
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1 Introduction

In a series of papers, over the years, we have studied gravity and Yang-Mills theories in a for-
malism we have named the [co formalism. In this framework, the (super)Poincaré algebra is
spanned on just the physical degrees of freedom and one of the light-cone directions is iden-
tified as the evolution (“time”) variable. By doing this, the conjugate light-cone momentum
is the Hamiltonian and can be read off by constructing the generators of the algebra order
by order in the coupling constant [1]. The formalism for gravity is set up on a Minkowski
background and the price to pay is that the Hamiltonian is an infinite series of terms
which after the four-point coupling becomes unmanageable. This means that we never
fully prove the symmetries we realize but in our experience, checking symmetries up to the
three-point coupling is sufficient to be convinced that the theory in question satisfies that
particular symmetry. (We do know them all to the four-point coupling order.) Since this
is a perturbative expansion in the gravity fields we can only trust it for weak enough fields.

In a fairly recent paper we showed that (within the limits alluded to above) the fa-
mous Ehlers symmetry [2, 3] can be shown to be an additional symmetry, even in the four-
dimensional theory. In this letter, we ask a different question. Can any of the Poincaré
generators be lifted to be local? We will find that the Hamiltonian can indeed be made
local and we can identify it with the Bondi-van der Burg-Metzner-Sachs (BMS) group
which is an infinite-dimensional enhancement of the Poincaré group. In the usual formula-
tion, this arises as the asymptotic symmetry group at null infinity for asymptotically flat
spacetimes [4—6]. There has been a renewed interest in the study of asymptotic symme-
tries following a recent body of work [7], wherein these symmetries have been connected to
soft theorems for gauge theories. Here we will show the symmetry as a symmetry in the
bulk avoiding the usual sensitivity to the boundary conditions and gauge choices imposed
on the fields. At spatial infinity, for instance, under the standard boundary conditions
in the Hamiltonian formulation of gravity, only the Poincaré algebra could be canonically
realized, not the BMS algebra [8]. In a recent work, however, the BMS group was recov-
ered at spatial infinity by suitably relaxing the boundary conditions, thereby, resolving a
longstanding disparity between the asymptotic structure at spatial and null infinity [9, 10].



In the next section we will review shortly the formalism and in the following ones we
will show the invariance of the Hamiltonian under the extended symmetry and connect the
symmetry to the BMS one. In a subsequent paper we will discuss the problem in more
generality relating the symmetry to residual reparameterization invariance and investigate
if the symmetry can be further extended.

2 Light-cone gravity and Poincaré symmetry

With the metric (—, +, +, +), the light-cone coordinates are defined as

1 1
xi:—(oix3), r=— (21 + ix2),

V2 V2

with 84,0, d being the corresponding derivatives.
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The Poincaré algebra is spanned on the two physical degrees of freedom which we
call h(x) with helicity 2 and h(x) with helicity —2. We have chosen z* as the evolution
parameter, “time” according to Dirac’s prescription [11]. One of the Poincaré generators,
the conjugate momentum P,, is the light-cone Hamiltonian. The light-cone Poincaré
generators split into two kinds: the kinematical ones (K) which do not involve the time
derivative 0 and the dynamical ones that involve time derivatives and hence get non-
linear contributions in the interacting theory [1]. Accordingly, we have the generators (the
missing indices refer to the transverse direction as in (2.1))

K: {PP,P_ ., JJt,Jt, g},
D: {P,=H,J ,J}. (2.2)

and the corresponding algebraic structure
[K,K] = K, [K,D] = D, D,D] = 0. (2.3)

For completeness, we present the light-cone Poincaré algebra in the appendix. The canon-
ical generators of the light-cone Poincaré algebra for gravity in terms of the physical fields
h, h can be found in [1].

Gravity in light-cone gauge. The Hamiltonian for gravity reads [1, 12]

- _
H:/d?’x {(W_Lgh + 2K9%h <h22h — ;haa )—i—c.c. + O(Hg)} . (2.4)

The inverse derivative a%, defined by i(a_h) = h, introduces a mild non-locality along
the light-cone which is easy to handle [13]. An alternative is to Fourier transform to
momentum space leading to a new kind of pole.

Given the following relation

dph = {h, H}, (2.5)



where the r.h.s. is the Poisson bracket of the field with the Hamiltonian,! we obtain

G5} o2 9 d
= —h+ 2 2 BT
dgh = h KO_ ( i h —h h>

1 82 2 a 2 02
-1-2,%8 82h8 h — 28—h6 Oh + h0*0*h (2.6)

with 65k being the complex conjugate of the above expression.

Another interpretation of (2.6) is as a consequence of a shift in the time coordinate
T =2t +a, (2.7)
with the infinitesimal constant, a not explicitly shown.

Extension of Poincare symmetry — step 1. It is natural to ask what happens if
this constant is replaced by a function of spacetime, i.e.

=t + f(z oz, 7). (2.8)

Under this, the fields transform non-linearly as

00 0? d. 0
j— s - - -
o h = f(z,z,27,27) { h +2k0_ (h z h — —h h) (2.9)

+2/£81 (tha% — 286118 oh + ho%9*h > - (9(,3)},

with g fﬁ given by the complex conjugate of the above expression.
It is now interesting to see under what circumstances, the transformation in (2.8)
represents a symmetry of the Hamiltonian. To this end, we compute

S, H =8y HO + 530 HO + 510 H® + O(x?). (2.10)

At order ", we have

0 88 00
o) HO = — (o g hgh, (2.11)
which vanishes if O_f = 0. Thus, the invariance of the free Hamiltonian constrains the
parameter f to be f(z,Z,x™).

IThe fields h and h satisfy the relations

(@), W)} = 569 =), (@), h()} = (7))} = 0.



At the cubic order, we find

2
61(%}[(”): 5o (ha2 )( fh+28faah> ~ 4k 82h8f88 j_h
5 d 9 .- (90 \ 82
+25k fO_00h (ha2h— - ha_h> +2/-@f8_h<a h> ozh
L, o, 00 ,- 00% 0
+ 20 f o (hO2 ) 5h — Ak f 2R gh o, (2.12)

The second and third line, which involve terms with a free f, can be simplified further
to cancel exactly against 5%? H©)_ In so doing, we obtain terms involving df and 92 f which
cancel against the first line in (2.12). Therefore, the transformation in (2.9) represents a

symmetry of the light-cone Hamiltonian with the local parameter

f=flx,z,2%). (2.13)

It is straightforward to check the commutator of H; with the other generators of the
Poincaré algebra. For instance, with the momentum P, one finds

[P, Hf]=H;, with f = 0f, (2.14)
which reduces to the familiar case
[P,H]=0, (2.15)
when f is a constant.
Extension of Poincare symmetry — step 2. Having made an extension to the

Poincare symmetry focusing on the time direction, we can now look for similar local ex-
tensions in the x and & coordinates

r — x + Y(x), 0-Y = 9Y = 0, (2.16)
T — 7+ Y@, 0_Y = 9Y =0, (2.17)

6Y
Syyh =Y(x)0h + Y(Z)0h — (9Y —9Y)h. (2.18)

The invariance of the Hamiltonian, however, further restricts the parameters to be
%Y = 9*Y = 0. (2.19)

reducing them to Lorentz rotations. The above condition constrains Y and Y to be linear
in the coordinates, ruling out superrotations as an extension of the Poincaré algebra in the
bulk (unlike the case at null infinity [14]). In terms of the light-cone Poincaré algebra, the



transformations in (2.18) account for the transformations generated by P, P and .J in the
appendix.

Nevertheless, it is more convenient to use the Y,Y notation for the Poincaré transfor-
mations in the transverse directions x and Z in order to demonstrate how the local trans-
formation in (2.9) satisfies non-trivial commutation relations with the ones given in (2.18).
This allows us to establish connections with the BMS symmetry.

3 Comparison with BMS symmetry

A particularly interesting choice of f involving the rotations Y and Y, which obey (2.19), is
1 _ _
flat,z,2) =T(x,z) + 5 T (0Y + 9Y), (3.1)

which coincides with the BMS symmetry [14]. This choice of f follows from the light-
cone gauge conditions imposed on the metric.? Since the light-cone system is a Carroll
hypersurface, the above relation can also be obtained from the conformal Carroll transfor-
mations [16] in the null time direction ™.

The field h transforms as

Syy ph="0yph + dsh, (3.2)

where the explicit form can be read off from (2.9) and (2.18). One can choose the initial
surface to be 7 = 0 and evolve the algebra at later times using the dynamical generators,
in which case the function f = 7" in (3.1). Therefore, the BMS transformations in light-cone
gravity to order k read

Syyph = Y (@) 3h+ V(@) 0h + OV —Y)h+T %? h
0? o, 0 1 (0% ,
0% - 0 (0 -
20T S5 (RO2R) + ART o <ahazh> , (3.3)
with the parameters Y, Y and T satisfying
Y =90.Y =0, Y =90.Y=0, 0.T=0, (3.4)

2The transformations (2.9) and (2.18) must respect the light-cone gauge conditions on the metric g,.
in order to ensure that no new degrees of freedom are introduced beyond the h and h. In the light-cone
gauge, three metric components are set equal to zero [15]

g—— = g-i = 07 (7':172)7

while the remaining components are parameterized as follows: g¢g4y_ = —e?, gij = ew’yij, with ¢, real
and +;; real, symmetric and unimodular. The fourth gauge choice is

fixing the time dependence of f in terms of Y, Y.



and
Y = 9*Y = 0. (3.5)

The commutator of these transformations is
[5(Y1,71,T1) , 5(Y2,?2,T2)} h= 6Yi2,Y12,Th2) h, (3.6)

where the new parameters are

Yo = Y20Y; — Y10Ys, (3.7)
?12 = ?28?1 - ?1 8?2,
_ _ 1 _ _

Thus, two such transformations close on themselves with the parameters satisfying (3.4)
and (3.5). This is the light-cone realization of the BMS algebra in four dimensions [14].

Following the BMS nomenclature, these “supertranslations” labeled by T'(x, ) enhance
the dynamical part of the Poincaré algebra into an infinite-dimensional set, while the
kinematical part of the algebra remains unaltered

K- K,
D — D(T). (3.10)

The BMS algebra in (3.6) can then also be written as
KK] = K, [KDT)] = DT), [BT),DT)] =0.  (311)

By restricting T to be linear in x or Z with the condition 9°T = 9?T = 0, the dynamical
part D(7T) reduces to D, which corresponds to the Poincaré subgroup of the BMS algebra.

Unlike in covariant formulations, where the four spacetime translations get enhanced
to angle-dependent supertranslations, in the light-cone formalism, the dynamical part of
the Poincaré algebra is enhanced to accommodate supertranslations, thereby, yielding the
BMS algebra in four dimensions. In both cases, however, the enhancement of the Poincaré
algebra to the infinite-dimensional BMS algebra involves only a single local parameter as
a consequence of Lorentz invariance.

We must emphasize though that the invariance of the Hamiltonian under the BMS
transformations is only strictly proven to order k. However, we do not anticipate formal
difficulties in extending these results to higher orders, although the explicit calculations
can become extremely cumbersome.

Even though this analysis has been performed only up to first order in the coupling con-
stant, one can already draw parallels with existing BMS results for the full Einstein theory
at null and spatial infinity. The BMS analysis at spatial infinity involves some subtleties
that can be better understood in the linearized theory of gravity, for instance, the canonical
realization of boost generators [17]. In the same spirit, our perturbative approach in the



light-cone formalism offers an unconventional insight into the structure of the BMS symme-
try. Another similarity with the spatial infinity analysis is that the invariance of the Hamil-
tonian reduces the parameters, Y and Y, to Lorentz rotations, thereby eliminating superro-
tations [14] from the theory. There are several ways to interpret the BMS symmetry in grav-
ity apart from the original work of [4-6] as the enhancement of the Poincaré algebra with
angle-dependent supertranslations. In [16], for instance, the BMS algebra was argued to be
the conformal extension of the Carroll algebra on null hypersurfaces. In light-cone gravity,
we present a new interpretation of the BMS symmetry as the local extension of the dynami-
cal part of the Poincaré algebra in Dirac’s front form analysis [11]. Light-cone gravity offers
a straightforward approach to study the BMS symmetry in a physical gauge, which might
help us better understand its connection with on-shell amplitudes and soft theorems [7, 18].

A unique result of our light-cone analysis is that the BMS algebra can be represented
on the two physical fields of graviton in the bulk, without any need for asymptotic limits,
suggesting that the BMS symmetry could be more than just an asymptotic symmetry. Our
scope is different from the BMS analyses relevant for black hole physics as we are mainly
interested in the implications the extended symmetry might have for the quantum theory
in a pertubative regime since the formalism is not suitable for studies with strong gravity
fields. We wish, for example, to utilize the knowledge of this new symmetry to better
understand the ultraviolet behaviour of the theory, classify counterterms, etc. in the regime
of linearized gravity. Light-cone gravity (formulated in the helicity basis) is closely related
to on-shell physics - MHV Lagrangians, double-copy relations, etc. [19-21]. Accordingly,
the light-cone formalism is well suited for examining the connections between these infinite-
dimensional symmetries and the perturbative S-matrix and scattering amplitudes. It will
also be interesting to look at the corresponding symmetry issues in maximal supergravity.
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A Light-cone Poincaré algebra in four dimensions

We define

1 g2 1742
CARR AR S A A e L (A1)

Jt =
v2 o v2 oo



The non-vanishing commutators of the Poincaré algebra are listed below.

[H,J"" ] =—iH, [H,J"] = —iP, [H,J"] = —iP

[PT,JT7 ] =iPT, [PT,J7 ] =—iP, [Pt,J7] = —iP

[P,J"] = —iH, [P Jt = —iP™, [P,J] =P

[P, J7] = —iH, [P,JT] = —zP+ [P,J]=—-P
J=,JT ) =i, [(J=,J =iJT +J, (T, J)=J"
[(J=,J = —id ™, [J=, 0T = zJ+_ —J, [J=,J]=—J"
PARAIESE VAN [JT™ ,J*] = —zJ*

[(JtJ]=Jt, [J*t,J] = (A.2)
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