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1 Introduction

Relativistic conformal field theory (CFT) is one of the most potent tools of modern theo-
retical physics, with applications ranging from statistical mechanics of phase transitions to
quantum gravity through holography and string theory. Especially powerful are methods
of two dimensional (2d) CFTs [1] where symmetries enhance to two copies of the infinite
dimensional Virasoro algebra. The ideas and methods of 2d CFTs are of particular impor-
tance to the success of string theory, where this arises as residual symmetry on the string
worldsheet after the fixing of conformal gauge [2].

Non-abelian current algebras arise on the string worldsheet when one considers strings
moving on arbitrary group manifolds [3], generalising the abelian versions which arise
for strings propagating on flat backgrounds. These Kac-Moody algebras give rise to the
worldsheet 2d CFT by the Sugawara construction. The construction of strings on arbitrary
backgrounds is thus intimately linked to these Kaé-Moody algebras.

Kaé-Moody (KM) algebras also arise when we think of 2d CFTs augmented by addi-
tional symmetries [4]. For example, a CFT with additional U(1) global symmetry arises
in a number of places, including the study of black holes in AdSs3 with charged U(1) hair
that are solutions to Einstein-Chern Simons theory [5]. Virasoro with U(1) KM symmetry
forms the chiral algebra of a large number of theories including A/ = 2 superconformal field
theories and theories with W)~ symmetry.

In this paper, we will be interested in the construction of Non-Lorentzian (NL) versions
of Ka¢-Moody algebras. Specifically, we are concerned with Galilean and Carrollian CFTs
in 2d with additional symmetry. Galilean and Carrollian CFTs are obtained from their
relativistic counterparts by a process of contraction where the speed of light is taken to
infinity (Galilean theory) or zero (Carrollian theory). In two dimensions, the symmetry
algebras turn out to be isomorphic and it is in this 2d case we will focus our attention. We
will obtain the algebras of interest by a contraction and then construct various properties
of these algebras by methods that have no connections with the limiting procedure and can
be thought of as completely intrinsic analyses. We also show that suitable singular limits
also reproduce our intrinsic answers.

Possible applications. We have a variety of applications in mind for our algebraic
explorations in this work.

Holography of flat spacetimes. Following closely related observation in [6], it was shown
in [7] that d-dimensional Conformal Carrollian algebras are isomorphic to asymptotic sym-
metry algebras of (d+1) dimensional flat spacetimes discovered first by Bondi, van der Burg,
Metzner [8] and Sachs [9] and called BMS algebras. The Carroll CFTs can thus act as pu-
tative duals to asypmtotically flat spacetimes [6, 10, 11]. Some important evidence for this
duality has been provided in e.g. [12-18]. Of particular importance is the recent result [19]
that links 3d Carroll CFTs and scattering amplitudes in 4d asymptotically flat spacetimes.

Our explorations in this paper are of direct importance in the context of 3d flatspace.
Here, the U(1) version of NLKM symmetries are of interest for the study of Flat Space



Cosmological solutions [20] with U(1) hair, which are solutions of Einstein-Chern-Simons
theory, like the AdS case. This was addressed recently in [21, 22].

The above approach to holography in asymptotically flat spacetimes goes under the
name of Carrollian holography. There is an alternate formulation called Celestial hologra-
phy which posits that there is a 2d (relativistic) CFT that computes S-matrix elements in
4d asymptotically flat spacetimes. This has been instrumental in the uncovering of many
new results in asymptotic symmetries and scattering amplitudes in 4d. The interested
reader is pointed to the excellent reviews [23-25]. For connections between Celestial and
Carrollian holography, we point to [19, 26, 27].

Interestingly, of late there have been studies of tree-level massless scattering amplitudes
which suggest that the asymptotic symmetries are far richer than the extended BMS group.
In [28, 29], it was shown that there is an SL(2) current algebra at level zero underlying the
symmetries of tree-level graviton amplitudes. More recently, massless scattering amplitudes
have revealed an infinite dimensional w14 algebra [30].

If we assume that the field theory duals with these additional symmetries would be
related to a co-dimension one holographic description of 4d flatspace, and that these theo-
ries should live on the whole of the null boundary and not only on the celestial sphere, the
structure emerging from the above discussions should only be a part of the whole symme-
tries, very much like the relation between the two copies of the Virasoro algebra that make
up the Celestial CFT and the whole (extended) BMS, algebra. It is very likely that the
algebras of interest would then be the 3d versions of the Carrollian Kac-Moody algebras
that we discuss at length in this work.

Tensionless strings. The tensionless limit of strings, which is analogous to the massless
limit of point particles, is an important sector of string theory that remains relatively less
explored. In this limit, the string worldsheet becomes null [31, 32] and the 2d relativistic
conformal symmetry that arises on the tensile worldsheet is replaced by 2d Carrollian
Conformal symmetry in the tensionless theory [33-35]. The study of tensionless strings
on arbitrary group manifolds would naturally incorporate the NLKM algebras we study in
this paper. We would, in future, attempt a construction of a Wess-Zumino-Witten model
with the NLKM algebras we discuss in this work.

It is of interest to mention that in [36], it was argued that tensionless strings appeared
when the level of the affine algebra corresponding to the WZW model of the strings propa-
gating in a group manifold. We believe that the intrinsic formulation of such strings should
involve the NLKM algebras we are studying here. A direction of future work is the con-
nection of these two ideas and the aim would be to show that the NLKM algebras appear
when the level of the relativistic affine algebras are dialled to their critical value.

Other applications. There are, of course, other natural applications. The Galilean version
of our story is of relevance for understanding 2d Galilean CFTs with additional symmetry
which may appear in real life non-relativistic systems. These would be of interest also in
understanding non-relativistic strings in curved Newton-Cartan backgrounds [37].
Interesting enough, Carrollian structures also arise condensed matter systems, e.g. in
the physics of flat bands that is of relevance in the context of “magic” superconductivity in



bi-layer graphene and also in fractional quantum Hall systems [38]. It is easy to envision
condensed matter systems with additional symmetry and hence our methods in this paper
which lay the foundation for systems with Carrollian (and Galilean) affine Lie algebras,
should have applicability in a wide number of condensed matter systems. Finally, a U(1)
affine algebra was also found to emerge in studies of the BMS scalar field theory in 2d [39].
It would be of interest to figure out if this is a feature of all free BMS field theories. Our
methods outlined in this paper should then be useful even for free BMS field theories.

Outline of the paper. In section 2, we will start with a brief review of Carrollian and
Galilean CFTs in general dimensions, subsequently specializing the discussion to two di-
mensions followed by a brief introduction to Non Lorentzian Kac Moody (NLKM) algebras
via contraction of relativistic Affine Lie Algebras. In section 3, we present an intrinsic
carrollian derivation to the NLKM Algebra. Then, we formulate the non-Lorentzian ver-
sion of the Sugawara construction for these algebras in section 4 and verify its validity by
showing its consistency with the OPEs we obtained in section 3. In section 5, we work
out the example of tensionless strings on a flat background geometry which exhibits the
U(1) NLKM algebra as the current algebra. Section 6 contains the derivation of the Non-
Lorentzian analog of Knizhnik Zamolodchikov(KZ) equations using the OPE definition of
the primaries in section 3. And finally in section 7, we derive NLKM Algebra, Sugawara
Construction and the Non Lorentzian KZ equations through contractions in detail. There
are six appendices which collect the details of various calculations that have been skipped
in the main text for the ease of readability.

2 Non-Lorentzian Kac-Moody algebra in 2d

In this section, we will begin our analysis by building the algebra we wish to study in the re-
mainder of the paper. The NLKM algebra will be defined as a limit from the relativistic Vi-
rasoro KM algebra. We will see later how the current part of the algebra can be used to gen-
erate the entire algebra by a NL version of the Suwagara construction. We begin by remind-
ing the reader of the Galilean (¢ — 00) and the Carrollian (¢ — 0) contractions of relativis-
tic CF'Ts in generic dimensions and the fact that this leads to isomorphic algebras in d = 2

2.1 Carrollian and Galilean CFTs

The Galilean (¢ — oo0) and Carrollian (¢ — 0) limits of the Poincare algebra leads to two
different contractions of the parent relativistic algebra and two different algebras in the limit
in general dimensions. The Poincare algebra in D dimension ISO(D — 1,1) is given by

[P;u P =0, [M/uu Pp] = _277p[uPz/}7 [MMVv Mpa] = 477[pr0]1/]7 (2.1)

where = 0,1,2...,D — 1, P, = —0,, are translation generators and M,, = z,0, — x,0,
are Lorentz generators. Galilean limit is achieved by taking ¢ — oo limit, alternatively by
taking the contraction ¢ — ¢, ° — ex’, ¢ — 0 limit where 4 € {1,2,..., D — 1} [40, 41].
Under this limit we see that

1
Mgi = t&; + xi(?t — ft&' + Gl'iat — Bi = liH(l) EMOi = tai. (2.2)
€ €e—



The spatial rotation generators M;; remains same under this contraction. Doing this con-
traction, we end up with the Galilei algebra, where all the non-zero commutators are given
by

[Mij, Myg] = 48,3, My, [Mij, Pe] = =263, P, [Mij, B] = 205 By, [Bi, H] = —P;. (2.3)

Carrollian limit is achieved by taking ¢ — 0 limit, alternatively by taking the contraction
t — et, ' — x*, e — 0. Under this limit, we have

1
My; = €tO; + ;0 — €tO; + —x;0; — B; = liII(l) eMo; = x;04, (2.4)
€ e—

with M;; intact again. This gives us the Carroll algebra where the non-zero commutators
are given by

[Mij, Mig] = 48,3, My ), [Myj, Pe] = =265, [Mij, Br] = —20y;Bj [Pi, Bj] = dijH, (2.5)
where H = —0; is the Hamiltonian which has now become a central element.

The tale of the two contractions is also true for the relativistic conformal algebra. In
relativistic Conformal symmetry group there are two additional generators

D =29, K,=—(22,2"0, —2°9,), (2.6)
giving us the following additional commutators along with (2.1)
(D, P] = Py, [D,K,| = =Ky, [Ku, P)] = 20D — My,), [Kp, L] = 2n,, K. (2.7)

Taking the non-relativistic limit this time, we will end up with the following additional
generators along with the generators of Galilei algebra

D= —(z;0; +td)) K = Ko=—(2tz;0; + t28t) K, = tQ&-. (2.8)

These generators, along with the generators of the Galilei algebra gives us the Galilean Con-
formal Algebra (GCA) in D dimensions [40] where non-zero commutators apart from (2.3)
are given by

(K, B;] = K; (K, P)] = 2B; (M, K] = —2K;65,,
[H, K;] = —2B; D, K;] = —2K; D, P] = P;
[D,H] = H, [H,K] = —2D, D,K] = —K. (2.9)

When we take the Carrollian limit of the relativistic Conformal algebra, we get the following
new generators apart form the Carroll generators previously encountered:

D = —(z;0; +t0;) K = Ky=—zx;0 K; = —ij(l’iai +t0) + x;2;0;. (2.10)

These additional generators give us the following non-vanishing commutators along with
those given in (2.5)

[M;j, Ki] = oK) [Bi, K] = 05K, [D,K]=-K
[K,P;] = —2B; [KZ,PJ] = —2Dd;; — 2M;;, [H,K;] = 2B;
[D,H] = —H, [D,P] = —P, D, K] = K;. (2.11)



(2.5) and (2.11) together form Carrollian Conformal Algebra (CCA). We see that in general
dimensions the two different contractions give us different algebras that are not isomorphic
to each other.
Let us now move to the interesting case of d = 2. In 2d, the relativistic conformal
algebra becomes infinite dimensional and is given by two copies of the Virasoro algebra:
(Lo L] = (m = 1) Lo + 55 (0 = M),

[/jm, En] =(m—n)Lpin +
(Lo, Ln] = 0.

C
ﬁ(m3 - m)5m+n,0a (212)

Here ¢, ¢ are central charges of the Virasoro algebra (not to be confused with the speed
of light which we also had called ¢ earlier). The Galilean contraction [42] of the above is

given by
L,=L,+L,, M,=¢L,—Ly), (2.13)
This contraction of the Virasoro algebra leads to
c
(L, L] = (m — 1) Lypsn + 1—;(m3 — )6 tm.0s (2.14a)
c
[Lim, My) = (m —n)Mptn + TA;(m?’ — M) 0p4m.0, (2.14Db)
[M,,, M,,] = 0. (2.14c)

The way to see that this combination yields the non-relativistic limit, it is instructive to
write the generators of the Virasoro algebra in cylindrical cooridinates

L, =", L,=e"0; ww=rt=%o, (2.15)
The limit (2.13) then translates to
oc—eo, T—>T, €—0. (2.16)

which essentially means scaling velocities to be very small compared to 1 and since we are
doing all of this in units of speed of light ¢ = 1, this is indeed the non-relativistic limit
c— 0.

On the other hand, the Carrollian contraction of the Virasoro algebra is given by

Ly=Ly—L p, My,=¢Ly,—L_,). (2.17)
Again if we go back to the cylindrical coordinates, this limit translates to
o— 0o, T—er, €= 0. (2.18)

The velocities are very large compared to 1 now and this means v/¢c — oo, which equiv-
alently translates to ¢ — 0. This is thus the Carrollian limit. The surprising thing is
that even this contraction yields the same algebra (2.14). In order to avoid confusion with
Galilean or Carrollian notions, we will exclusively call this the BMS3 algebra. Galilei and
Carroll contractions in d = 2 yield isomorphic algebras and this is down to the fact that
there is only one contracted and one uncontracted direction in each case. The algebra does
not differentiate between a contracted spatial and a contracted temporal direction.



2.2 NL affine Lie algebras

We start with the two copies of Virasoro Kac-Moody algebra whose holomorphic part is,

c - -
[ﬁm’ £n] = (m - n)£M+n + E(m?) - m)5m+n,07 [£m7]n] = —NJmin
dim(g)
U dnl =& D ™ fin + mkSimin,06®. (2.19)
c=1

There is an equivalent anti-holomorphic part with fup, ¢ and k in place of fupe, ¢ and k
respectively which are not necessarily equal to their holomorphic counterparts. We are
take fob¢ £ fabe for generality, but the dimensions of the two Lie groups are the same.

We will take a contraction of the algebra as follows. We will work with the following
linear combinations of the relativistic KM generators:

L,=L,+Ln, M,= f(ﬁ_n - 'Cn)’ ‘]ﬁm = ]gn +jgm K;ln = e(j?n - jg’L) (220)

We will the consider the limit ¢ — 0. The contracted algebra is given by:

CL 3

[Lin, Ln) = (m —n)Lyptn + E(m — m)dn4m,0, (2.21a)
(Lo, My] = (m — 1) Mypon + %(mi” — 1) m.0, (2.21D)
(L, I = —nJ%sn s Ly K2 = —nK% 0, M, J2] = —nKS% (2.21c)
dim(g) dim(g)
e, Tl =i > FUe L +i Y GUKE 4 mk10™ 6 im0, (2.21d)
c=1 c=1
dim(g)
[(Jo, Kb =i Y FKE , + mkad™6m im0, (2.21e)
c=1

with rest of the commutators vanishing. We recognise the first two lines as the familiar
BMS3 algebra, equivalently the 2d Galilean or 2d Carrollian Conformal Algebra. Through-
out the paper, we will call this sub-algebra the BMS algebra. In the above, the structure
constants are related to their relativistic counterparts by

1 - 1 /-
abc __ ~ abc abc abc _ abc _ rabc
F = 2 (0 F) Gt = o (- ). (2.22)
while the central terms are given by
cr=c+¢ cy=ec—c), ki=k+k, ko=e(k—k). (2.23)

We will call the algebra (2.21) the 2d Non-Lorentzian Kac-Moody algebra. We can also carry
out the contraction ultrarelativistically for which we take the following linear combinations
of generators,

L,=L, — »C_—nv M, = E(ﬁn + ['—n)a Jff = (]g + ;gn)’ Kg = G(jg - .;gn) (224)



Contracted algebra will be same as (2.21) with relations analogous to (2.22) and (2.23)
taking the following form:

1 — 1 7
Fabc — 5 (fabc + fabc) 7 Gabc — i (fabc . fabc> (225)

CL:C—E, CMZG(C+E), klzk—k, kQZE(l{;+k). (2.26)

This (2.21) will be the algebra of interest for the rest of our paper.
Note that if we start with 2 identical Kac-Moody algebras for the holomorphic and
antiholomorphic sections, then after contraction we get

fabc — fTabc - Fabc — fabc7 Gabc —0. (227)

For most of our analysis, we will use this simplified algebra, but the results can be easily
generalised for the general algebra.

We should also clarify something about the new Lie algebra structure and our notation.
We started with (the affine version of) two copies of a Lie algebra g of dimension

n = dim(g),

constructed from the generators {j% a € {1,2,...,n}} and {j% a € {1,2,...,n}}. Via
contraction we obtain a (non-semisimple) Lie algebra g of dimension

i = dim(§) = 2 dim(g)

consisting of generators {J% K% a € {1,2,...,n}}. So in all our notation, the indices
a,b,crun from 1 to n = dim(g) (not 7), and whenever we write dim(g) (like in expressions
of central charge cy, later in the paper), we mean the dimension of the parent algebra g,
which is actually half of the dimension of the new algebra §. This is done for the tidiness
of expressions.

Before we conclude this section, we would like to comment on the choice of contraction
of the currents to get to the NLKM algebra. Note that the chosen linear combinations of
the Kac Moody generators are motivated by the Galilean/Carrollian contractions analogous
to (2.16) and (2.18). The generators in cylindrical coordinates look like,

=™, ="M, wo=T+0 (2.28)

Galilean limit will correspond to (2.16) and Carrollian limit corresponds to (2.18). In
Galilean case, we have (upto linear order in ¢),

JE 458 = (j*+ ) ® " + inoe(j* —
a ~a

7Y ® e, (2.29a)
g —Jn =" =% @™ +inoe(j¢ + jU) @ e (2.29b)
We now have two choices, keeping the BMS contraction the same:

o JU=j%4j% K%=¢(j*—j% = (2.20).

o JO=30— %K= e(§0 + %) = Tn = g~ dme K= (i + 5m)-



Both of these choices lead to relations (2.23) but (2.22) need to be altered for the second
choice to: 1 1
Fabc — §(fabc . fabc% Gabc — i(fabc + fab(:). (230)

Similarly, in Carrollian case, we have two choices: (2.24) and
Jzzjfi_jgnv ng :E(]Z_F.]Zn)
in which case (2.26) remains same but we have

1 . 1 ;
Fabc _ §(fabc o fabc)’ Gabc _ 276(.]0abc + fabc) (231)

instead of (2.25). Since we will be considering the special case when fo¢ = fab¢ e
will stick to the first choice in this paper. For the intrinsic analysis, which only uses the
algebra (2.21), of course these choices do not matter. But when we derive results from the
limit, in section 7, it is important to state everything works for the other contraction as
well. E.g. Sugawara construction through contraction (Sec 7.3) can be carried out for the
second choice if we specialize to the case fo%¢ = — fo%¢ in case of Galilean contraction.

3 An intrinsic Carrollian derivation

Having derived the non-Lorentzian current algebra through a contraction, we now go on to
present an intrinsically Carrollian derivation of the same, where we would not be alluding
to a limiting procedure at all. This section heavily borrows from the machinery detailed
in [43], some of the important features of which are described in appendix A. Although we
will try and be self consistent so that the section (with the help of the related appendix A)
stands on its own, for any details that we may have inadvertently skipped in what follows,
the reader is referred back to [43].

3.1 An infinity of conserved quantities

A 2D Carrollian CFT on the flat Carrollian background (¢, z) is invariant under an infinite
number of 2D Carrollian conformal (CC) transformations whose infinitesimal versions are
given as:

=x+f(x) , U =t+tf (x)+eg(x) (3.1)
As a consequence, the EM tensor components classically satisfy the following condi-
tions [43]:

8,T" =0; T%=0; T/ =0

— atTtt =0; 8tTt$ = atht. (32)

This allows for an infinite number of Noether currents. The two conserved currents corre-
sponding to the symmetry transformation (3.1) are noted below:

i = (jtt ) jxt) = <g(x)Ttt ) 0) )

o= (1" 3%) = (F@T' + £ @)y, —f@)T") . (33)



Now, we suppose that there are some other pairs of fields { 7%, J*} in the theory that
obey the following conditions analogous to (3.2):

T (t,x)=0; 0Ty (tx) =0T (L, x) (3.4)

where a is to be thought of as a ‘flavor’ index (but ¢ and = in subscript are not tensor
indices). Using these fields, we can construct an infinite number of conserved quantities:

K= (K KT) = (9(2) T 0).
= (5, 50) = (f@) T8+t (@) T, —F(@) 7).

We shall regard these conserved quantities as the Noether currents associated to some

(3.5a)
(3.5b)

‘internal’ symmetries of the action.

3.2 Current Ward identities

We now consider an infinitesimal internal transformation of a (possibly multi-component)
field (¢, x):

O(t,z) — B(t,z) = B(t,z) + € (Fy - @) (t, 2) (3.6)

where F, - ® denotes the functional changes of the (multi-component) field ® under in-
finitesimal transformations labeled by €¢®. So, the generator G ® of this transformation is
given by:

— €GPt x) := O(t,x) — O(t,x) = € (Fy - D) (L, 2) (3.7)

We shall now find the Ward identity corresponding to this internal transformation
which is assumed to be a symmetry of the 2D Carrollian CFT. For this purpose, we
analytically continue the real space variable x € R U {co} to the complex plane; thus, the
Ward identity reads [43]:

(va"), (1, ..
(x — .I'Z)k

.Xp)

0, (t, ) X) ~ —z’i st — ;) | ZFedi (XD
=1

k>2

(3.8)

r — Xy

where the yet unknown correlators (Ya(k)>i depend on the transformation properties of the
fields in the string-of-fields X and the transformation itself and ~ denotes ‘modulo terms
holomorphic in z inside [...]. We also use the shorthand x3 = (¢;,z1). All the correlators
are time-ordered.

Let us now assume that the symmetry transformation (3.6) is associated to the follow-

ing conserved current operator:

K= (7, 0). (3.9)

The corresponding Ward identity then is:
n __ ) k) 7

Tt 0)X) ~ —i Y 5t — 1) | Tk 10 SR NESHE)
i=1 | T k>2 (z — i)
n = , (k)
= (J () X) = =iy 0t —t;) M LORCE - %n) (3.10)

i=1 i L= k>2 (z — i)

~10 -




where, following [43], the initial condition has been taken to be:

tl}m@(@“(t, z)X) =0 (3.11)

and as in 2D relativistic CFT [4], (J¢(t,x)X) is assumed to be finite whenever = # {x;};
this condition makes the holomorphic terms inside [...] vanish in this Ward identity.
Similarly, if the conserved current:

" =Tz, =) (3.12)
is associated to another internal symmetry transformation:
O(t,z) = O(t,z) = D(t, ) + € (G, - D) (L, 2) (3.13)

the corresponding Ward identity is:

- = (ga ' le 'Xn)
(O Tty x) — 0 Tt ) X) ~ —1i St —t;) +
; T =X ,;2 (x — mz)
(3.14)
Assuming the initial condition:
lim (77 (1, 2)X) =0 (3.15)

and the finite-ness property of (J¢(¢t,z)X) for x # {z;}, this Ward identity together
with (3.10) lead us to:

(k)
<ja (t,z)X) = —ZZ 0(t M + Z <Zak >i(x17"k' Xn) (3.16)
L= T k>2 (z — i)
— ; kN (x ... Xn
o (B 08
(x — i) k>2 (z — 2)

Again, the correlators <Z(gk)> ;, can not be determined without knowing the explicit internal
transformation properties of the fields in X.

For future references, we note the ie-form [43] of the Ward identities (3.10) and (3.16)
below with A%, :=x — x, — ie(t — t,):!

- & (R (X (Vi
i (t’x)X>_elfél+zZ:1_ AZ; +k222 (AF;)F (8.17)
o LN RN (Z{,
’<‘7x(t’x)X>_€1i%l+zZ:1_ A7, +k22 (AZ;)F

(k)
. (—(fa>i'-)§X> e, )] (318)

!We hope the reader does not confuse the delta appearing in AZ, with the conformal weight A. The A

appearing in the difference of coordinates would always appear with a coordinate.
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Thus, a general (possibly multi-component) 2D Carrollian conformal field ®(¢,z) has

the following OPEs (in the ie-form) with the current-vector components (AZ' := 2’ —x —
ie(t' —t)):

e—0t AT’

T, 2Dt x) ~ lim [+W} (3.19)

—(G, - ®)(t, . T
T2 (2 )t ) ~ lim, [ Lt (QMW) — (1) < Lt <(M§§t>>] (3.20)

where . .. represents higher order poles at 2’ = x and ~ denotes ‘modulo terms holomorphic
in 2’ that have vanishing VEVs’.

In this work, we shall only consider currents with scaling dimension A = 1. Comparing
the behavior of both sides of the OPEs (3.19) and (3.20) under dilatation, we then infer
that the scaling dimensions of the local fields F, - ® and G, - ® must be same as that of ®.
Since this is true for any arbitrary local field ®, we conclude that F, - ® and G, - ® must
be linear combinations of the components of the multi-component field ® that ‘internally’
transforms under a bi-matrix representation of the global current symmetry algebra; all of
these components must have an equal scaling dimension. Our goal is to find this global
algebra and its infinite extension.

We now express F, - ® and G, - ® as explicit linear combinations:

(Far @) = (t5%); 07" 5 (Ga- @) =Y (19) (3.21)

where t§ and t% are just two matrices as of now. Later, we shall relate them to the
generators of the internal symmetry algebra.

3.3 Current-primary fields

In the operator formalism of a QFT, the conserved charge Q4 is the generator of an
infinitesimal symmetry transformation on the space of the quantum fields:

B(x) — B(x) = —ie[Qa , P(x)] (3.22)

In 2D Carroll CFT, the above generator equation for any conserved charge operator @ 4 is
related to the following contour integral prescription involving an OPE [43]:

Qa= o %dazy A(t,x) generates [Qa ,P(t, )] —%dw FLat, 2)e(t, x)

Cu
(3.23)

where ¢tT > t and the counter-clockwise contour C,, encloses the upper half-plane along
with the real line. The contour around = must not enclose any possible singularities of the
vector field.

2Section 5 of this reference contains a derivation.
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The conserved quantum charges Q¢[g] and Q%[f] of the respective currents (3.5a)
and (3.5b) are thus given by:

Qlgl = — f dz g() T (¢, ) (3.24)
j{dx 2) Tt @) + tf (2) T, 2)] (3.25)

The conserved charges of all flavors collectively induce the following infinitesimal changes
to a generic quantum field, as deduced from the OPEs (3.19) and (3.20):

=i Qi) @60 =~ Y€ fde! gt TP ()
= Ze“ l9°(x) (t5 - @) (t,2) + (h.d.t.)] (3.26)
iy, e fdx (£ T2t )+ £ TR ) ()

:Ze [f(z) (®-t9) (t,2) +tf¥ () (t% - @) (t,2) + (h.d.t.)] (3.27)

where h.d.t. denotes terms necessarily containing derivatives (of order at least 1) of g*(z)

and f%(x).
For the currents (3.9) and (3.12), we simply have f(z) =1 = g(x). For any arbitrary
field ®(¢,z) this immediately leads to:

—iY e QN L B(x)] = Y (t - @) (1) (3.284)
S QI 2] = 3 € (@ - 9) () (3.28b)

Thus, the finite internal transformation that is generated by the charges {Q{[1]} is:
D(t,z) = D(t,z) = e 20 QP (¢, 2)e 0 QM = 20"t . B(t, 2) (3.29)

which is obtained by using the BCH lemma. Similarly, the charges {Q%[1]} generate the
following finite transformation:

B(t,z) = d(t,z) = B(t, z) - €220 "1 (3.30)

On the other hand, as derived from (3.26), an arbitrary field finitely transforms under
the action of the charges {Q¢[¢g°]} as:

d(t,z) = O(t,x) = 20 €9 (@)1 . O(t,x) + extra terms (3.31)
while (3.27) leads to the following finite action of the charges {Q%[f%]}:

d(t,z) = O(t,z) = 20 <M (@) O(t,x) - 20 “F @ 4 extra terms (3.32)
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In view of the above discussion, we emphasize that while a generic field transforms
covariantly under the action of the charges associated to the conserved currents (3.9)
and (3.12), that is not the case for the generic conserved currents (3.5a) and (3.5b). A
field that transforms covariantly (i.e. for which the extra terms in (3.31) and (3.32) vanish)
even under the action of the charges of any currents of the form (3.5a) and (3.5b) is called
a current-primary field. Consequently, there is no h.d.t. in (3.26) and (3.27) appropriate
for a current-primary field. This enables us to completely specify the pole structures of the
current-primary OPEs for a primary field ®(¢, x):

a4/ / ta @(t,éﬂ)
ard 1 .| Pt ) -t , t% - O(t, x)

that immediately imply the following Ward identities for a string X of primary fields:

g (t(}()z ) <X>

(T (¢ 2)X) = lim 4 2 AR, (3.35)
(22)X) = tim [W (t—t, )“Gfa' ' ;X W (3.36)
i—1 i Z;

where (%), and (t%), denotes transformation-matrices appropriate for the i-th primary
field in X.

3.4 Current-current OPEs

To derive the current-current OPEs using the machinery just developed, we shall assume
that no field in the theory has negative scaling dimension with the identity being the only
field with A = 0.

Under these assumptions, the OPEs between the EM tensor components were derived
using only symmetry arguments in [43]; the results are:

T (', 2T (t,z) ~ 0

t (4 I\t o Tm ZCTM 207" (¢ +(t, @) 81Ttt(ta z)
Tx(t’x)Tt(tal‘) 61_1>%1+ l ( 5;) ( j) + AT
tooyt I\t T a ZCTM 2T (t,z) O T" (L, x)
T (t', 2T, (t, x) 61_1}151+ —1 s )1 + A + A7 (3.37)
t (g I\t o T o _7‘% 2Ttx (t7 .ZL‘) 8$Ttx (t7 x)
T x(t » & )T a:(t’ ZL‘) 61_1>%1+ t _(Aj/)4 (Af’)Q + AF
_ 9 4 t t
T 21~c]\/51 N T tst’ ;C) n oT ai(t,za;) '
(Az') (AZ") (AZ")

The constants ¢z, and cps are the central charges of the 2D Carrollian conformal QFT.
We shall use the same technique to find the current-current OPEs below. Keeping in
mind that here we are dealing with currents with scaling dimension A = 1, below we note
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the most general allowed form of the J; — J; OPE compatible with the general OPE (3.19):

A% (e )P (¢, 2)
a (/4! / b 1 1 K ¢ 7
T ) 300,w) ~ lim | 2+

(3.38)

where A is a field proportional to identity so that it has vanishing scaling dimension.
Clearly, (t% - J1)? (t,z) must have scaling dimension A = 1. So, in a generic 2D CCFT,
(% - J¢)? must be a linear combination of {7, J}.

Correspondingly to the classical conservation equation ;72 (t,z) = 0, in the QFT we
should have:

T Vo Tt x) ~0 = O (t% - T’ (t,2) =0 (3.39)
which means that {7} can not contribute to the linear combination (¢ - TP
Since the currents have scaling dimension A = 1, they must satisfy the bosonic?

exchange property. For the J2(t,z) field, it is:
T, 2Tt x) = TP, 2) T 2) (3.40)
This condition implies the following restrictions:
A=A and (55 =— (- 7)’ (3.41)

Looking at (3.20), we write the allowed form of a 7, — J; OPE:

(A7)’ (AT)
(3.42)

=0t | (AT Ai AF)
where B are some constants. Now, we have the following restrictions:

T, V0T (t)~0 = A®=0 and (t%-J)°=0 and 9 (F;-t9)°(t,z)=0

(3.43)
Thus, again {72} do not contribute to the linear combination (7; - tf‘})b.
On the other hand, from (3.19), we get the following J; — J, OPE:
Cba (tZ}( . ng)a (t,z)
byl a . .
T )T (b, 0) ~ lim i aep Ao (3.44)
with C® being constants. Using the following bosonic exchange property:
t7tb(t/7 .’L'/)j;(t, x) =J; (¢, w)k7tb(t/7 xl)
to compare the OPE (3.42) with (3.44), we get the following conditions:
B =ch and (J-t5)" =~ (k)" (3.45)

which implies that {72} do not appear also in the linear combination (tl}( : Jx)a.

3Since, as will be shown later, the currents are 2D CC primary fields with integer scaling dimension,
this statement is justified [43].
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Finally, we write the J, — J; OPE in accordance with the general form (3.20):
D®  (Tt9) (t,) 20% (% J)" (t,@)
a(y ol bt ~ 1 : z by ) —(H—t K 'Jz ’
\733 ( y L )jx( ,.’L’) e_lfél_‘_l (Afi/)Q + Ai’l ( ) (A‘%,)Z& + (Ai’l)z
(3.46)

from which, the bosonic exchange property:
jmb(t/’ x/)ja?(tv 'CU) = ja?(t7 x)jal:)(t,7 33/)
leads to the following conditions:
Dab — Dba : Cab — Cba (347)
ayb b\* a b b @ ayb a b
(Jart9)' == (Teth) s (T == (the-Te) s B(Ta-t9)" =0t To)’  (3.48)
It can be readily checked that these conditions are compatible with the quantum versions
(in the OPE language) of the classical conservation laws (3.4).

We now explicitly write the allowed forms of the linear combinations appearing in the
above OPEs:

(‘7t . t?})b _ (t(}( . jx)b _ Fabct7tc with [Fec — _Fbac’
(\7:13 . tz)b _ Fabcjgf + Gabc$c with Gabc — _Gbac‘ (349)
Thus, the final forms of the current-current OPEs are:
%a(t,,xl)\jtb(t,l‘)w()
i Cab Fabcjc(t J;)
a/yl ! b : . t \“
a2 ) e | o
[ Cab Fabcjc(t .ZL')
a4l 0\ b s t \Y
T 2T, (t’x)Nel_lglJ _(Ai“/)2+ A7 (3.50)
[ pDab Fabcjf—l—Gabcjc (t,.il:‘) 9Cab  pabe 7e(y
jg(t/,x/)ij(t,x)f\/ lim i 2+( - t ) —(t/—t) C 3+ t7t (2,ZE)
—0+ |(AF) Az (AZ) (AZ)

These OPEs imply that the currents themselves are not current-primary fields in general.

3.5 Global internal symmetry

All the correlation functions in the theory must be invariant under the global internal
transformations associated to which are the conserved currents (3.9) and (3.12). This fact
will put constraints on C% and D%, as we will now see.

We begin by noting the following 2-point correlators between the currents, from the
above OPEs:

<$a(t/,x’)$b(t, x)> —0

1o afd .. Cc
<L7ta(t , T )ij(t, $)> = <Jx (t , L )‘Zb(t’ x)> = 62151_’_ ’LW (351)
a2 = 1 1| P 2C
(Ta(t )Tt 2) = Jim i [( ap 0 M,,)g]

since the currents, with A = 1, must have vanishing VEVs.
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Next, due to the global internal symmetry, an arbitrary n-point correlator in the theory
must satisfy:

NE

<(I)1(t1, $1) e (q)z . t?) (ti, QL'Z) e q)n(tny :L'n)> =0
1

-.
Il

-

<(I)1(t1, 131) e (t%( . q)z) (ti,ﬂii) e q)n(tn,ﬂin» =0

i=1

Thus the 2-point current correlators explicitly satisfy:

(T t9) (bro1) T (t2,2) )+ (T2 (b1,00) (T t5)° (t2,22) ) =0
— FabdDdc+FacdDdb+Gabdcdc+Gachdb:0 and FadedC+Fachdb:0 (352)

The analogues relations obtained from the invariance of the 3-point current correlators
are:
pabe pecf fd | peac pebf (ifd |y pade pbef rfe _
pabe pecf pfd | peae pebf pfd | pade pbef pfe | (FabeGecf + GabeFecf) cfd
+ (FcaeGebf + GcaeFebf> ofd 4 (FadeGbcf + Gadercf) cfe — o (3.53)

In what follows, we shall see that {F%¢} and {G%°} must also obey the following
constraints arising as the Jacobi identity of the infinite-dimensional Lie algebra of the
current-modes, which we had previously described in our initial algebraic description from
the contraction in (2.21) and also will derive independently later in this section (3.80):

FabeFecd + FcaeFebd + FbceFead -0
FabeGecd + GabeFecd + FcaeGebd + GcaeFebd + FbceGead + GbceFead =0 (354)

No new constraint for {F¢} and {G%¢} arises from the global internal invariance of
n-point current correlators for n > 4 .

Upon comparison, we notice that (3.53) reduces to (3.54) if we choose:
DW= k6%  and % = —ikyd® with ko #0 (3.55)
In that case, F®¢ and G®° are anti-symmetric in all indices, as seen from (3.52).

3.6 EM tensor-current OPEs

We now show under the assumption that no field in the theory has negative scaling dimen-
sion with the identity field being the only one with A = 0, that the currents J(¢,z) and
J(t,x) must transform as a rank-1 primary multiplet under 2D CC transformations.
From [43], we recall the OPEs of a general 2D CC (multi-component) field (¢, x)
having scaling dimension A, Carrollian boost-charge £ and boost rank [ with the EM tensor
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components:

A(I)(l) (t,z) n &Bcb(l) (t,z)

Ttm(t/, .T/)(I)(l) (t,x) ~ El_i>I(§1+ =it (Aj/)Q AT
/ 2 (€ - ‘I’(z)) (t,2) 0P (t, )
—(t'—1) ( o+ (Ai")?’ + (Ai")Q

(&-20) (t.2) 0 (t2)
@#)? AP

(3.56)

e—0t

T (1, a") D) (t,z) ~ lim —i { .+

The defining feature of 2D CC primary fields is the vanishing of the higher order poles in
the above OPEs that leads to:

th(t',x’)q)(l)(t,x) ~ lim —i

.[A@(z)(tﬂf) 02y (t, )

0+ (A:i")Q AT’
, 2(&-20) (t2) B0 (t,)

(&-20) t2) o0 (t2)
@#)? AP

T (¢, 2" )Py (t,z) ~ lim —i

e—0t

(3.57)

Now, along with the above assumption, the classical time-independence of the field J;*
restricts the general OPE (3.56) to the following form:

[ A (€It
T, 2Tt ) ~ lim —i L4 L0 3.58
t( ) t ( ) 0+ [(A£/)3 (A@’)Q ( )
where the field A{ is proportional to the identity field. Similarly, we write the most general
allowed form of the following OPE from (3.56):

a . | AS JA(tx) 0. Ttz 3AY  2(&T8)(tx
T )T ()~ Jim, =i st (;;,)2>+ At;, )—<t’—t>{( aeyit (5( At;)(s )H
(3.59)
with A§ being another constant. But, the quantum counterpart of the conservation
law (3.4) leads to:

Ttt(t',x’)(‘)t%“(t,x) ~0 = 8t (E . ‘7ta) (t, ZII) = O,
T, (', 20, T (t,x) ~0 = A =0 and & -J*=0. (3.60)

The OPEs for J¢(t,z) may have the most general form given below:

Ag + (Eja(:l) (t,ZU) + 8tjza(t)x)

t oyl a : s
T (t', ") T (t, x) 613& i (Aa?’)?’ (A:f’)2 AT (3.61)
with the conservation law (3.4) forcing:
0 (€ T2) (1) =0, (3.62)
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The remaining one OPE is given below:

t ! a : . AZ jxa(tvx) 890\7;(15,1‘)
T, (¢,2/) T2 (t,2) ~ lim —z[(mﬂ/)gju G = (3.63)
(342600 () | 072
-0 (s 2|

where A§ and A} are constants. From the quantum version of (3.4), one then obtains:
T, [T o) — BT D) ~ 0 — € TE=J8 and Af— A3 (3.64)

i.e. the currents J2(t,z) and J¢(t,z) transform under Carrollian boost as a rank-3 mul-
tiplet with boost charge £ = 1.
The OPEs for the currents then are:

Ttt (', 2T (t,x) ~ 0

T, (¢, &) T (t, ) ~ lim A8 Fe) | %T0 x)]

—0t (A (A7) Az
, | Ag Tt x)  9,T%t, x)
t (4 I a 3 t T
T (', 2") T (t, x) ~ Egrg+ —i _(A:E’)S (A7)’ N (3.65)
. | Ae Je(t,x) 0 T2(t,x)
t (4 0\ 70 . 4 p z
T x(t , L )jCE (t7 x) 61_1>I(I)1+ t _(Ai’l)s (Ai',)2 Ai-/

, 3A4 2J8(t,x) O TNt x)
¢ _t)<<m~c'>4+ aFP T (awy )]

On the other hand, applying the bosonic exchange property between the currents and
the EM tensor components, we obtain:

T, x/)Ttt(t, x) ~0

a(yl Nt . . [ A Tt x)
\725 (t 7x)Tx(t7‘T) N€1_1>I(I)l+ -1 __ (Ai‘l>3 + (A.f/)Q
a (4! / t : . [ Ag k7ta(ta IE)
T2, 2T (t, ) ~ e1_1)1(1)1+ —i _— (Ar)? + (A7) (3.66)
/A . . [ A ja(ta x) / 3A4 2ja(t7 :U)
o T (t,2) ~ lim —i |——2 z — -t == L
jﬂ: ( » X ) :E( 7‘,E) 6_1)1[1)’1+ ¢ i (A‘%,)?) + (Ai‘/)Q ( ) ( (Af/)4 (Ai‘,)?)

Comparing these with (3.19) and (3.20), we immediately note the following:

(th - T%) (t2) = (t5 - T7) (t2) = (T 1) (t.2) = (T' - 15) (@) =0 (3.67)

which implies that the EM tensor components actually transform under the singlet repre-
sentation of the global internal symmetry algebra.

Next we look at the consequences of the global internal symmetry on the 2-point
correlators between the currents and the EM tensor components to find possible constraints
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on A§ and A$. It suffices to consider the following:

((Te )" (b1, 20) T (b2, 22) ) + (T2 (t1,20) (T7 - 25) (b2, 22) ) =0 = A = A =0
(3.68)
Causing the vanishing of the poles of appropriate orders in the OPEs (3.65), we finally
conclude, comparing with (3.57), that:

1
the currents tranform as a 2D CC primary multiplet of rank—§ with A=¢=1.

Thus, the currents have the following infinitesimal 2D CC transformation property
under (3.1), as is obtained using the prescription (3.23) for the corresponding conserved
currents (3.3):

—iGe T (8 x) = =[f(2)0: + ['(2)]| T (¢, 2) —iG Iy (8, x) = 0
—iG T} (t,2) = —g(2)0n T, (t,x) — ' (2) T (t, @) (3.69)
—iG2 T (t,7) = = [f(2)0: + tf' ()0, + f' (X)) T (t, @) — tf"(2) T (¢, )

As an aside, from (3.66) we note down below the infinitesimal internal transforma-

tion properties of the EM tensor components, generated by the conserved charges of the
currents (3.5a) and (3.5b):

—iG T (t, ) = —f¥ () Tt x); —iGrTh(t,z) =0 (3.70)
—iGKT' (1 a) = —g" (@) T (L a); —iG T (L) = — (@) T2 (tx) — LY (2) TP (1, 2)
3.7 The algebra of modes
The EM tensor components have the following mode-expansions:
*—sz "2 M,; :—sz n—2 n+2) M,] (3.71)
neZ nel

d d
— Mn:ij[i, 2T () Ln=i o 6T (L) +(n D"t T (te)| (3.72)
211 27i

In [43], it was shown from the EM tensor OPEs (3.37) that the EM tensor modes indeed
generate the centrally extended BMS3 algebra:

[M,, , M) =0
[Lny Mp] = (n—m)Mpym + 12 ( 5 — ”)5n+m,0 (3.73)
[Ln’ L ] ( ) n+nl+‘ (ns'_706n+nuo

The infinitesimal 2D CC transformation properties of the currents are expressed in the
operator language [43] using the prescription (3.23) for the charges in (3.72):

[L,, , T2 (t, )] = [3:”“(996 +t(n+1)z"0 + (n+ 1)a"| T2 (t, x) + t(n + 1)nx”_ljta(t, x)
M, , Jo(t, x)] = 2" 10, T%(t, x) + (n + 1)a" T (t, x) (3.74)
[Ln T2t )] = 2" T, Tt ) + (n + 1)a" T (t,x) ; [Mn , Jf(t,2)] =0
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Next, the classical conservation laws (3.4) imply the following space-time dependence
of the fields {J;*} and {J2}:

thta(t, x) =0
0Ty (t, @) = 0 T ()

with R*(z) being arbitrary functions.

— T (t,x) = T (x)
— Tz (t,x) = t0, T (x) + R* ()

Guided by the above functional dependence and using the fact that the pair of the
fields J¢ and J# forms a 2D CC primary rank—% multiplet with scaling dimension A =1,
we write down the mode-expansions following [43]:

To) =Y eIk o) = Y e {J;j —(n+ 1)%{;;} (3.75)
nez nez x
a d n a a d n a n— a
K¢ = 27:1 " T (x); Jo = % 2—7:; {m Ji(t,x) + nx ltjt (ZC)} (3.76)

u Cu
where the counter-clockwise contour C, encloses the upper half-plane and the real line.
Comparing (3.76) with (3.24) and (3.25), we immediately see that:

Jy is the conserved charge of the current j* = (x"jf + tna" 1 T —x”jta)
K} is the conserved charge of the current £ = (z"J , 0)

Thus, using the prescription (3.23) on the OPEs (3.33) and (3.34) we reach the definition
of a current primary field ®(¢, z) in the operator formalism (for any n € Z):

[KS O(t,2)] = ia" (t% - ®) (¢, z), (3.77a)
[, Ot 2)] =i [a" (@ - t9) + tna" ! (¢ - )] (t,2) (3.77b)

For the EM tensor components, the analogues commutation relations are found directly
from (3.70):

[Kyy T ()] = 0, [Jn Ty (t,2)] = —ina" '\ Tt @), [Ky T, ()] = —ina" ' J(t, ),
g Tt 2)] = =i [n2" LT + tn(n — 1)2""27¢] (1, 2) (3.78)

Substituting the current mode-expansion (3.75) and EM tensor mode expansion (3.71) in
these operator relations, we obtain the cross-commutation relations between the modes of
the EM tensor and the currents:

Ly, ,J}5) = —mdJ)

m+n

(M, ,J;] = —mK,

m

tn=[Ln  Kyl; My, Kp]=0 (3.79)
Similarly, from the current-current OPEs (3.50), using the condition (3.55) and the

current mode-expansion (3.75), we reach the Lie algebra of the current modes:

[Je J0) = iF®ege ., +iGUKE L 4 k10" 60 m,0

nrYm n+m
[J2 Kb = iF™™ KS . + nkad™8nimo; [K¢ K2]1=0 (3.80)

The global internal symmetry is governed by the subalgebra of the zero-modes:
[J§  Jg] = iF* J§ + iG™ K ; [T K§) = iF* K (K¢ Kgl =0 (3.81)

This is precisely the algebra we have obtained for the NL currents in (2.21).
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4 Sugawara construction

As is well known, in 2d CFT, the Sugawara construction is employed to construct (the
modes of) the energy momentum tensor in terms of (the modes of) the currents. In this
section, here we will attempt to construct a NL version of the Sugawara construction and
express L,, and M,, in terms of J,, and K,,. We shall see that the L,,’s and M,,’s
constructed in such manner indeed satisfy the BMS algebra. Similar constructions have
been studied earlier in [44, 45].

4.1 Intrinsic construction from algebra

We begin here by assuming we have only the algebra of the NL currents, i.e.

(T2, JE) = af e Te o, + mk16®8min.0, (4.1a)
(T8, K] =i f*°KE, 4+ mkad™Spmino, K&, K2 =0. (4.1b)

In the above, the sum over the group indices e.g. f¢J¢, in= Zgi:n;(g ) fabege 1 1s implied.
Comparing with (2.21), as stressed before, we work with the case where [ob¢ = fabe Gabe —
0. Let us first consider the zero modes of J and K. Putting n = m = 0 in (4.1), the algebra
for the zero modes become

L8, Jo) = if e Jg s [J§, K¢) = if K ; [K§, Ko =0 (4.2)

Now let us look for quadratic Casimir operators for the above algebra. The possible
combinations are

YIS, Y OJEKS . Y OK§Is. Y KGKG. (4.3)

Keeping in mind that Casimir operators must commute with all the generators, we can
exclude »_, J§J§ since it does not commute with K

[Z JoJg, Kg] =iy fU(TKC+ K°JY) #0 (4.4)

All other combinations in (4.3) commute with all J§’s and K§’s. Hence a generic Casimir
operator constructed from the zero modes of J and K will be a linear combination of the
above three combinations of J{’s and K§’s. We therefore want to construct the zero level
generator Lg, My from these combinations.

Since Ly and My are expected to be quadratic in terms of J%’s and K%’s, we can write
down the following generic expression for them (The term )" JJ is excluded since we have
already seen that the term ), J§J§ does not contribute to the zero mode part of Ly and
Mo)

Lo=a) J'Ki+BY K{Ji+p> KK} (4.5a)
a,l,n a,l,n a,l,n

Mo=p> JKi+v> K{fJi+n> KK} (4.5b)
a,l,n a,l,n a,ln
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Now putting the conditions that

[L07 Jr(ﬂ = _nJg, [MOa JS] - _RKZ
and looking at just the level of current generators on the r.h.s., we can see that only
(I = —n) terms should contribute, so we obtain
Lo=a) JiKe, +B) KiJ%, +pY KiK®, =aXo+ BYy + pZo (4.6a)
a,n a,n
Moy=p> JPK* +v> K{J%+nY) K!K* = uXo+vYy+nZo (4.6b)
a,l a,l a,l
Now take
a dimg
YO_ZKZJI—ZJIKZ—H@ Zl_Xo+c (4.7)
a,l a,l l=—00

where c is a (possibly infinite) constant. Since we always have the independence of redefin-
ing BMS generators by constant shifts, we can define level 0 BMS generators as

o+ +v
Lo = L6 = 5 B(X[) +Yo) + pZy, My= Mé = MT(X() + Yo) + nZp. (4.8)

The normal ordering of the operators Lg, My is achieved by individual normal ordering
of Xo, Yy, Zy. We generalise the definition to the other BMS generators as (with normal

ordering)

dimg [

+

D B 5 P Kt K ) 30 U ) 0 SR

a=1 | 1<-— >-1 l

_dlmg H+V a a a

Mm—z Z (S Ky + K7 5, p) +Z m—t K+ K5 J1) +772Kl m—1

a=1 | <-— >-1 l

(4.9)

Using the form of the BMS generators in (4.9), and substituting in the BMS-current cross

commutators, i.e.

[Lmv Jg] = an,H_n, [LWUKZ] = _anH—n’ [va Jg] = _an%—i—n? (4'10)
we obtain the following values for the coeflicients
1 k‘l + QCg 1

So we obtain the final form for our NL Sugawara construction

dim(g (k +2C
Z {Z JPK o KIS )+ (e K+ K I — : ZKza " }

a=1 (I<-1 >-1

Z ZKz (4.12)
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As a check of the validity of the analysis, we compute the algebra of the L and M generators.
These satisfy the following algebra (see appendix B for detailed calculations)

dim(g)
6

[Lons L] = (M —n) Ly yn + (m> —m)dmino; [Lin, Mp) = (m—n)Mp,yp (4.13)

Hence, we see that by doing the NL Sugawara construction of NL currents, we can find
BMS algebra with
Ccr, = 2dim(g), CM = 0. (4.14)

Non-zero cps.  We can obtain a non-zero ¢y with a slight modification to the Sugawara
construction presented above. In case of Virasoro algebra with additional symmetries, we
can define new Virasoro generators [46] as

< 1
L, = L5 +infje + 5k925n,0 (4.15)

where £ is the Virasoro generators obtained from Sugawara construction and § = §9¢
is a vector belonging to the Lie algebra with generators ¢*. It can be showed that (see
appendix C) if £, satisfy Virasoro algebra with central charge ¢ then L, will satisfy Virasoro
algebra with shifted central charge ¢ where

é=c+12k0% (4.16)

In case of NL Kac-Moody algebra, inspired by this, we introduce the following redefinitions
L, = L5 +inp*J? + %lﬁe?(smo

M, = M? + in#*K° + %1@625”,0 (4.17)

where LY and M? are given by (4.9). This redefinition will give us the following algebra
(see appendix C)

~ - ~ c

(Lo, L] = (m — 1) Lygn + é(m3 L

~ ~ ~ C
(Lo, M) = (m — n) My + %(mf’) — )840 (4.18)

where the central charges are given by

cr, = 2dim(g) + 12k, 6>
car = 12ko6? (4.19)

Hence we can obtain the fully centrally extended BMS algebra.

4.2 Consistency with OPEs

We will recast the NL Sugawara construction in terms of the NL EM tensor that we
introduced in section 3 instead of the generators of the BMS: {L,,, M,,}. {L,, M,} are of
course modes of the NLL EM tensor. Hence the calculations in this subsection provide a
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sanity check for our analysis making sure the various formulations are consistent with each
other.
The NL Sugawara construction gave us (4.12). We now normal order the products to

rewrite this as
1
2ko e

1
M :—E KPKS
n 2k'2 — l n—I

Here, : A; : is a shorthand for normal ordered products. Now substituting (4.20) in (3.71)

ki +2C,

Ly, <1Jza not it K 3713—71&& 311>

(4.20)

and rearranging the terms, we get uv to xt

Tufus) = 5 3 [[(272)w0) + (T2 7w 0)] - 2220 g2 0)
2 2
| (4.21)
Tv(v) = % (jvajva)<v)

Here (...) means normal ordered products of fields, which can be expressed in terms of
contour integrals. Here we are using w,v coordinates instead of x, ¢ of section 3 because
this construction applies to both Galilean and Carrollian CFTs, because of the similarity
between the 2 theories mentioned in the introduction. So by substituting v — x,v — ¢ or
u — t,v — x, we can obtain the Galilean or Carrollian theory expressions, respectively.

So (4.21) gives the field expression for the NL Sugawara construction. For the modified
Sugawara construction as defined in (4.17), the EM tensor fields turn out to be (by doing
the mode expansion using the new generators)

a a 2 2
Tu,0) = Tolu,0) — 0°0, 7 (. v) — i L) _ a0 E(0) (AT whaf

v v2 2 2 v3 (4.22)
. ajlfb(v) 1 k62
10 + =

v 2 v?

where, T, (u,v),T,(u,v) refers to the quantities in (4.21), i.e. the normal NL Sugawara

T, (v) = Ty (v) — i0°0, T2 (v) —

construction expressions.

T — J OPE. Now, for a consistency check of our analysis so far, we will rederive the
OPEs from the above definitions of the NL Sugawara construction. We begin with the T-J
OPEs. Taking the definitions as in (4.21) and contracting with the currents, we get the
following expressions (See appendix D for detailed calculation):

Ty (us, 'Ul)j,f(UQ, vg) ~ regular

b 9 b
Tu(ul,’ljl)jf(ug71}2) ~ jv (u27v2) + Uj’u (UQ,’UQ) 4o

vZ, V12
Ty (uz,v9)  O0p Ty (ug, v2)
T a ~ Y v
U(u17 Ul)ju (u27 UQ) 0%2 + V19 + (423)
%(ug, v Op T2 (Us, v U
T 1, 00) T, ) ~o TE0202) y Ol va) (W25 7oy, )
Uiy v12 V12
2u %(ug, v Op T2 (ug, v
n 12<jv(22 2)+ b T (U2 2)>+."
V12 () V12
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Which are equivalent to the [L,, J?] type commutation relations given in (2.21). Clearly
these relation satisfy the OPE relations (3.66) that the currents and the EM tensors of a
theory are supposed to satisfy.

T — T OPE. Next we use the definition of the Sugawara construction to compute the
T-T type OPEs. Doing the calculations (see appendix D for detailed Calculations), we get,

2T, (u2, v2) +8UTu(u27U2) U2

T, ,v1)T, , ~ —— 0,1, ,
w(u, v1) Ty (ug, v2) U%Q vy + v%g (U2, v2)
2u1s (2T (ug, v Oy Ty (U, v dim
n 12( 1}(22 2)Jr o Ty (U2 2)>+ 4(9)+'”
V12 V{9 V12 V12
2T, o, T,
Tu(u17U1)Tv(’U/2,U2) ~ 7)(7';271)2) + v ’U(u27v2) + (424)
VT2 V12

Ty(u1,v1)Ty(u2,v2) ~ regular

These results (4.24) match with the OPEs of the energy momentum tensors of a 2d
Carrollian or Galilean CFT, as given in (3.37). So, the NL Sugawara construction re-
ally gives the EM tensors of a 2d NL CFT (proved both at algebra level and now
at field level). Also from the OPE expressions, we can verify the earlier results of
cr, = 2dim(g),cyr = 0 obtained earlier. Again if we start with the modified Sugawara
construction (4.22), we can obtain same OPE relations as above, but with modified central
charges ¢, = 2dim(g) + 12k10%, cpr = 12k262. To see this, let’s look at, for example, the

Ty (uy,v1)Ty(v2) OPE and focus our attention to a specific term

N 5 k 6ko0?
To(ur,v1)Ty(v2) ~ —0°6°0, T (w1, 01)0p Ty (v2) + -+ ~ —923v18v2U72 T vi +
12 12

Matching the above expression with (3.37), we can see ¢y = 12k90?. Similarly we can
obtain the other shifted central charge.

5 Tensionless string as NLKM

The tensionless limit of string theory is the limit that is diametrically opposite to the
usual point particle limit where known supergravity appears from strings. This limit that
explores the very strong gravity regime and, when quantized, the very highly quantum and
highly stringy regime of string theory. In this section, we explore how this is connected
to the NLKM structures we have discussed in this paper. We will see that the currents
satisfying the U(1) NLKM algebra come up intrinsically when we are looking at tensionless
strings propagating in flat spacetimes.

As is very well known, the action for a tensile relativistic string propagating in a flat
d-dimensional spacetime is given by the Polyakov action:

Sp =T / 26 /7P D X5 X" 1) (5.1)

In order to take the tensionless limit, it is helpful to work with the phase space action of
string. One can then systematically take the limit [| and the resulting action can be cast
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in a Polyakov like form, which we will call the ILST action after the authors:
Sist = / 26 VOV 0 XP O3 X . (5.2)

Here X* are the coordinates in the background flat space 7,, which are scalar fields on
the worldsheet parametrized by ¢* = o, 7. The worldsheet metric v** degenerates in the
limit and the following replacement is made:

TP — VvevP, (5.3)

where V¢ is a vector density. The action is invariant under worldsheet diffeomorphisms and
hence one needs to fix a gauge. It is helpful to go to the equivalent of the conformal gauge

Ve = (v,0). (5.4)

There is some symmetry left over even after this gauge fixing. In the usual tensile string,
the residual symmetry gives two copies of the Virasoro algebra and the appearance of
a 2d CFT on the worldsheet is the central reason why we understand string theory as
well as we do. Now in the tensionless case, the residual gauge symmetry that appears on
the worldsheet is the BMS3 algebra. This now dictates the theory of tensionless strings.
The reason behind the appearance of the BMS algebra is that the tensionless string
in flat spacetimes is actually a null string. This is the string equivalent of a massless
point particle which is constrained to travel on a null geodesic of the ambient spacetime.
The string sweeps out a worldsheet which is null and since there are no mass terms, the
resulting action has to have conformal Carrollian symmetry in d = 2 or equivalently BMS3.
Now, let us connect to our discussion in this paper. In the favourable conformal
gauge (5.4), the equations of motion and constraints arising from (5.2) take the form

EOM: X* =0; Constraints: X2=0, X.X'=0. (5.5)
A convenient form of the solution is given by

1 4
XH*(o,7) =2t + v2c’(J6‘U + KiT+i E —(JH — inTKﬁf)em‘T> (5.6)
n
n#0

Here 0,7 are the coordinates on the cylinder, which are related to the planar Non-
Lorentzian coordinates as

u=e 7, v=—Te (5.7)

The periodic condition X#(o + 27, 7) = X*# (o, 7) forces us to have J§' = 0. From (5.6), we
obtain

JE =0, XM = V2> (JF —inTKl)e™™,  Jl = —0.X"=—V2¢ Y Kle ™ (5.8)
n n

Clearly the currents in (5.8) satisfy similar relations as (3.4), i.e.

O Jl=0; 8, J" +0,J" =0. (5.9)
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If we canonically quantise the system by demanding [X*(7,0),11"(7,0")] = i6(c — o’ )",
we obtain the following relations for the current modes
[Jins Jnl = (K, K] = 05 [, KGl = 2mbmn o™ (5.10)
Clearly, the current modes for the same spacetime index p follow a special case of U(1) NL
Kac-Moody algebra (look at (2.21) for comparison), with kg“ v) = 0, ké” v) = 2nHY
Next if we look into the (classical) energy momentum tensor of this theory, their mode
expansion coeflicients are given by

1 1
=5 S JEKY M, = 1 S OKEKY o (5.11)
m m
This matches classically with the relation (4.12) for the NL Sugawara construction with

k1 =0, k=2 (5.12)

Note that Cy = 0 for U(1) algebra. The generators in (5.11) satisfy the (centreless) BMS3
algebra, which is expected as the action (5.2) has BMS symmetry as a residual gauge
symmetry.

Thus we can see that the Non-Lorentzian U(1) Kac-Moody algebra and the associated
NL Sugawara construction come up in the theory of tensionless or null strings propagating
on a flat background geometry. An outstanding question is what happens when we look
at the propagation of null strings on arbitrary curved manifolds. These can be viewed
as group manifolds and there will be the NL equivalent of a Wess-Zumino-Witten model
appearing for tensionless strings in this context. We expect that the non-abelian NLKM
algebras explored in this work would naturally appear on these NL WZW models. This is
work in progress and we hope to report on this in the near future.

6 Non-Lorentzian Knizhnik Zamolodchikov equations

In usual Lorentzian Kac-Moody algebras, the Knzhnik-Zamolodchikov equations are the
linear differential equations that are satisfied by the correlation functions of these CFTs
endowed with additional affine Lie symmetry. In this section, we write down the non-
Lorentzian analogues of these KZ equations based on our construction of the NLKM algebra
and its representations in this paper.

In what follows, we will outline the steps to get to the NL Knizhnik Zamolodchikov
equations. The details of the calculation are presented in a separate appendix E.

We begin with the OPE definition of BMS primary field (3.57) and obtain

_ N1 AN dv ro
2u%( f e Qm W) T, 0) D) = yf 2mT<><1><u,v>

% i b omi (u — ") Ty (u, ) ® (', ') = D o
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Next, we take the correlation function of a string of primary fields as shown below

(0uP(u, v)P1(ug,v1) ... Pp(up, vy)) = (0P (u, v) X ({ui, vi}))

:f; dv’ <Tv(ul,U/)(I)(U7U)X({ui7vi})>

2mi
= O o (TRl ) 0 )X (g 1))
v 2mi 2k \NTV ST ’
and use relations (3.57), (6.1) to finally get the following expression (details in appendix E)
1 thix Otk K
(0u®(u,0) X ({ui, vi})) = = (D0 =1 ) (®(u,0) X ({us, v:})) (6.2)
k2 j (’U U])
which can be written as
1 th Kk @ th.
(aui S RKRK) (@1 (w1, 01) ... B (i, 00)) = 0. (6.3)
ko = (vi —vj)

This is one of the Non-Lorentzian Knizhnik Zamolodchikov equations.
Similarly we can start with

(Oy®(u,0)P1(u1,01)... P (Un,vp)) = (0p P (u,v) X ({ui,vi }))

:f;;lwv;<Tu(u/,v/)‘I’(U,U)X({Uia”i}» o4
~fo (i (27000 ) T2 T2) ! =P T2 ) ) Bt) X ({))

From here, we can proceed in the same way as appendix E to obtain the other equation

1 1 dimg
(oo =

2 j#i (vi=vj) =

w;—u; k1+2C
th sOth k+th kth. I g)t“_ th. D
(th, Ok, k1R, k® RJ,J)+(Ui_vj s R, KOUR; K

X <(I)R1 (ul,v1)<1>32 (UQ,UQ)...(I)Rn (un,vn)) =0 (65)

This above equation (6.5) is the second of the Non-Lorentzian Knizhnik Zamolodchikov
equations. The solutions to these two equations (6.3), (6.5) would give the correlation func-
tions of the underlying NLKM theory. For usual relativistic theories, the KZ equations are
difficult to solve in general, but one can do it for the four-point functions yielding a closed
solution in terms of hypergeometric functions. It would be instructive to check whether
something similar happens here. If one can find the solutions to the NLKM four point func-
tions, it would also be a nice exercise to check whether these can be arrived at as a limit of
the relativistic answers. This process of attempting to generate the non-Lorentzian answers
from the relativistic ones is something we outline in detail in the section that follows.

7 NLKM from contractions

In this section, we rederive various results we have obtained earlier in the paper through
a systematic limit on the algebraic structures obtained in the relativistic set-up. Before
moving to recovering the answers, we spend a bit of time understanding which limit is
appropriate for our purposes.
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7.1 A brief detour to representations of BMS

We said in the introduction that there were two distinct contractions that land us up on
the BMS3 algebra starting from two copies of the Virasoro algebra. One of them was
a Carrollian or ultra-relativistic limit (2.17), where there was a mixing of positive and
negative Virasoro modes creating the BMS generators, while the other was a Galilean or
non-relativistic (2.13), where no mixing took place. This mixing of modes is critical for the
understanding of the representations in the limit.

We begin with the Galilean contraction. In the parent relativistic CF'T, the theory is
best described in terms of the highest weight representation. The states of the theory are
labelled by the zero modes:

Lo|h, h) = h|h, b)Y, Lolh,h) = h|h,h) (7.1)

There is a class of states called primary states which are annihilated by all positive modes:

Lo|h,hY, =0, Lylh,h), =0, ¥n>0. (7.2)

The Virasoro modules are built on these primary states by acting with raising operators
L_,. Now, looking back at the Galilean contraction (2.13), we see that

L, = 1 <Ln + 1Mn) , L, = 1 (Ln — 1Mn> (7.3)
2 € 2 €

The 2d CFT primary conditions then boil down to:
L0|A7£> = A‘A7€>> MO‘A>£> = £|A>£>a Ln|A7£>p = 07 MH|A7£>I) = 07 V’I’L > O (74)

In the above, the assumption is that the state |h, h) goes to the state |A, £) in the limit. So
we see that highest weight states map to highest weight states in the Galilean contraction.
This analysis holds in a similar way when we consider the full NLKM algebra. We will be
using this for the analysis in the rest of the section.

But before we get there, let us point out why we are not using the Carroll limit (2.17)
for this purpose. In the Carroll contraction, we can read off

1 1 ~ 1 1
Ln — 5 (Ln + eMn> ) »Cn - 5 <_L—n + GM—TL> (75)

The 2d CFT primary conditions in the Carroll limit become:
My|M,s) = M|M,s), Lo|M,s)=s|M,s), M,|M,s)=0, ¥n#D0. (7.6)

In the above, the state |h, h) in the Carroll limit becomes the state |M, s). This is clearly
not a highest weight state. The set of these states form what is called the induced repre-
sentation. The story is again similar for the full NLKM. In the analysis that follows, we
will not focus on the induced representations. It would be of interest to consider them in
future work.

We should stress however, that the answers we have obtained in the intrinsic Carrollian
form earlier are for highest weight representations. The Galilean limit would be an effective
way of reproducing these answers with a flip of space and time directions at the end of the
analysis.
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7.2 Contraction of the affine parameters

In this section we will establish the mode expansion of the NLKM currents (3.76) from
another approach, by doing a contraction of the original loop extended algebra. Starting
from the finite Lie algebra

[, 37 = if s [ = iy (7.7)
we can define loop extended generators
Jn=ite2" =50, (7:8)
which satisfy
s dm] = 4f 5 @ 2" =i f (7.9)
Loop extended algebra obtained above admits a central extension to give us the current

algebra in (2.12). Now, we can do a contraction of the affine parameter as z =t + ex and
Z =t — ex in the Galilean limit. We then obtain (keeping upto first order in ¢),

GO =4 (t" +next™ 1 +..); jO=7"® (" —next" 1 +..) (7.10)
Now we can define new contracted generators of the finite algebra as follows:
JU=j"+5% K=" - ") (7.11)
Above definition can be extended to general modes of J and K using (7.10),
Jy = hn(l)(jz +9 =J"@t" —nK* @ at"! (7.12a)
€E—r
K% =lime(j¢ — j4) = K* @ t" (7.12b)
e—0
In this way, we get the structure of the power series expansion of J and K in terms of x
and ¢, which is the Galilean analog of (3.76), or identical upto the flip of temporal and
spatial directions.

If we define primary field ¢(z,t) as a representation of the finite algebra, i.e. in terms
of the action of zero modes of the generators J and K,

[J5, o(x, )] = [J%, ¢(,t)] = t5¢(x, 1)

" " " (7.13)
[KO ) ¢($, t)] = [K ) ¢($, t)] = tK¢($7 t)
We can get the action of general modes using (7.12),
[T (2, t)] = t9(x,t) @ t" — nthd(x,t) @ ot" 1 = "5 (x, ) — nat" % p(w, t) (7.14)

(K5, o, 1)] = td(a, t) @ 1" = "% ¢(x,1)

This definition of a primary field agrees with our earlier result (3.77).
This action of J? and K2 on primary fields also appears when we draw motivation
from [41]. We can define the primary field as,

[J5,#(0,0)] = t5¢(0,0);  [Kg,¢(0,0)] = t§¢(0,0),

(7.15)
[J5,#(0,0)] = 0; [K® $(0,0)] =0 Vn>0.
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For n > 0 and U = etl—1—2M-1
(T3, ¢l )] = [T, US)U™"] = UIUT T30, $(0)]U ™ (7.16)

Consider,
U*ngU _ eftL_1+arM_1Ja€tL_17:EM_1
1
—tr (n—1)

_Zkl | |nk mjzk; F— 1) n—k—1 (7.17)

where we have used the Baker-Campbell-Hausdorff(BCH) formula twice. Putting this back
n (7.16), we finally get,

n_ gk ol gk n—l)

n!
a _ v a a —1
[ ol t)] =U (};) H G 1 e $(0)] = Z Mk Dl nk1,¢><0>]> u
= ("% — nat" %) é(x, 1) (7.18)
where only the terms corresponding to k = n and kK = n — 1 survived respectively in the
first and the second sum because of (7.15). Similarly for K¢, we get,
n_yk

(K. bl t) = U (Z ol ¢><0>]> U = ted(at)  (7.19)
2 F (B!

These results verify (7.14) again from a different perspective.

7.3 Contracting the Sugawara construction

In section 4.1, we constructed the BMS generators by taking quadratic products of the
NL currents and ended up with (4.12). In this subsection, we shall reproduce the same
from the Galilean limit of Sugawara construction for CFT. We start from the following
expression for virasoro modes £,, and Em in relativistic sugawara construction.

dim(g)
Lm=7 Y. (ZyﬁnﬂrZJm m) (7.20a)

a=1 \I<-1 I>—1
dzm(g)
Ln=7 (Zjlﬂml‘i'ZJm l]l) (7.20b)
a=1 <-1 I>—1
where ¥ = # 7)/ — ; and C., = _# ZfbaCfbcd (7200)
2k+Cy)" " 2k +Cy) ! 2dim(g) 4~

We can now take the Galilean limit by using the inverted version of relations (2.20) and
get the following form of Virasoro Generators by collecting the terms with same order in ¢,

B - v B 'm
€ 2 4 € €2
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where,

dim(g)
A= >0 D JPIE + > Jh o df (7.22a)
a=1 1<-1 I>-1
dim(g)
Bu= 3 { S UKL+ KE )+ Y Uno K KL ) (1220)
a=1 ~i<—1 I>-1
dim(g)
Cm= > > KK, (7.22¢)
a=1 I
where we have employed the commutativity of K’s in order to write E% term(C)y,) as a sum
from [ = —00 to co. We can use (2.13) and the above relations to obtain:
1 e _
Ln=7 ((7 Ty ; Vg, 4+ - 7) cm> (7.23a)
1 e
M = 3 (- Dn— (4 B+ 120, (7.23)

Inverting the relations (2.20), we can write k and k in terms of k; and ks,
1 ko - 1 ko
k=—-{k——]; k=—-k+— 7.24
2 (n-2) (04 ) (724

Using the definitions of v and % in (7.20) and using (7.24), we can write,

Y 2 2 -7 2
lim 7—;7 =— U +2 Cy) and lim L = — = (7.25)
e—0 € k2 e—0 € k‘g
Hence, in limit € — 0 (7.23) can be written as,
1 (k1 +2Cy) 1
Lym=—|Bn— —7—%Cp, d My, = —C, 7.26
2%k ( s ) o 2z (7.26)

which agrees with (4.12).

As we have already seen in the previous section that (4.12) satisfies BMS algebra with
central charges ¢y, = 2dim(g) and ¢p; = 0. This fact can also be verified using the following
definitions of central charges in the relativistic Sugawara construction,

_ kdim(g) kdim(g)

. e= 09 7.27
k+Cy ¢ k+Cy (7:27)

Using (7.27) and following similar steps as before using the (7.24), we can get the following,

cL:g%(Hc):hm{dz’m(g)( st d)_, dEE) >}

0 sk = 2)+Cy gk +2) +Cy
= ¢, = 2dim(g) (7.28)
Similarly, we can get,
ey = 11_1}1(1) e(c—c)=0 (7.29)
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These are the same values of central charges appeared in the L, M commutation relations
as we got in (4.13).

The modification we have done in order to get non-zero cp; too can be retrieved from
contraction. For this, we can start from (4.15) and its conjugate. Now if we take the limit
n (2.20), we shall again retrieve the redefined L,s and M,s as we have seen in (4.17), and
the commutators will be same as (4.18) with central charges (4.19).

7.4 NLKZ equations from contraction

Finally, we show how to obtain the non-Lorentzian Knizhnik Zamolodchikov equations
from a limit of the ones for a 2d CFT with additional symmetry. Some of the details of the
analysis are contained in appendix F. We start with the original Knizhnik Zamolodchikov

equations:
W)
272 — (oo, (wy) .. b (w))..) =0 (7.30a)
i J
‘ T%(ﬂ.)’;;i o
272 — (qbél(wj)qﬁéj(w])) =0 (7.30b)
i J
where
(th)er(th,)s) (- &, (w)) . b (wy) . ..) = ((th, @R ) (.- PR, (w)) ... b, (wy) .. .))""
(7.31)
Using the separability of the primary fields, @Z’jé(w, w) = ¢lh(w) & gf)%(w), we can write,

(@07 (w1 ) T (@) = (5 (wn) . SR () (B (1) .. G ()
(7.32)
where the primed tensor product(®’) ensures independent action of operators on chiral and
anti-chiral sectors whereas the unprimed tensor product(®) ensures independent action on
ith and jth insertion in the n-point function.
Using the following linear combinations in limit ¢ — 0,

(7.30a) x (&%1 (1) .. .&%N (@) + (7.30b) x (¢ (w1) ... oW (wy)) =
e{(7.30a) x (¢ (w1).. eb};v (wWn)) — (7.300) x (¢, (w1) ... Py (wn))} = (7.33)

We get (shown in details in appendix F),

1 Za(ttll%i,J@t(}%~,K+t?%i7K®t(Il%-,J) Tij k1+2C a a
[ati_Z{ g j +( J M)Z(tRi,K@)tRj,K)H

k?g tij t2 k‘gtij a

X <"'(I)Ri7Rz' (wivti)'“(I)Rj,Rj (.%'j,tj)...> =0

(R, K Otp, K)
[amu Z (@ (@ils) oo Oy o (25,5)-02) =0 (7.34)
2 j#i bij

where, t§ ; = t§, IT+I1x te and g ;= e(I@'1% —t% @ I) in limit € — 0. The above
equations are same as what we got form intrinsic analysis i.e. (6.3) and (6.5), with t — v
and x — u as its supposed to for a Galilean contracted result.
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8 Conclusions

8.1 Summary

In this paper we have explored aspects of Non-Lorentzian CFTs with additional Lie Alge-
braic symmetries. First we have reproduced the Non-Lorentzian Kac¢-Moody algebra by
taking singular limit from the Virasoro Ka¢-moody algebra.

After this we attempt to construct the same from intrinsic viewpoint without any
knowledge of the parent algebra. We see that 2d Carrollian Conformal symmetry allows
an infinite number of Noether currents. We then take a few pairs of conserved currents
(introducing flavour indices to distinguish them) satisfying the conditions for EM tensor
components in 2d Carrollian Conformal symmetry. After this we derive the Ward identities
associated with those conserved currents. We also derive OPEs of a general 2d Carrollian
Conformal field with the current. After this we find the conserved charge operators associ-
ated with these currents. The transformation generated by these charges on a generic field
is also derived. Here we first encounter the transformation matrices which we encounter
in relativistic CFT with Kac-Moody algebra. We introduce current primary fields which
turn out to be analogous to the Virasoro Ka¢-Moody primary fields. After this the current
OPEs are derived. While doing so, the structure constants emerge from the action of the
transformation matrices on the currents. After this, global internal symmetry is applied
on two point and three point correlation and it turns out that the structure constants we
have encountered while calculating the current OPEs satisfy Jacobi identity. After this
we derive the OPE between the Energy Momentum Tensor components and the current
components. Using all these OPEs we derive the algebra of the current modes and the
Energy Momentum tensor modes. The algebra transpire to be identical to the algebra
obtained from limits of Virasoro Kac¢-Moody algebra.

Later in the paper, we attempt to construct the EM tensor modes (which forms the
BMS algebra) from the current modes through Sugawara construction. Here we see that
the Sugawara construction only takes us to the BMS algebra with one of the central charges
to be zero. We needed another modification to the Sugawara construction in order to get
a fully centrally extended BMS algebra. Using the expression of the EM tensor modes in
terms of the current modes, we calculate the OPEs of EM tensor fields with themselves and
with currents and see that the OPEs thus derived matches with the OPEs in the earlier
section.

After this we have a brief look at the tensionless string. When we look at the mode
expansion of the coordinates (treating them as scalar fields), we see that the modes satisfy
a special case of Non Lorentzian U(1) Kac-Moody algebra. We also look at the expression
of modes of the classical energy momentum tensor in terms of these U(1) modes and see
that classically this matches with the expression we have earlier derived for Non-Lorentzian
Sugawara construction. Hence we see that U(1) NLKM currents are intrinsically present
in the tensionless string.

In section 6, we take a correlation function of a string of BMS current primary fields.
Using the OPE definition of the BMS primary field, we arrive at the Non-Lorentzian version
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of the Knizhnik Zamolodchikov equations. Finally, in section 7, we derive all the earlier
results by taking limits from the parent algebra.

8.2 Discussions and future directions

We mentioned in the introduction that our results in this paper lay the groundwork for a
large number of applications, most importantly to the construction of a holographic dictio-
nary for asymptotic flat spacetimes and also the understanding of tensionless strings. We
have built the underlying algebraic structures in this paper which would be of importance
to the quantum field theories that are at the heart of these problems.

One of the most important and immediate next steps is to construct a Non-Lorentzian
Wess-Zumino-Witten model that realises these symmetries. This would be central to the
understanding of tensionless null strings moving on arbitrarily curved manifolds. The work
on this is currently underway.

The tensionless limit of string theory on arbitrary backgrounds is intimately related to
this and as mentioned in the introduction, we wish to revisit the construction of [36] in the
light of our findings in this paper. We believe that this limit would lead to null tensionless
strings in AdS. This is to be contrasted with tensionless strings in AdS considered in
e.g. [47] and subsequent work in this direction, which are tensionless but not null. A better
understanding of the differences and perhaps similarities between the two approaches would
be important.

A generalisation of the methods outlined in this paper would be carried out for 3d
Carrollian and 3d Galilean theories. The structures are expected to remain similar for
the 3d Galilean theories, as the infinite dimensional structure of the algebra without the
extra currents remains intact when generalised to higher dimensions. But for Carrollian
theories, owing to the fundamental difference between BMS3 and BMSy, where one copy
of the Virasoro in the 3d case gets enhanced to two Virasoros in the 4d case and super-
translations develop two legs instead of one, the construction of the quantum field theories
with additional non-abelian currents would be more involved.
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A Carroll multiplets

In this appendix, we review the construction of Carrollian boost multiplets in two dimen-
sions.

In two space-time dimensions, the Carrollian boost (CB) transformation is defined as:
x—ax =x,t—t =t+vx;or equivalently, as:

()b l) = #reletir

being the 2D representation of the CB generator B that is clearly not diagonalizable.

with

Taking a cue from the Lorentz covariance of Lorentz tensors, it was postulated in []
that a rank-n Carrollian Cartesian tensor field ® with ‘boost-charge’ ¢ transforms under
the Carrollian boost as:

PrLn (4 3) — Pbn (Y gl) = [6*5”]3(2)}#1 [67&}]3(2)]“” QU (t, )
V1

Vn

_ n —EUéB 2
—  B(a)— Bt = [®e€vB<z>1 B(t,x)=e = ®(tz)  (A3)
i=1

where pu;, v; are Carrollian space-time indices and for matrices, the left index denotes row
while the right one denotes column; repeated indices are summed over and, in (A.3), indices
are suppressed. It is to be noted that the up/down appearance of a tensor-index does not
matter; only the left /right ordering is important.

Clearly, the Carrollian Cartesian tensors defined above are decomposible. So, we now
construct indecomposible Carrollian multiplets from these tensors. We begin by recognizing
that:

B = J(_l:%) (A.4)
n
which is the lowering ladder operator in the SU(2) spin—% representation. Thus, @ Bg)
i=1
in (A.3) can be decomposed into indecomposable representations of J~ using the technique
of ‘addition of n Spin-% angular momenta’ in quantum mechanics, such that:

B(d) =J

o) (A.5)

It is evident that the representations Bq) of the classical CB generator are indecomposable
since their only generalized eigenvalue is 0 and it has geometric multiplicity 1. But, these
representations are reducible for d > 2.
A multi-component field transforming under the d-dimensional representation of CB,
B(q), will be called a Carrollian multiplet of rank d—gl with d components, denoted by
1—d 3—-4d d—1

m 3 —
(I)(l:%) with m = 5 g g
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By treating the y = t index as spin—% up-state and the u = x index as spin—% down-state,
components <I>7(7) of a Carrollian multiplet arise precisely as such linear combinations (with
proper Clebsch-Gordon coefficients) of the components of a Cartesian tensor of an allowed
rank n that would appear while expanding the |l,m) states in an allowed |s1,s2,...,Sy)
basis (where |s;) are J ?% ) eigenstates). So, as a linear combination of the components of a
rank-n Cartesian tensor, one can obtain multipltes of ranks: 0,1,2,...,5 for even n and
3> 5195+, 5 for odd n. As an example, we see how Carrollian multiplets of ranks % and

% are constructed from a rank-3 Cartesian tensor:

1 1
t,z) = (L, z) %, (t,) = (@1 4 @'t 4 &) (1, 2)
2
1

1
() = e [20  8 4 07 (1, ) P
1

Hb2) = T
1

(%)(t’$) = va? +b% +c?

(As the tuple (a,b,c) in R? lies on the plane a + b + ¢ = 0 which is spanned by two basis
vectors, two linearly independent rank—% multiplets arise.)

A rank-l Carrollian multiplet with boost-charge £ thus transforms under the 21 + 1
dimensional representation of the CB as:

S

(3

Nl

(t,z) == D™ (¢, z)

~—

[a®@"'” 4 b0'! 4 0] (1, 2) with a +b+c =0

[aq):w:t + bq)zt:v + C(I)t:c.t} (t, .T)

m Fm —¢0d, 1™ m/
0y (t, @) — O (t,2") = {6 ¢ (”] m,q’(z) (t @) (A.6)

After constructing the Carrollian multiplets from the Cartesian tensors as demon-
strated above, the components of the multiplets can always be redefined such that:

in (A.6), J( 1s replaced by M) := sub-diag (1,1, D)y -

Hence, instead of the actual J (_l) matrix, only the indecomposable Jordan-block structure

is important for defining the CB transformation property of the Carrollian multiplets.
We conclude this appendix with the following observation. Since the finite dimensional

indecomposable representations of B are not symmetric (or Hermitian), one can start with:

/ !
()= () =[G ) = ool
x x x v
01
B/(2) o <0 0)

and follow the preceding argument to construct

where

A

(1=454)
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which is the SU(2) raising ladder operator. But, as J 5) =(J (_l))T, the raising and lowering
operators’ representation matrices are related to each other by the similarity transforma-
tion:

S = anti-diag (1,1,...,1)y,,

and consequently, B and B’ furnish two equivalent representations of the CB generator.

B Calculation of Sugawara construction commutators

In this appendix, we provide the details of the calculation of commutators of the NLKM
algebra from the Sugawara construction.

Calculating [M,,, J?].
by .
[Mma Jn - 2k2 ZZ m l’ (USlng (412))
MK b
2k222(Kl7<] Z+Kl[ mle])
= oy Z Z { (—i ZC: FYRS = nkaGn 00" K
KA K - nk26m+n_1706“b)} (Using (2.21))

2k’2 Z Z fabc( +lK —1 =+ Kl m+n l) ann-‘,—n ( _fbac = fabc)

where we have omitted the limits in summation over ¢ and ¢ and it is understood that
it runs over 1 to dim(g). Now, >3, Ky | K? _, = >, Ky, ., K[ simply by translating I.
Hence,

(M, ) = Z DR Kt = B (B.1)
Now, again using antisymmetry property of fe¢
szach C = ZZfabc @ Kf
= Z zz: PR KT
ac
=-> zz: FoK K
ac
= ZZfabCKz man—1 =0 (B.2)
Hence, (B.1) can be written as,

[Mm7 erz] nKS@Jrn (B3)
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Calculating [Lm, K?]. Again, using (4.12) and (2.21), we can get the following,

[Lm>Kb |: Z Jl aKb Z+Kl[ m— l?KfL])
2k2 =

3 (Ui KUK + K7, 12))
>-1

1 .
= o [ > {z S PR Ky A KPRy ) + kol K101 06
a i<

C

#halm DK bsacto0™ )4 30 (IS PR 0 I KK
>-1 c

-+ kQ (m — Z)Kla(sm_i_n_l,o(sab + kglKﬁl_l(51+n,05ab}]

7ZZfabc CJrn lKl +Kgnflch+n)

ZZ {/@ — DK Smin—100" + kol K&, lalmofsab} (B.4)
First term vanishes again because of the antisymmetry of f and commutativity of K’s.
Therefore,
Calculating [L,,, sz’]. Following similar steps as before, we get,
1 a a a Ja
(o ) =g S S Ko T K T )+ 32 (KT
2 1<-1 I>—1
k1 +2C
RS T ) - W[Mm, 7 (5.6
2
First term can be simplified as,
Z Z m l? n [Ka gn—l"]g])
a I<—1
_ZZ{JZ m I ]+[Jl7‘]g] m— l+Kl[Jm lan]—i_[Kl(l?J'rIﬂ ;}n—l}
a <-1
:ZZ{ Zfabc’]l m+n— l+ZZfabCJl+n m— l+22fachl m+n—I|
a ]<-1 c

+1 Z FRE T — ko 100" + k1lK%_10115,00"
c
+ kl (m - Z)Klaéernfl,O(sab - k2njgz—ldl+n,05ab}
- Z {Z Z fabc‘]laK”cn-‘rn—l + Z fabCJZC—I—n 1t i Z fabCKl m+n—I
<-1 a,c a,c

+iy K, %—z} —n Y (k2 dlyn + k1KD, ) (Gmgn—0 + G1anp)  (B.T)
ac 1<—1
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Similarly, the second term looks like,

> > (G I ) + [T K 7))

@ 1>-1
= {iZfach%—zJﬁrnJriZfabc mtn—1Jl +ZZfabc o1 Kl n
a,c

>-1 a,c

ZZ fovege Kl} n S (ke Tlysn + k1K) Gmin—10 + S1in0) (B8)
>-1

Hence, we have,

1
[Lma erz] = Tkﬁz |:Z Z fabc{ Z JZCK%+H7Z - Z Kl m+n I Z +n lJl

a,c 0<i<n-—1 0<i<n-—-1 0<i<n-—1
c a b 20 b
+ Z JernflKl - nJern k Km+n
0<i<n-—1
1
2]{5 [ Zfabc{ Z [‘]17 m+n l] + Z m+n l?Kﬂ}]
2L ac 0<l<n—1 0<i<n-—1
20,
- n‘]Tbn—s—n kiann—&-n
1
— ﬁ |: — Z fabCfcad m+n + 2iko Z Z fab05m+n 05abj|
2 a,c,d a,c 0<I<n—1
2C
b b
— —nJgH_n k (20 KTbI’H-n — Z fabCfcad m+n)
a,c,d
= _n‘]?l?)l+n
Hence, we have,

Calculating [L,,, M,].
s Mol = g 575 (L, K+ K K
ka ZZ{ LK Ky — (n = DK KR, z} (Using (B.5))
= % ZZ{ (= m) K K e = (0= DEFE )
= (m— 2k2 ZZK ntm—I

where , we have done the re-labelling [ — [ — m in the second step. Hence, we get,

(L, My] = (m — 1) Myin (B.10)
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Calculating [L,,, L,]. It can be carried out in similar fashion by writing one of the L’s
in terms of J’s and K’s using (4.12) and then using (B.5), (B.9) and (B.10), we can do the
following,

1 a a a a a a a a
(L, Ly] = %22{ D (Lo V4 TP Ly Ky )+ L, K T+ K [ L, i)
a <-1
5 (Lo ARG+ T Lo K1 Lo K4 K L )
1571
B (k1+2Cy)

1
g Lm - K¢
ko l " 2ky ; :

1
= % {Z( W Ky UK — UK, T U T )
@ Vi<
+ Z Inn—1 K7 lJnalKgl+l+lK;711+nlJla_lKZngerl)}
I>—1
k1 —l-QC 1
_ k1 +2Cg) el ZZKﬁ @ —nLpin (B.11)

Changing the index I — (I — m) in the negative terms in the curly brackets and then
simplifying, we can get,

[Lim, Ln] Z{ Z K+ K T )+ Y M K+ K0 JF)

a I<- I>-1

m—1

=+ Z Jl ) n-l—m l] [Jg—l—m—vila])}

=0

(k14+2C,) 1 @
a
1 m—1
= % { Z (m—l)(kgldermo—kg(n+m—l)5m+n’0)}+(m—n)Lm+n (B.12)

a =0

which upon further simplification gives,

[Lony L] = (m — 1) Ly n + m(m? — 1)8m4n.0 (B.13)

dim(g)
6

Other commutation relations of type [M,,, K’] and [M,,, M,] vanish trivially because of
the vanishing [K¢,, K!] commutator.

C Modified Sugawara construction

In this appendix, we give details of the modified Sugawara construction. First we start
with the modified construction in the relativistic case and then explain the construction in
the non-Lorentzian case.
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We begin by calculating [L,,, £,] with £, given in (4.15)
(Lo L] = |5, i85, & Lh7000, £5 + ind? 5 + ;ke%mo]
= [L5, Lo] +inb° (L7, g + im6°[j5,, £3] — mn6°6°[j7,. j,]
= (m = n) L3 — 020 b+ 0%y — 00 (i, + KO 4l

- 1
= (m —n)Lyyn —i(m? — n2)9“jfn+n - §k02(m —n)Ompno +i(m* — n2)0aj,§l+n
<
12
+ k92) (m? — M) 04,0

— imnﬂaebfabcjfnJrn + m3k025m+n70 + (m3 — M) 0m4n,0

=(m—n)Lyin + (

= (m —n)Lytn +

C

12

C
12(7713 - m)5m+n,0 (Cl)

Here & = ¢ 4 12k62%. In the fifth line we have used the fact that #?6° f**° vanishes due to
antisymmetry of f%¢ over indices a and b, also the fact that N0m+4n,0 = —MOm4n,0-
Now defining L and M as in (4.17) we would like to calculate [L,,, L] and [Ly,, M,].

The calculation of [Ly,, L,] will be exactly similar to that of [£,,, £,], while that of [L,,, M,,]
will be as following

- - 1 1
(L M) = [Liy, im0 5+ ko050, My +in6 K+ 2 ko761,
= (L, M7 im0 Ly, ) +ind” [, M —mn§?0° [T, )
=(m—-n)M3y ., —in*0°K?,  +im?*0° K2 ., —mnf*¢® (if“chfn+n+mk25m+n5ab>
1
=(m—n)My ., —i(m*—n*)0° K2, — §k262(m—n)5m+n70 +i(m?—n?)0 K& .,
—imnf*0° fKE,  +mP k20?6100
= (m—n) M sn+k20*(m>—m)6min0 (C.2)

Hence, just by doing a slight modification to the Sugawara construction we end up with
fully centrally extended BMS algebra with central charges given in (4.19).

D Details of OPE calculations

Calculation of T-J OPE. First consider
T ur,v1) Y ((TETE) (s, v2) )

b

dv'’ du/’ a b 1 I\ b b 1 I\ 7a b
f > j{ u’—uzz T (ug,v) T, (W, 0") Ty (ua,v2) + T, (w',v") T (w1, v1) Ty, (u2,v2)
Vo Uo b

— Uy
dv' d cln 5y b b
:% U/_UU % /_U Z[if“bcj”(u’U)j”(uz’w)+k:25“bj”(u2’vz)+j£(u’,v’)><0]
V2 2 Jus U U2

5 (v1 =) (v1—')?
B dv’ du’ vabe (TETY) (ug,v2) T (uz,v2)
_%;2 v — 9 fiu u' — ug [Zb:zf (v —2') k2 (v —0")?
c 7b a
:Zifabc(jvjv)(u%U?)+k2*7v (u22,v2) (D.1)
5 V12 U2
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Similarly we get

(1, 00) S ((TET0) (3, v2))

b

! / b 7c a(,!
:f dv f du lZifabC(jvjv)(U27U2)+k2jv (1;717) (D2)

, U — w9 Ju, v — uo . V192 vy

b 7c a
:ZiFabc(jvjv)(u%UQ) —l—kjgjv (u227v2)
b U12 )

Summing up (3.66) and (D.2), we see that the first terms in the expressions cancel each
other due to the antisymmetry of the structure constant, so we get

T2 ur,01) 3 (2T (uzyva) + (TETL) (2, v2))

b
— QkQM (D.3)
V12
— %k (Jv (u21,?11) n 0Ty (Uhvl))
V51 V21
Also it can be trivially shown that
Ul,Ul Z( (T TN U27U2)) =0 (D.4)
b
From (D.3) and (D.4), we can determine
Ty (ur, v1) T2 (ug, v2) ~ regular
) 07! (D.5)
Tu(ul,m)jf(umw) ~ Jo (UQQWQ) + Ty (U27v2) + ...
V12 V12
Similarly we get
& ) av 131 )
Ty (1, 01) T (s, v2) ~ T (u22 v2) n T (ug,v2) n
V12 V12
" ) 87) z? 9 u
T, 0) T2, ) o TE2 )y DTl 1) W2 iy, ) (D)
V12 V12 V12
n 2uy2 (jva(U;,Ul) n avjv“(:g,vg)) L
V12 P V12
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Calculation of T-T OPE. First consider

Tu(ur,v1)(Ty Ty') (u2,v2)

dv’ du’ ]
:j{ v % U (Tu(ul,Ul)jva(u,v)jv‘l(ug,w)Jrjva(u,v)Tu(ul,vl)uZ,uQ)

, U — 09 Sy, ' —us
~{ = f o (Jv“wmuz,vz) D T8 (u,0) T 1z, v2)
= +
ve V' — 9 Juy U/ —us (v —v')? (v —2")
jva(uvv)jff(u%v?) jﬁ(u’v)awjva(u%"@))
+ . +
V12 V12

(BTN ne) | [ (TSNt QTN )
vy U u

v, " — vy Ju, U —ug (v —")

" V12
_2(jvajva)(u27v2) av(jvajva)(UQ,’Ug)
V12 V12

So we obtain

(jl?jl?)(UQa,UQ) + av(jvajva)(UQ,UQ) n

T, T ~ 2
u(ula Ul) v(u27 UZ) U%2 12

Similarly, we can check

Ty(u1,v1)Ty(ug, ve) ~ regular,

and
Tu b aUTu )
To(ur, 01) Tz, vg) ~ 22022 02)  OoTulun,v2) | wiag
V12 V12 VT2
n 2u12 (2Tv(u;,v2) n 8UTU(U271)2)> n dirri(g) L
V12 V1o V12 C5p)
E K-Z equation in field theory approach
We start with
(OuP (u,0) P (u1,v1)...Pp (Un,v)) =(0y P (u,v) X)
dv’
=— ¢ —(T,(v' V)P X
1;27TZ< (u ,'U ) (u,'l)) >
dv' 1 )
= — _— a a @ X
v27TZ 2k2 <(‘7U jU )(u 7U ) (’U;,U) >
dv' 1 dv" 1

9 omi 2y b ami o)
dv' 1

Do, [(TET ) (u2,02) + (00 TETE) (ug,v2) + . .. )

(D.7)

(D.10)

= YT < (jva(u”vv//)(b(uvv)jva(ul70/)+\71?(u”70//)»711&(“/7”/)(1)(“7”))X>

- ——— TP XH+...
v 271-@ 2k2 <(jU jU )(’U“?U) >+
dv 1 dv" 1 te e
—_ o o7 q) a /A K a "o @ X 0
v 271 2ko Jor 271 (v”—v’)<((v”—v) CONACE )+(v’—v)jv (") (u,v)) )+
=I+1
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(Where, second line is (6.1), third line is the Non-Lorentzian Sugawara construction, fourth
line uses definition of normal ordering and the fact that OPE = contractions + normal
ordered product + ...)

Now,
=5, 74 2ri Czi:)m " —v’)l(v”—v) (@ {u,0) 75 (', v) X)
ok § 2m(v1_U)<<1><u,v)&f(uﬁv'))ﬂ
= ;52 Zj{ i (0 — ) q’(u,v)qn(m,m) (TP (ug,v)) - P (U, )
= 3% ny omi t% ®£ S @) @a(ur, ) By 15) - Bl 1)
= 222 XJ: %(@(u,v)@l(ul,vl) (g, 05) . Bt vp) (E.2)

(third line involves a change in contour) and similarly,

= 2k;2 ]{ 270 ;h;;/ (v — v’;(v’ — ) <.7U“(v//7 =T//)(I>(u,v)X>
= 2—/{2 Z t(Kv;gltU)«b(u v)<I>1(u1, Ul) ce @j(u]‘, ’Uj) e (I)n(un, Un)> (E?))
J

Using the above two results,we get one of the Carrollian K-Z equations

< i+ Z i, K@’JtR K><<I>1(u1,vl)...CI)n(Un,Un» =0 (E.4)
2 j#i

The other equation can be obtained similarly.

F NL KZ equation as a limit

Taking the following linear combination of the equations (7.30a) and (7.30b),

(7.30a) x (¢ (@1) ...&gNN(wN» + ((7.300)) x (¢, (w1) ... ¢ (wn)) =0 (F.1)

gives us,
L T4,
Sa(th, &' Do th DY TS, >§z:§z (I&'th )5)s)
(&Uﬁ&ai—mz p— 25 953" o 7%
ji Eet i
x(.. (I)‘;’%SR (w;, ;). CDZ,SIJ% (wj,wj =0 (F.2)
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We have (w;, ;) = t +ex = Oy, = 3(0y, + le ); O, = 3(0, — %) such that the Carrollian
limit is achieved by taking ¢ — 0. Usmg these we get,

J#i

where(with ¢;; = t; — t; and x;; = z; — z;), we have,

oo {”Z@R O IVt © T2 + S (@ i (T T >;;::;}

bij + €xij 7 tij — €Tij
(F.4)
Inverting relations (1.11), we have,
-1 t%. _ 1 th
th, &' 1 = 5tk — By, 11y = 5 (thy + S (F.5)
€ i €
Hence
Y 1§:{ v (w ﬂ%K>WW<ﬂ ﬂ%K)””
4 T der (MR T Rj,J~
4 \tij+exy € )y \ " © )

’_}/ t(}z% K i, (]]:2 % T,
a i) a g
+t¢'—exi~ (tR"’ﬂ_ € ) ( Ry It e ) }
J J 50,54 55,55

1 o 1
== — (s 0t (. Rt D e DtS
4 ;{tzj‘f‘ﬁxz‘j ( R;,J RJ,J 6( R;,J RJ,K R;,K RJ,J)

1 TiyTi3T5,T5 = 1
+2taRi,K®t%j,K> +o— 1 - (t?%i,J(@t%j,ﬂ'(t?zi,J®taRj,K+t%,-,K ®t%. 1)
€ ’ 5i,51355,55 tZJ — €T €

1 Ti,T437 5,75
a a
+ 5 UR, Kk OtR; K } (F.6)
€ Sl7§178]7§]
We introduce notation for convenience,
4 $a, TOTETITS 4 here A, B = J, K F.7
Z( R;, A ® R]‘,B)Si,gi;sj',gj — YAB (W ere ) - % ) ( . )
a

Therefore,

L~ Tij | 2 T} i 1o ij 1 ij
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_ 2
- 1 . . 1 ..
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=X = — Y t J J Y F.8
it { c (tix +tics) ) — 475% . KK (F.8)

In limit € — 0 and using (7.25), we get,

1 (2 2(k1 + 2C,) i %2-~}
X=——10= L v =g R iy
N {k( k) = T ) + i
(e +t8,) (g (ki +2C)\ }
X = Nk T ORg) (2 L T A )y F.
= 2]{22{ t” + tzzj k‘gtij KK ( 9)
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Therefore, (F.1) can be finally written as( in limit € — 0),

=10, — i JK KJ (Z]_ g )tz] }:|
[ b %‘:kz{ tij * t?j kot KK

(@55 (). @ (2,25)...) =0

LD N
T
= {@y —12{ 2oty Oty kR, kO, 1) sisiiss 5)
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+(t;_k2t]9 S (e @t a5 2 Y] (o (200 830 (27.5).0=0
%] a
1 Ya(th Ot kHth Oth 5)
L I e (F.10)
? k; t:.
2 j#i &

Tiq (k1+20 ) a a
+(t;_k2t79)2( Ri’K@tRwK)H (oo (i) By (1)) =0
1 ?

a

which is in agreement with (6.3).
Now,we consider another linear combination,

(7.300) x (O (@) ... 673 (@n)) = (T:300) x (63 (wr) ... G (w))} =0 (F.11)

Again following similar steps as before,

N (awi - 221/) W5 () B (1)) =0 (F.12)
J#i
where,
_ v a o T\TisTi(pa o TNTITi gl 1za \TiTi 1za \TiTi
Y_E{tij-i-ﬁl'ij Za:(tR,. @) 5 (th, @ 1) o——" za:(mg th s ('t )3,
(F.13)

Similar to what we did for X, we get an equation analogous to (F.8) using (F.5) and (F.7),

2
Y = 6{'7 I RS b (t’jj— (t§K+t}§J)+2t}9{K)
4 tij € €

_ 2
- 1+e@+e2%+... <t’jJ+(t’jK+t}J<J)+2t}§K)} (F.14)
tij ti]’ tij € €

Again using (7.25) and collecting the finite terms in the limit € — 0, we get,

1 2,
- F.15
2k2 tij ( )

Putting back in (F.12),

Za(t(llﬁ,K ® t%j,K)

i tij

7

) <“‘q)Ri,Ri(:Ei’ti) (I)R Rj(:l,'j,tj) .. > =0 (Flﬁ)

which is in agreement with (6.5).

48 —



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited. SCOAP? supports

the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1]

[2]

[3]

[4]

[5]

(6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

A.A. Belavin, A.M. Polyakov and A.B. Zamolodchikov, Infinite conformal symmetry in
two-dimensional quantum field theory, Nucl. Phys. B 241 (1984) 333 [INSPIRE].

D. Friedan, E.J. Martinec and S.H. Shenker, Conformal invariance, supersymmetry and
string theory, Nucl. Phys. B 271 (1986) 93 [INSPIRE].

D. Gepner and E. Witten, String theory on group manifolds, Nucl. Phys. B 278 (1986) 493
[INSPIRE].

A.B. Zamolodchikov, Infinite additional symmetries in two-dimensional conformal quantum
field theory, Theor. Math. Phys. 65 (1985) 1205 [InSPIRE].

D. Das, S. Datta and S. Pal, Charged structure constants from modularity, JHEP 11 (2017)
183 [arXiv:1706.04612] [INSPIRE].

A. Bagchi, Correspondence between asymptotically flat spacetimes and nonrelativistic
conformal field theories, Phys. Rev. Lett. 105 (2010) 171601 [arXiv:1006.3354] [INSPIRE].

C. Duval, G.W. Gibbons and P.A. Horvathy, Conformal Carroll groups and BMS symmetry,
Class. Quant. Grav. 31 (2014) 092001 [arXiv:1402.5894] INSPIRE].

H. Bondi, M.G.J. van der Burg and A.W.K. Metzner, Gravitational waves in general
relativity. 7. Waves from axisymmetric isolated systems, Proc. Roy. Soc. Lond. A 269 (1962)
21 [INSPIRE].

R. Sachs, Asymptotic symmetries in gravitational theory, Phys. Rev. 128 (1962) 2851
[INSPIRE].

A. Bagchi and R. Fareghbal, BMS/GCA reduz: towards flatspace holography from
non-relativistic symmetries, JHEP 10 (2012) 092 [arXiv:1203.5795] [INSPIRE].

A. Bagchi, R. Basu, A. Kakkar and A. Mehra, Flat holography: aspects of the dual field
theory, JHEP 12 (2016) 147 [arXiv:1609.06203] [INSPIRE].

A. Bagchi, S. Detournay, R. Fareghbal and J. Simén, Holography of 3D flat cosmological
horizons, Phys. Rev. Lett. 110 (2013) 141302 [arXiv:1208.4372] [INSPIRE].

G. Barnich, Entropy of three-dimensional asymptotically flat cosmological solutions, JHEP
10 (2012) 095 [arXiv:1208.4371] [INSPIRE].

G. Barnich, A. Gomberoff and H.A. Gonzalez, The flat limit of three dimensional
asymptotically anti-de Sitter spacetimes, Phys. Rev. D 86 (2012) 024020 [arXiv:1204.3288]
[INSPIRE].

A. Bagchi, R. Basu, D. Grumiller and M. Riegler, Entanglement entropy in Galilean
conformal field theories and flat holography, Phys. Rev. Lett. 114 (2015) 111602
[arXiv:1410.4089] [INSPIRE].

A. Bagchi, D. Grumiller and W. Merbis, Stress tensor correlators in three-dimensional
gravity, Phys. Rev. D 93 (2016) 061502 [arXiv:1507.05620] [INSPIRE].

— 49 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0550-3213(84)90052-X
https://inspirehep.net/literature/202442
https://doi.org/10.1016/0550-3213(86)90356-1
https://inspirehep.net/literature/219787
https://doi.org/10.1016/0550-3213(86)90051-9
https://inspirehep.net/literature/230076
https://doi.org/10.1007/BF01036128
https://inspirehep.net/literature/223601
https://doi.org/10.1007/JHEP11(2017)183
https://doi.org/10.1007/JHEP11(2017)183
https://arxiv.org/abs/1706.04612
https://inspirehep.net/literature/1605157
https://doi.org/10.1103/PhysRevLett.105.171601
https://arxiv.org/abs/1006.3354
https://inspirehep.net/literature/858576
https://doi.org/10.1088/0264-9381/31/9/092001
https://arxiv.org/abs/1402.5894
https://inspirehep.net/literature/1282262
https://doi.org/10.1098/rspa.1962.0161
https://doi.org/10.1098/rspa.1962.0161
https://inspirehep.net/search?p=find+J%20%22Proc.Roy.Soc.Lond.%2CA269%2C21%22
https://doi.org/10.1103/PhysRev.128.2851
https://inspirehep.net/literature/45263
https://doi.org/10.1007/JHEP10(2012)092
https://arxiv.org/abs/1203.5795
https://inspirehep.net/literature/1095085
https://doi.org/10.1007/JHEP12(2016)147
https://arxiv.org/abs/1609.06203
https://inspirehep.net/literature/1487464
https://doi.org/10.1103/PhysRevLett.110.141302
https://arxiv.org/abs/1208.4372
https://inspirehep.net/literature/1180037
https://doi.org/10.1007/JHEP10(2012)095
https://doi.org/10.1007/JHEP10(2012)095
https://arxiv.org/abs/1208.4371
https://inspirehep.net/literature/1180006
https://doi.org/10.1103/PhysRevD.86.024020
https://arxiv.org/abs/1204.3288
https://inspirehep.net/literature/1111000
https://doi.org/10.1103/PhysRevLett.114.111602
https://arxiv.org/abs/1410.4089
https://inspirehep.net/literature/1322368
https://doi.org/10.1103/PhysRevD.93.061502
https://arxiv.org/abs/1507.05620
https://inspirehep.net/literature/1384132

[17]

[18]

[19]

[20]

[21]

[24]

[25]
[26]

[27]

[28]

[29]

[34]

[35]

[36]

[37]

[38]

J. Hartong, Holographic reconstruction of 3D flat space-time, JHEP 10 (2016) 104
[arXiv:1511.01387] [INSPIRE].

H. Jiang, W. Song and Q. Wen, Entanglement entropy in flat holography, JHEP 07 (2017)
142 [arXiv:1706.07552] [INSPIRE].

A. Bagchi, S. Banerjee, R. Basu and S. Dutta, Scattering amplitudes: celestial and carrollian,
Phys. Rev. Lett. 128 (2022) 241601 [arXiv:2202.08438] [INSPIRE].

L. Cornalba and M.S. Costa, A new cosmological scenario in string theory, Phys. Rev. D 66
(2002) 066001 [hep-th/0203031] [INSPIRE].

R. Basu, S. Detournay and M. Riegler, Spectral flow in 3D flat spacetimes, JHEP 12 (2017)
134 [arXiv:1706.07438] [INSPIRE].

A. Bagchi et al., BMS field theories with u(1) symmetry, arXiv:2209.06832 [INSPIRE].

A. Strominger, Lectures on the infrared structure of gravity and gauge theory,
arXiv:1703.05448 [INSPIRE].

S. Pasterski, Lectures on celestial amplitudes, Eur. Phys. J. C 81 (2021) 1062
[arXiv:2108.04801] [INSPIRE].

A.-M. Raclariu, Lectures on celestial holography, arXiv:2107.02075 [INSPIRE].

L. Donnay, A. Fiorucci, Y. Herfray and R. Ruzziconi, Carrollian perspective on celestial
holography, Phys. Rev. Lett. 129 (2022) 071602 [arXiv:2202.04702] [INnSPIRE].

L. Donnay, A. Fiorucci, Y. Herfray and R. Ruzziconi, Bridging carrollian and celestial
holography, arXiv:2212.12553 [INSPIRE].

S. Banerjee, S. Ghosh and P. Paul, MHV graviton scattering amplitudes and current algebra
on the celestial sphere, JHEP 02 (2021) 176 [arXiv:2008.04330] [INSPIRE].

S. Banerjee and S. Ghosh, MHV gluon scattering amplitudes from celestial current algebras,
JHEP 10 (2021) 111 [arXiv:2011.00017] [INSPIRE].

A. Strominger, w140 algebra and the celestial sphere: infinite towers of soft graviton,
photon, and gluon symmetries, Phys. Rev. Lett. 127 (2021) 221601 [INSPIRE].

A. Schild, Classical null strings, Phys. Rev. D 16 (1977) 1722 [INSPIRE].

J. Isberg, U. Lindstrom, B. Sundborg and G. Theodoridis, Classical and quantized
tensionless strings, Nucl. Phys. B 411 (1994) 122 [hep-th/9307108] INSPIRE].

A. Bagchi, Tensionless strings and galilean conformal algebra, JHEP 05 (2013) 141
[arXiv:1303.0291] [INSPIRE].

A. Bagchi, S. Chakrabortty and P. Parekh, Tensionless strings from worldsheet symmetries,
JHEP 01 (2016) 158 [arXiv:1507.04361] [NSPIRE].

A. Bagchi et al., A tale of three — tensionless strings and vacuum structure, JHEP 04
(2020) 061 [arXiv:2001.00354] [INSPIRE].

U. Lindstrom and M. Zabzine, Tensionless strings, WZW models at critical level and
massless higher spin fields, Phys. Lett. B 584 (2004) 178 [hep-th/0305098] [INSPIRE].

T. Harmark et al., Strings with non-relativistic conformal symmetry and limits of the
AdS/CFT correspondence, JHEP 11 (2018) 190 [arXiv:1810.05560] [INSPIRE].

A. Bagchi et al., Magic fermions: Carroll and flat bands, arXiv:2211.11640 [INSPIRE].

— 50 —


https://doi.org/10.1007/JHEP10(2016)104
https://arxiv.org/abs/1511.01387
https://inspirehep.net/literature/1402792
https://doi.org/10.1007/JHEP07(2017)142
https://doi.org/10.1007/JHEP07(2017)142
https://arxiv.org/abs/1706.07552
https://inspirehep.net/literature/1607282
https://doi.org/10.1103/PhysRevLett.128.241601
https://arxiv.org/abs/2202.08438
https://inspirehep.net/literature/2034302
https://doi.org/10.1103/PhysRevD.66.066001
https://doi.org/10.1103/PhysRevD.66.066001
https://arxiv.org/abs/hep-th/0203031
https://inspirehep.net/literature/583633
https://doi.org/10.1007/JHEP12(2017)134
https://doi.org/10.1007/JHEP12(2017)134
https://arxiv.org/abs/1706.07438
https://inspirehep.net/literature/1607277
https://arxiv.org/abs/2209.06832
https://inspirehep.net/literature/2152232
https://arxiv.org/abs/1703.05448
https://inspirehep.net/literature/1517745
https://doi.org/10.1140/epjc/s10052-021-09846-7
https://arxiv.org/abs/2108.04801
https://inspirehep.net/literature/1903112
https://arxiv.org/abs/2107.02075
https://inspirehep.net/literature/1876687
https://doi.org/10.1103/PhysRevLett.129.071602
https://arxiv.org/abs/2202.04702
https://inspirehep.net/literature/2030695
https://arxiv.org/abs/2212.12553
https://inspirehep.net/literature/2618247
https://doi.org/10.1007/JHEP02(2021)176
https://arxiv.org/abs/2008.04330
https://inspirehep.net/literature/1811123
https://doi.org/10.1007/JHEP10(2021)111
https://arxiv.org/abs/2011.00017
https://inspirehep.net/literature/1827518
https://doi.org/10.1103/PhysRevLett.127.221601
https://inspirehep.net/literature/1973774
https://doi.org/10.1103/PhysRevD.16.1722
https://inspirehep.net/literature/3753
https://doi.org/10.1016/0550-3213(94)90056-6
https://arxiv.org/abs/hep-th/9307108
https://inspirehep.net/literature/356140
https://doi.org/10.1007/JHEP05(2013)141
https://arxiv.org/abs/1303.0291
https://inspirehep.net/literature/1222365
https://doi.org/10.1007/JHEP01(2016)158
https://arxiv.org/abs/1507.04361
https://inspirehep.net/literature/1383161
https://doi.org/10.1007/JHEP04(2020)061
https://doi.org/10.1007/JHEP04(2020)061
https://arxiv.org/abs/2001.00354
https://inspirehep.net/literature/1773849
https://doi.org/10.1016/j.physletb.2004.01.035
https://arxiv.org/abs/hep-th/0305098
https://inspirehep.net/literature/618628
https://doi.org/10.1007/JHEP11(2018)190
https://arxiv.org/abs/1810.05560
https://inspirehep.net/literature/1698307
https://arxiv.org/abs/2211.11640
https://inspirehep.net/literature/2513090

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

P.-X. Hao, W. Song, X. Xie and Y. Zhong, BMS-invariant free scalar model, Phys. Rev. D
105 (2022) 125005 [arXiv:2111.04701] [INSPIRE].

A. Bagchi and R. Gopakumar, Galilean conformal algebras and AdS/CFT, JHEP 07 (2009)
037 [arXiv:0902.1385] [INSPIRE].

A. Bagchi and 1. Mandal, On representations and correlation functions of galilean conformal
algebras, Phys. Lett. B 675 (2009) 393 [arXiv:0903.4524] [INSPIRE].

A. Bagchi, R. Gopakumar, I. Mandal and A. Miwa, GCA in 2d, JHEP 08 (2010) 004
[arXiv:0912.1090] [INSPIRE].

A. Saha, Intrinsic approach to 1+ 1D carrollian conformal field theory, JHEP 12 (2022) 133
[arXiv:2207.11684] [INSPIRE].

J. Rasmussen and C. Raymond, Higher-order galilean contractions, Nucl. Phys. B 945
(2019) 114680 [arXiv:1901.06069] [INSPIRE].

E. Ragoucy, J. Rasmussen and C. Raymond, Multi-graded galilean conformal algebras, Nucl.
Phys. B 957 (2020) 115092 [arXiv:2002.08637| INSPIRE].

R. Caroca, P. Concha, E. Rodriguez and P. Salgado-Rebolledo, Generalizing the bmss and
2D-conformal algebras by expanding the Virasoro algebra, Eur. Phys. J. C' 78 (2018) 262
[arXiv:1707.07209] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, Tensionless string spectra on AdSs, JHEP 05 (2018)
085 [arXiv:1803.04423] [INSPIRE].

~ 51 —


https://doi.org/10.1103/PhysRevD.105.125005
https://doi.org/10.1103/PhysRevD.105.125005
https://arxiv.org/abs/2111.04701
https://inspirehep.net/literature/1963528
https://doi.org/10.1088/1126-6708/2009/07/037
https://doi.org/10.1088/1126-6708/2009/07/037
https://arxiv.org/abs/0902.1385
https://inspirehep.net/literature/812861
https://doi.org/10.1016/j.physletb.2009.04.030
https://arxiv.org/abs/0903.4524
https://inspirehep.net/literature/816350
https://doi.org/10.1007/JHEP08(2010)004
https://arxiv.org/abs/0912.1090
https://inspirehep.net/literature/839090
https://doi.org/10.1007/JHEP12(2022)133
https://arxiv.org/abs/2207.11684
https://inspirehep.net/literature/2122469
https://doi.org/10.1016/j.nuclphysb.2019.114680
https://doi.org/10.1016/j.nuclphysb.2019.114680
https://arxiv.org/abs/1901.06069
https://inspirehep.net/literature/1714933
https://doi.org/10.1016/j.nuclphysb.2020.115092
https://doi.org/10.1016/j.nuclphysb.2020.115092
https://arxiv.org/abs/2002.08637
https://inspirehep.net/literature/1781514
https://doi.org/10.1140/epjc/s10052-018-5739-7
https://arxiv.org/abs/1707.07209
https://inspirehep.net/literature/1611332
https://doi.org/10.1007/JHEP05(2018)085
https://doi.org/10.1007/JHEP05(2018)085
https://arxiv.org/abs/1803.04423
https://inspirehep.net/literature/1662310

	Introduction
	Non-Lorentzian Kac-Moody algebra in 2d 
	Carrollian and Galilean CFTs
	NL affine Lie algebras

	An intrinsic Carrollian derivation
	An infinity of conserved quantities
	Current Ward identities
	Current-primary fields
	Current-current OPEs
	Global internal symmetry
	EM tensor-current OPEs
	The algebra of modes

	Sugawara construction
	Intrinsic construction from algebra
	Consistency with OPEs

	Tensionless string as NLKM
	Non-Lorentzian Knizhnik Zamolodchikov equations
	NLKM from contractions
	A brief detour to representations of BMS
	Contraction of the affine parameters
	Contracting the Sugawara construction
	NLKZ equations from contraction

	Conclusions
	Summary
	Discussions and future directions

	Carroll multiplets
	Calculation of Sugawara construction commutators
	Modified Sugawara construction
	Details of OPE calculations
	K-Z equation in field theory approach
	NL KZ equation as a limit

