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ory (GCFT). In a GCFT, the Hilbert space could be decomposed into quasiprimary states
and its global descendants. Different from the usual conformal field theory, the quasi-
primary states in a GCFT constitute multiplets, which are block-diagonized under the
Galilean boost operator. More importantly the multiplets include the states of negative
norms, indicating the theory is not unitary. We compute global blocks of the multiplets,
and discuss the expansion of four-point functions in terms of the global blocks of the mul-
tiplets. Furthermore we do the harmonic analysis for the Galilean conformal symmetry
and obtain an inversion formula. As the first step to apply the Galilean conformal boot-
strap, we construct generalized Galilean free theory (GGFT) explicitly. We read the data
of GGFT by using Taylor series expansion of four-point function and the inversion formula
independently, and find exact agreement. We discuss some novel features in the Galilean
conformal bootstrap, due to the non-semisimpleness of the Galilean conformal algebra and
the non-unitarity of the GCFTs.
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1 Introduction

Conformal bootstrap is a nonperturbative program to constrain or even read the spectrum
and operator product expansion (OPE) coefficients of a conformal field theory(CFT) by
imposing the conformal symmetry, unitarity and the crossing symmetry. It was first pro-
posed in 1970s [1, 2] and was applied to solve the two-dimensional (2d) minimal models
successfully in [3]. In the past decade, conformal bootstrap has been revived, starting from
the seminal work of [4]. In this work, a numerical method has been proposed to extract the
rigorous predictions from the conformal bootstrap equations without fully solving them.
The method has been applied to study many models in various dimensions, for instance
yielding precise critical exponents of the critical 3d Ising model [5, 6]. For a review on the
conformal bootstrap, especially the numerical techniques, see [7].

Besides the numerical method, analytic approaches have been developed in modern
conformal bootstrap. These analytic approaches include the large spin perturbation the-
ory [8-12], holography from CFT [13-16], Lorentzian inversion formula [17, 18], analytic
functional method [19-23], etc. The analytic studies not only help us to improve the nu-
merical method, but also shed light on the AdS/CFT correspondence and the S-matrix
bootstrap.

The usual conformal bootstrap is based on the conformal invariance and unitarity.
It would be interesting to extend the program to field theories with other conformal-like
symmetry. For example, conformal bootstrap has been studied in theories with Schrédinger
symmetry in [24] and in Logarithmic conformal field theories (LCFTs) [25]. In the present
work, we would like to study the conformal bootstrap on non-relativistic field theories
with Galilean conformal invariance. The global part of the symmetry could be obtained
by a non-relativistic contraction of the conformal algebra [26, 27], and it contains the
translations, the isotropic scaling, the analogues of special conformal transformations and
the Galilean symmetries instead of the Lorentzian symmetries. Quite remarkably, it was
found in [28] that the Galilean conformal symmetry in any dimension is actually much
larger and is generated by an infinite-dimensional Galilean Conformal Algebra (GCA),
which can be obtained by taking the non-relativistic limit of conformal Killing equations
and is shown to be the maximal subset of non-relativistic conformal isometries [29, 30]. In
two dimensions the generators of GCA obey the following commutation relations

[Ln7 Lm] = (n - m)Ln+m + CL5n+m,0(n3 - n)v
[Ln> Mm] = (n - m)Mn—i-m + CM(sn—l-m,O(n3 - n)? (11)
[M,,, M, = 0.

The 2d Galilean conformal field theory(GCFT) is of particular interest, as 2d GCA is
isomorphic to the Bondi-Metzner-Sachs (BMS) algebra in three dimensions, which gener-
ates the asymptotic symmetries of 3d flat spacetimes [31]. This motivates a lot of works
establishing holography theory in asymptotic flat spacetimes (the so called BMS/GCA
correspondence), see [32-40]. In this paper, we will focus on 2d GCFT.



One typical feature in GCFT is that there are descendant states with negative norms.
This fact suggests that GCFTs are not unitary. Even though the usual (both numerical
and analytical) conformal bootstrap relies heavily on the unitarity, it does not mean the
bootstrap program can not be carried on in theories without unitarity.! The essential
requirement is that the block coefficients must be positive. The existence of the negative-
norm states may not be fatal. At technical level, as noted in [42], the Galilean boost
operator My is in general not diagonalizable when acts on the descendant states. This
indicates that the theory is not unitary. Just like in LCFTs [43], multiplets appear. When
we try to expand four-point functions in terms of GCA global blocks, in addition to the
blocks of singlets calculated in [44], we have to count the contributions from the global
blocks corresponding to these multiplets. We discuss the multiplets in GCFT and compute
their global blocks.

Motivated by the Lorentzian inversion formula [17] for analytic conformal bootstrap,
we do harmonic analysis for the global part of Galilean conformal symmetry, thus obtain a
GCA inversion formula, which can be used to compute the spectrum and OPE coefficients.
It turns out that the harmonic analysis in GCA is quite similar to the one for CFT [45, 46].
Our result of harmonic analysis is new mathematically because the algebra considered here
is not semi-simple, while the conformal algebra is.

In order to check our study, we discuss the generalized free theory with Galilean con-
formal symmetry. The generalized free theories (GFTs) play an important role in confor-
mal bootstrap. They provide the simplest examples of crossing-symmetric, conformally-
invariant four-point functions. Their spectrum and OPE coefficients can be read off from
the inversion formula [47, 48]. Moreover, if one test the crossing condition in some specific
regions,? for example, in the lightcone limit for CFT, GFTs are the leading contribution
to the correlators at large spin [9]. Furthermore GFTs provides the leading contribution
to the correlators in bulk perturbation theory, from holographic point of view [13]. In the
Galilean case at hand, the study of generalized Galilean free theories (GGFTs) is the first
step towards the analytic Galilean conformal bootstrap. We expect that GGFTs will play
similar roles as GFTs have played in the usual conformal bootstrap.

In fact, there have been some earlier efforts towards 2d Galilean conformal bootstrap.
In [44, 49], the crossing equation for four-point functions and the global GCA blocks for
the singlets have been worked out. It was found that these kinematic quantities could be
reproduced by taking non-relativistic limit of the corresponding ones in 2d (non-unitary)
relativistic CFTs. It is tempting to think that other kinematic quantities in Galilean
conformal bootstrap could be obtained by taking non-relativistic limit of parent CFTs. Our
study shows that this is not always true.? For example, as we will show in section 3, the
Galilean conformal partial waves (GCPWs) can not be obtained by the limiting procedure,

!There are a few numerical [7] and (analytical) Polyakov-Mellin [41] bootstrap results for non-unitary
CFTs.

2These regions are always the ones where conformal blocks expansion of a four-point function is not
convergent uniformly, this is also true for GCFTs.

%Note that in [42], the constraint from the GCA analysis on the fusion rules is weaker than that from
the limiting procedure of 2d CFTs.



even though the inner product measure and the Casimir operators can be read by taking
the limit, as there are subtleties in defining the Hilbert space. On the contrast, the GGFT
can be reproduced by taking the limit on a 2d generalized free theory (GFT).

The remaining parts of this paper are organized as follows. In section 2, we revisit
the block expansion of a four-point function in GCFTs, paying special attention to the
contribution from the multiplets. In section 3, we do the harmonic analysis for the global
GCA. Following the analysis in SL(2,R) [45], we specify the Hilbert space and determine
the Galilean conformal partial waves (GCPWs) as its complete orthogonal basis. Then we
get an inversion formula and find that the blocks of the multiplets should appear as multi-
ple poles in the inversion function. We also find that the limiting method is invalid to get
the GCPWs. In section 4, we analyze the GGF'Ts from several different angles. Firstly, we
construct the rank-2 multiplet directly from the level-1 quasiprimary operators in GGFT
with two fundamental fields, and calculate its global block. This method show explicitly

"4 operators in GGFT, but the construction becomes awk-

the forms of the “double-trace
ward at higher levels. In order to get the information of GGF'T, it is more effective to use
other ways. One way is to expand the four-point function into a double Taylor series and
read the coefficients of the block expansion directly. The other way is to apply the GCA
inversion formula obtained in section 3 to GGFTs. The result of these two methods match
perfectly, and expectedly both match with the level-1 result from the constructive method.
Moreover It turns out that GGFT could be obtained by taking the non-relativistic limit
of a 2d GFT. Especially, the multiplets appear in a remarkable way as all superficially
divergent terms under the limit cancel with each other. In section 5, we go beyond GGFTs
and discuss the spectral density of a GCFT. We use the Hardy-Littlewood tauberian the-
orem to estimate the spectral density, and we check explicitly that the GGFTs satisfy the
requirement of using the theorem. In section 6, we discuss the shadow formalism and alpha
space approach [50], and find that with appropriate boundary condition the “CPWs” in
alpha space turns out to be the one obtained by shadow integral. We end with conclusions
and some discussions in section 7. Some technical details are left to appendix.

2 GCA revisited: multiplets

In this section, we revisit Galilean conformal field theory in two dimensional spacetime
(GCFT3). After a brief review on the basic knowledge on GCFT, including the symmetry,
the primary operators and their two-point and three-point functions [42, 44, 49, 51], we turn
to the quasi-primary operators which are essential in the global Galilean conformal boot-
strap. We find that the quasi-primary operators typically form multiplets,® which include
negative-norm states and cannot be diagonalized under Galilean boost charge operator.
We discuss the multi-point functions of multiplets and their global blocks.

4We borrow the terminology “double-trace” in CFT here.
5Since similar structure of multiplets appears in Logarithmic CFT, we review the multiplets in LCFT
in appendix A. In fact, our analysis of multiplets in GCFT is inspired from the one in LCFT.



name label | vector field finite trans

T_
z-translation | L_q —0y x/ S
y =y
=Nz
dilation Ly —x0; — YOy ,
Yy =y
l: 1 +
z-SCT Ly —220, — 2z2y0y x/ =/ W)2
Yy =y/(1+ px)
=z
-translation | M_q | 0,
r_
boost My | z0, x/ !
y =y+oz
=z
_SCT M 20
Yy 1 Y y, =y -+ sz

Table 1. The generators of global Galilean conformal group. “SCT” denotes “special conformal
transformation”.

2.1 Review on Galilean CFT
2.1.1 Galilean conformal symmetry

GCFT; is a non-relativistic field theory in 2d spacetime. It has the scaling symmetry and
the boost symmetry as follows,

T — Az, Y — Ay.

T — x, y — y+vx. (2.2)

The local Galilean conformal algebra is generated by L., My, (n,m € 7Z),

symmetry label | generator finite transform
T _
Diff(R!) L, —2"19, — (n+ 1)2"yd, x/ N f,(x)
y = f'(@)y
: n+1 'CE/ =T
affine translations | M, "0, ,
y' =y+g()

and after considering the central extension, the commutation relations are

[Ly, Lyn) = (n—m)Lyptm + an(n2 — 1)0n4m,0,
[Lp, M) = (n —m) My + cMn(n2 — 1)0n4m,0,
[M,,, M,,] = 0.

Analogous to s[(2,R) x s[(2,R) in the full Virasoro algebra, there is a maximal finite
dimensional subalgebra g = is0(2, 1) corresponding to global Galilean conformal symmetry.
The subalgebra is generated by L; € s0(2,1) and M; € R3, with i = £1,0. In table 1, we
list the representations of the generators and the corresponding finite transformations.



2.1.2 Primary operators

The primary operators® at origin O = O0(0,0) can be labelled by the eigenvalues (A, &) of
(Lo, Mo)

A and ¢ are referred to as the conformal weight and the boost charge of the operator
respectively. The highest weight conditions are

[L,,0] =0, [M,,O0] =0, n>0. (2.4)

Then the descendant operators can be generated by acting L_,, M_,, with n > 0 succes-
sively on the primary operators. And the primary operator together with its descendants
form a highest weight module.

The operators at other positions can be got by the translation operator U = e*L-17¥M-1,

O(z,y) =UO(0,0)U . (2.5)
Using the Baker-Campbell-Hausdorff (BCH) formula, the transformation law for the pri-
mary operators are,

[Ln, Oz, y)]
[My, O(, y)]

("0, + (n + Da"ydy + (n + 1) (2" A — nz"Ly€))O(z,y), (2.6)
(—x”“(?y + (n+1)2"8)0(x, y), (2.7)

and they can be integrated to finite one,

g +uyf”

O'x,y) = |f|2e 7 O y). (2.8)

By requiring the vacuum is invariant under the global symmetry, the two-point function
and three-point function of primary operators are respectively

_ 26, 412
GQ(l'b T2,Y1, y2) = d(SAl,Az(Sfl,ﬁQ |$12| 2A1€ “ 1z, (29)
Y12 Y31 Y23
G3(21, 22,23, Y1, Y2, Y3) = C123|@12| =128 [wgg| 7223 \$31\7A312€£123 w12 8912y 2 oy (2.10)

where d is the normalization factor of the two-point function, ci93 is the coefficient of
three-point function which encodes dynamical information of the GCFT5, and

Tij =T — T, Yij =Yi— Y Dijg =D +Aj— Ay, &Gin=6+E — & (2.11)

The four-point functions of primary operators can be determined up to an arbitrary
function of cross ratios,

1 vig
G4 — < H OZ(JU“ yz)> = H |:L‘Z]|Zi:1 _Aijk/3ezij Zk:l 51]16/39(337 y) (212)
i=1 ij

where the indices i = 1,2, 3, 4 label the external operators O;, G(x,y) is called the stripped
four-point function and z and y are the cross ratios,

_ 212734 g 12 Y3a Y13 Y24 (2 13)
X13T24 x

5By the state-operator correspondence we can talk about local operators and states interchangeably.



2.1.3 Global blocks of primary operator

For simplicity, in the following we mainly focus on the case of four identical external
operators with (A, &). In principle, the stripped four-point function G(x, y) can be expressed
in terms of the OPE coefficients of primary operators and local Galilean conformal block.
The local Galilean conformal block encodes all the contribution from a primary module.
Unfortunately its form and properties has not been well-studied, as far as we know. In this
work, we try to study the bootstrap based on global Galilean conformal symmetry.

The contribution of a primary operator and its global descendant operators (which
can be got by acting L_; and M_;) to the stripped four-point function G(z,y) can be
written as

1
p 012p034pgp(xa y) (2-14)

where the index p labels the propagating primary operator O,. The function gp(z,y) is
related to the global block ga, ¢, (z,y) by

_ Yy
gp(z,y) = 2?2 Eign ¢ (2,y) (2.15)

The global block is the solution of the conformal Casimir equations with the OPE boundary
conditions [44, 49]

Cign, e, (,y) = Niga, ¢, (x,y), i=1,2 (2.16)

where

Cy = M3 — My M _4,
Cy =4LoMo — L_1My — L1M_y — MyL_y — M_1Ls. (2.17)

The eigenfunction ga, ¢, (z,y) giving the global block of primary operators takes the form

—ﬁpy

gAp,gp(l“,y) _ 22Ap—2$Ap—2A(1 + m)z—mpez Tﬁ%%(l _ x)—1/27 (2.18)
and the corresponding eigenvalues \; are
M =&, A=25(4,-1). (2.19)

In this paper, we only concern about Galilean conformal field theories that do not have
& = 0 operators in their spectrum. The special case of ¢ = 0 is very different and subtle.
Even in this case, there exists the multiplets as well, and when the propagating operators
have £ = 0 the corresponding singlet blocks are just the usual SL(2,R) conformal blocks,
but the multiplets blocks are quite different, which have non-trivial y dependence. The
following discussion will not involve this subtlety, though it is certainly very important.”
We leave a thorough discussion on this degenerate case for a future project [53].

"For example, see the discussion of BMS free scalar [52).



2.2 Multiplets

The Hilbert space of a GCFT can be decomposed into the highest weight modules of
local GCA

H=> Hae
Al

However it is hard to find all the contribution of a module to the stripped four-point
function due to its complicated structure. Alternatively we can examine the usage of
global GCA in Galilean CFT in the spirit of modern conformal bootstrap. With respect
to the global GCA, the Hilbert space is composed of the quasi-primary states and their
global descendants. This way is more under control and is related closely to the harmonic
analysis and the inversion formula. However, the price we pay in this way is that My usually
acts non-diagonally on these quasi-primary operators, though Lo, My act diagonally on the
primary operators.
As an illustration, consider the following level-2 descendant operators of a primary
operator Op ¢,
A=L_s0, B=M_0. (2.20)

on which My acts as
[M(], .A] =¢A+ 2B, [Mo, B] =¢B. (2.21)

This gives rise to a rank-2 Jordan block. Generically, the action of My on quasi-primary
operators can be written in the Jordan canonical form,

[My, 0] = €O (2.22)

where O are quasi-primary operators in the theory, and £ is block-diagonalized,

- . (2.23)

in which & are Jordan blocks,

& = — : (2.24)

TXT

The quasi-primary operators in the same Jordan block form a multiplet.® The quasi-
primary operators in a multiplet, together with their global descendants, compose a re-
ducible but indecomposable module of global GCA. If there are r operators related to each

8The situation is somehow similar to what happens in a logarithmic CFTs. Our analysis actually bases
on the techniques developed in [43, 54, 55].



other in a Jordan block, the multiplet they form will be referred to as of rank r, the same
as the rank of the Jordan block. The above two operators A, B form a multiplet of rank 2,
and the primary operators introduced in previous subsections will be referred to as singlets
or rank-1 multiplets.

In the following, we will discuss correlation functions of multiplets. Though there are
some differences, our calculation of correlation functions follows the one in LCFT. To make
this part more readable, we will not show all the details of the calculation in the subsection
here. Instead, we set the details in appendix B. Since these details closely follow the
analysis of LCF'T, we also give a review on multiplets in LCFT in appendix A.

In GCF'T the correlation functions of multiplets differ from the ones of singlet, since
the action of My on the operators changes. Now the transformation under M,, is

(M, Ou(2,9)] = (—0apz™ 0y + (n + 1)2"E)Op(x,y), forn >0 (2.25)
[M_1,Ou(,y)] = =0y, y). (2.26)

The two-point functions (O,0p), where O, and Oy belong to the same rank-r multiplet?
with (A, §), can be determined by the Ward identities with respect to global symmetries,

(Ou(1,51)Op(2, y2)) = |12 ~22e2V12/12 4 (219, y12) (2.27)

where Agy(z12,y12) is the following matrix,

Ao = fesniary (222)' (229
ab\T12, Y12 P k+a+bk! 12 .

with firtq+p being undetermined coefficients. One can always set A,y to a triangular matrix,
by re-defining the operators in the multiplet, which eliminates r degrees of freedom. This
simplifies the two-point functions into the following canonical form,

0 for ¢ < 0

Y12
|21 (%Tm
. 12

(O, (21,41) Ok, (22, y2)) = { (2.29)

q .
dy |x12 ) , otherwise

where

q=ki+ka+1-r, (2.30)

and d, is the overall normalization of this rank-r multiplet. Here we denote Oy, (k; =
0,---,r —1) as the (k; + 1)-th operator in the multiplet.!°

The three-point functions involving multiplets can also be determined by the Ward
identities. Their general forms are given by,

<Oi(f)j(9k> = Az‘jsz‘jkCz‘jk (2.31)

9When two operators belong to different multiplets, their two-point function is vanishing.
9The two-point functions of the rank-2 case has also been discussed in [56].



where

Ajjp = exp (5123 + 5312& + 52313/2:3;> (2.32)

Bijk = |z12|” A123!$23! A251|9631| stz (2.33)

o O e (@)% ()0 (a)° 5 94
wk—ZZZmW, (2:34)
a=0 b=0 c=0
with
¢i = Og; In Ajjy. (2.35)

Note that O;, O;, Oy can belong to different multiplets of rank r1, 72, r3 respectively. The

coefficient CZ(?,I;C) encodes the dynamical information of the theory. For the case r; =

ro = r3 = 1, the three-point function reduces to (2.10). Another simple example is when
ry =19 = 1,73 = 2, then

(000, = ABc,
<0001> = AB(Cl + Co(]g) (2.36)

where O is a primary operator, Oy, O1 belong to a rank-2 multiplet, and g3 = 0¢, A with
&3 being the charge of Op. Here are two independent dynamical three-point coefficients.
In general, for the three-point function of singlet-singlet-multiplet, we have

(0O00y) = ABcy,
<OOO[€Z> = 853 <O(’)Oki71> + ABCkia ki=1,---r—1, (2.37)

where &3 is the charge of Oy. For a rank-r multiplet, there are r coefficients cg,--- ,cr—1.
Now let us turn to the four-point functions. In the following discussion, we focus on
the case where the four external operators are identical singlet. One can insert the identity

operator
10p) (O]
1=T s 2.
rall operators <Op‘0p> ( 38)
into the four-point functions
(000,)(0,00)
= Tr, ators 2.
G4 Tan operators < <Op‘0p> ( 39)

We can get the global block expansion by collecting the contribution of each multiplet
of quasi-primary operators and their global descendants.

Gy =) T;{000y,)(0,,;00) (2.40)

Pouj

where O, ; is the (i 4+ 1)-th operator in the rank-r multiplet labelled by p and Tj; is the
inverse of the Gram matrix (Op|O,) (which is a right-lower triangular matrix).

~10 -



Different from the case of a singlet, the global block of a multiplet is not the eigen-
function of the Casimir operators. Instead, the Casimir operators act on the multiplet as
follows,

(Ci = Xi)"|Or ;) = 0. (2.41)

This is also true for its global descendant operators. The stripped four-point functions can
be expanded into

Gla,y) =) dif[Or], (2.42)
o, T

where the propagating quasi-primary operator O, is a rank-r multiplet with an overall
normalization d,, and f[O,] satisfy the following Casimir equations

(Ci = X)"flO;] =0, fori=1,2. (2.43)
The general solution is
r—1
A 2% Aug®) ¢ . (2.44)

Here ggz g s =01 —-1 make up the global block (up to the square of the two-point
function of the external operators) for the multiplet,

S s 0
Q(AZ@ = %Q(AZ@ (2.45)

where ggor) ¢, takes the form as gy(z,y) in (2.15). To get the coefficients A in (2.44), one

need to consider the OPE limit of the global blocks by expanding them around z = 0,y = 0.
Using the three-point functions in (2.37), one gets the following coefficients A,

A=< > CaCb (2.46)
5 a,bla+b+s+1=r

where ¢,’s are the three-point coefficients in (2.37). The global block expansion of the
stripped four-point function in GCFT is

0
Z cacbagggz@. (2.47)
s a,bla+b+s+1=r

1=
Sl
Orkr T s=0

2.3 Fermionic operators

The quasiprimary operators we have introduced obey bosonic statistics as the ones in 1d
CFT, and the correlation functions contains no sign functions. Asin CFT, one may define
fermionic operators. For fermionic operators we need to add sign functions into the finite
transforms.

To be motivated, recall that in 1d CFT the conformal group is SO(2,1) = PSL(2,R) =
SL(2,R)/{£1}, and to get fermionic representations we lift it to the double covering group
SL(2,R). Then the finite transformation of fermionic operators is,

O'(x) = sign” (cx + d)|cz + d| "2 O(z') (2.48)

- 11 -



where r = 0 for bosons and r = 1 for fermions, and z transforms as PSL(2,R)

, _ar+b
cr+d

One can check that the fermionic one is indeed a representation by using

ign(1 ")x) = sign(1 + c'z)si <1 * > .
sign(l + (¢4 ¢)x) = sign(1 + c'z)sign | 1 + Tiox
Then the two-point functions of fermionic primaries are
GQ(ZL‘l, 132) = d5A1,A2 sign(x12)|x12|_2A1, (2.49)

as those appearing in SYK model [46] and 1d analytic bootstrap [19]. Effectively the
operators are anti-commutative.

Turning back to GCFTg, the conformal group is ISO(2,1) and the related spin group
is SL(2,R) x R3. Following the procedure of 1d CFT, the transformation rule should
be modified by adding sign”(cxz + d) when L; is involved, and the two-point functions of
fermionic primaries are

28, Y12
651

G (1,22, Y1,Y2) = dOa, A, 06 ¢, Sign(w12)|z12| 22 e ™ o12 (2.50)

For external fermionic operators, the propagating operator should be bosonic due
to parity conservation. And the global block expansion gets no modification. For the
generalized free theory in section 4, the four-point functions of generalized free fermions
equal (s 4+t — u) channels, in contrast to (s + ¢ + u) channels for generalized free bosons.

3 Harmonic analysis

3.1 Overview of harmonic analysis

In this section, we study the harmonic analysis on the symmetry group generated by GCA.
Let us first review briefly the harmonic analysis in the conformal group.

One essential step in applying the inversion formula is to decompose the four-point
function by using a set of complete basis of conformal group in the Euclidean space. The
conformal group is now SO(d + 1,1) in d dimensions. The complete basis consists of the
normalizable eigenfunctions of the Hermitian Casimir operators. What one needs to do is
specifying the Hilbert space which makes Casimirs Hermitian. This requires:

1. specifying the inner product;
2. specifying the boundary conditions.

Then using the boundary conditions, we can obtain the eigenfunctions of Casimirs, which
include the principal series representations and possible discrete ones. For example, in
CF'T1, the Hermitian condition is,

(Cf,9)—(f,Cg)=0 (3.1)
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where C' is a Casimir operator, and (f,g) = [dxuf*g is the inner product. Specifying
the inner product means that we need to specify the measure p which makes the left side
of (3.1) reduce to some boundary terms, then by choosing appropriate boundary conditions
(including the normalizable condition) we can set these boundary terms vanish. So the
functions satisfying the above boundary conditions, together with the above inner product
defined on them, constitute the Hilbert space which makes the Casimir Hermitian.

The complete basis refers to a complete basis of the Hilbert space defined above. Note
that the normalizable condition is considered as one requirement to define this Hilbert
space, so only the normalizable part of the four-point function is in this Hilbert space,
which means only this part can be decomposed into our complete basis. For the non-
normalizable part of four-point function, the subtleties were explained in [18].

The so-called conformal partial waves (CPWs) corresponding to principal series repre-
sentations and possible discrete ones are the expected complete basis. The orthogonality
is guaranteed by the Hermitian condition. For physical blocks, which have real dimensions
and satisfy the unitarity bound, there exists no inner product making them orthogonal.
The CPWs are necessary when we try to invert the OPE.

Besides the usual CF'T case, the above procedure has been applied to the study of other
models with conformal symmetry, including the SYK model [45] and its supersymmetric
version [46], different boundary condition for CFT; [50], the defect CFT [57] and the CFT
at a finite temperature [58]. In the following subsection, we will apply this procedure to
the 2d field theories with Galilean conformal symmetry.

3.2 Harmonic analysis on GCA

As the group generated by GCA is not semi-simple, we cannot apply the formal har-
monic analysis for conformal symmetry group. Here we just follow the discussion on the
SYK model.

There are two independent Casimir operators C7 and Co for 2d GCA. However, one
can not define a Hilbert space which makes C'; and Co Hermitian simultaneously. From the
point of view of taking the non-relativistic limit, as we will discuss in section 3.4, C> comes
from the difference between the holomorphic and the antiholomorphic quadratic Casimirs,
and is not suppose to be Hermitian. To evade this obstacle, we introduce a quartic Casimir
C3 = C2, which is Hermitian together with C;. In the following, we use C7 and C3 to do
harmonic analysis.

Let us first write down the action of these two Casimirs. For the quadratic Casimir,
its action is

Cifae(x,y) =2*(1—2)0; fae(z,y) = & fage(z,y) (3.2)

and for the quartic Casimir, it acts like

Csfag(z,y) = C3 fael(e,y)
= [(3z — 2)acy8§ + 222 (z — 1)0,0y + 20°0y ) fae(x,y) (3.3)

=4E(A = 1)*fae(z,y)
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where C1, Cy are the quadratic Casimirs defined in (2.17) and could be obtained by taking
the non-relativistic limit on the quadratic Casimirs of CFT5.
Now we can specify the Hilbert space. We define the inner product to be,

(£.9) = [ dedyntz,p)fg (3.4)

The integral domain of (3.4) is restricted by the symmetry of the four-point function, which
is the invariance under the exchange of 1 <+ 2 or 3 <+ 4, just as in the SYK model.'! In
our GCA case, we can use the global coordinate transformation such that [44]:

{(wivyi)} - {(0070)7(170)7(x7y)7(070)} (35)

Under the exchange of 1 <> 2 or 3 < 4, using the above configuration and the expressing
of the cross ratios (2.13), one can easily obtain the symmetry as follows:

L -y

- — - —. 3.6
S Y (1—x)? (36)

Using this symmetry, it is easy to see that the required region is a strip,
x e [072]7 /RS (_OO7+OO)' (37)

Now we use the Hermitian condition (C'f, g) — (f,Cg) = 0 to determine the measure. Since
we have two Casimirs, the required Hilbert space should make both of the them Hermitian.
Let us analyze them one by one to reduce the Hilbert space. For the quadratic Casimir
(1, it is easy to see that it becomes a Strum-Liouville problem with respect to the variable
y, so the measure is found to be independent of y: p(z,y) = u(x). Then as expected, the
Hermitian condition reduces to the boundary terms,

“+o00

(C1f,9) — (f,Crg) = /0 " dop(x) | dvoyta0,s - o,9)

2 ) oo
:/0 dzp(x)(gy f — fayg)‘—oo

The normalizable condition for the function f in y direction is:
f — 0 faster than |y|™Y/2, as |y| = oo, (3.8)

which ensures the boundary terms to be vanishing. The eigenfunctions of C is of the form

Ye(z,y) = exp Jc\/ﬁy—iﬂ

The normalizable condition (3.8) requires that the quantum number £ to be imaginary

(3.9)

& = ir, where r is a real number. Note here that (3.9) are the eigenfunctions of C7, but

1n the SYK model, the 1 <+ 2 or 3 < 4 invariance of the four-point functions leads to the symmetry
X — ﬁ (x is the cross ratio), from which one get the boundary condition f’(2) = 0 and then determine
the region to be x € [0, 2], see [45] for details.
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the eigenvalues for z € (0,1) and = € (1,2) are different: ¢2 in z € (0,1), while —¢2 in
€ (1,2).

For the quartic Casimir Cjs, it is difficult to work with it directly. The idea is using the
result for C7 to decompose the Hilbert space into smaller ones. That is, using the above
basis ¢ to write,

+i00 N
fay = [ deelayiela,y). (3.10)

—100

Now, we only need to decompose individual fg(l‘) Substituting fg(az)wg(az,y) into the
equation (3.3), we get a much simplified equation:

Cufele) = |22z = DO+ Ja2+ )0, — 1| felo) = (1= AP fele)  (11)

where C3 means the reduced action on the function fg( ). The dependence on y and
¢ disappear in the above equation, and the equation reduces to a second order ordinary
differential equation. Actually, Cs = C2, where,

N -2
Cy=+v1—220, + a:

/1 -z

This Cy can also be obtained by substituting fg(a:)wg (z,y) into the eigen-equation of Cy:

(3.12)

once again the y dependent terms cancel mutually.
From the second order differential equation (3.11) we again have a Sturm-Liouville
problem, so the measure can be worked out:

1 2+ do — ]1—:0\.

22(z —1) P 2z(x — 1) T

fix) =

(3.13)

Note that here we use ji because this is not the final measure. Also, we drop the integration
constant because it is not important for a measure. Strictly speaking, there could be a
difference between z € (0,1) and x € (1,2) up to a multiplicative constant, but this will
reduce to the difference in the matching condition at x = 1, so it does not matter.

To find the total measure, we need to write down the Hermitian condition for Cj
explicitly:

(C3f7 (f7 039)
—/ dru(z /+oo dylg(z,y)C3f (x,y) — f*(x,y)C39(x, y)]

+o00 +zoo +ico IS 2
= [aen) [y [ [ v w0 G R @60 @) - Crier @) )

—100

Substituting (3.9) into the above relation, and write £ = is, £’ = ir, we find that the
right-hand side becomes:

+ﬁwm&w lx}/mM ) [ Tas [ ariCodi @) - Coi ) fa0)

—00 —00

=A%wwMM—w[mw[fmw—MQQM%m Csdin() 2 ().
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So we have:
. 1 -z

pa)ay/l =z = filz) =~ (3.14)
Our final result for the measure is simply:
(z) = = (3.15)
l’[/ - "1747 .

which can be actually obtained from the one in CFT9 by taking the non-relativistic limit.

Next, we want to determine the Galilean conformal partial waves (GCPWs). Similar
to the CFT case, this requires to find all the solution with same eigenvalues of C'; and
Cs. For given eigenvalues of quadratic and quartic Casimirs, there are four independent
solutions:

XA X2—A ¢ XA,—¢ X2—A,—¢ (3.16)

where,

R ) e (3.17)
3 Vi—z : :
These four solutions are related by the symmetry of the eigenvalues: A «+» 2 — A and
& <> —&. More precisely, due to the fact that Cs = —C;Q, to obtain these four solutions we
only need to solve the eigen-equation of C’g, i.e. eq. (3.12), together with the y dependent
part (3.9).

The above solutions should be taken with care. First of all, because the v/1 — z factor
is double-valued, we need to specify one of them. In fact, the other choice correspond to
another independent solution which is just xa_a —¢. This is similar to 1D conformal block,
where there are two branch points at 0 and 1. Secondly, the above solutions are not valid
in the entire region = € (0,2), because there is a singular point at = 1, which is a branch
point as well. Nevertheless, the above expressions of solutions are valid in the interval
(0,1) and (1,2) separately. The point here is, for example, if we have a solution (3.17)
for z € (0,1), then continue it to z € (1,2), which means the matching between z = 1%
and x = 17, we can not find (3.17) anymore. Instead, we will find a solution which is a
linear combination of the four solutions in (3.16). Just like in the SYK model, the analytic
continuation form x < 1 either below or above the real axis to x > 1 will not give a solution
we need in 1 < z < 2, only one of their combination does the job.

To obtain the GCPWs of CGA, we need to consider the solutions in different regions
and match them properly. Let us first analyze the region x € (1,2) case. From the above
analysis, we know that (3.16) in x € (1,2) are different from the ones in = € (0, 1), so for
z € (1,2) we label these solutions as

X,A/,fl’ XIQ_A/7§/, X,A’,—f” XIQ_A/7_§/ (318)

where

e (14 ivz —1)2728 gy

Xarger = i1 esVaT, (3.19)
Then the GCPWs in z € (1,2) are:
@A/,fl = CLlX/A/’g/ —+ CLQX/Q_A/7§/ + CL3X/A/7_£/ =+ a4X12_A/7_£/, ]. << 2 (320)
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Because of the symmetry (3.6), we get the boundary condition at z = 2:

Pare(2,y) = Pare (2, —y), (3.21)

which leads to
a1 = as, as = ay. (3.22)

Notice that = 2, y = 0 is a fixed point, so we have another boundary condition:!?

0z Par¢(2,0) =0, (3.23)
which leads to
ar(1+14)2728 = ap(1 —4)> 24
After setting a; = 1, we finally obtain

a1 =az =1, as = a4 = elm(1=A%) (3.24)

m(1-A") _ (_l)irr(lfA’)

Note that we can not write e because of the multi-valuedness.

Next, we have to continue the GCPWs to 0 < x < 1 with the matching condition at
r=1
Pae(17,y) = Parg (17, ). (3.25)

As z — 1, we set |\/1 — x| = € — 0 in the following. For z — 11, we find

(1414€)>728" ey

X/A/7£/(1+’y) = fe <, (326)
then the GCPWs as e — 0
1 ¢ 1 e
ae(1hy) = (1 +a2)ge =+ (a3 +a4)€e -

.t ol
i€y -1y

< + (a1 —a3)(2 - 2ANie™ +--- . (3.27)

+(a2 — al)(2 — 2A,)i€

Here we have neglected the higher order terms, which vanish in the € — 0 limit.'3 On the
other hand, we write the GCPWs in 0 < z < 1 as:

Dre = bixae + b2X2,A7£ + ngA7,5 + baxo—A,—¢, O<z<l. (3.28)
When x — 17, we have the GCPWs

—&y gy

1
+ (bz +by)—e <

_ 1
Pre(17,y) = (1 +b2)26

by — b1)(2 — 2A)e

—&y
€

€
F(by—b3)(2—20)eE £ (3.29)
The matching of the GCPWs at z = 1 leads to the identification of the exponential factor

g =i¢ or —ig, A=A o 2-A. (3.30)

12This boundary condition is similar with f’(2) = 0 in [45].
13Note that the exponential part is oscillatory and bounded, due to the normalizable condition in the y
direction (3.8). This is true for both z € (1,2) and z € (0, 1).
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In fact, this relation just reflects the normalizable condition in y direction, where £ € R
for x € (0,1) and £ € iR for x € (1,2). The identification of the coefficients before the
exponentials gives

a1+ az = by + by, i(al—ag) = by — by,

a3 + ag = b3y + by, i(ag — CL4) = by — by.
Finally we get the coeflicients

1+i  1—i aon

bi =b3 = + e ,
2 2 (3.31)
1—¢ 1474 , .
bo = by = im(1—A)
2 4 5 + 5 € ,
and the GCPWs
! / im(1—=A) (1 / for 1 5
Xag T Xa—¢T¢ (Xo—nge T Xo-n_¢) forl<z<2,

bi(xage + Xa—¢) +balxa—ae + Xo—a —¢), for 0 <z < 1.

where X,A,g and xa ¢ are given in (3.19) and (3.17) respectively. As before, now using
the normalizable condition to determine A, we find that the solutions have the power law
behaviour near x = 0:

XAL ™~ XA,—¢ ™~ z?, X2-Af ™~ X2—A,—€ ™~ 2?7 A, (3.33)

Because Ji(x) ~ 273, so to make GCPWs normalizable, one way is to allow all four terms.
This leads to

2ReA — 3 > —1,
(3.34)
2(2—ReA) -3 > —1.
The only solution to the above two constraints is ReA = 1, that is:
A=1+is, seR (3.35)

This is the usual quantum numbers of the principal series representation. Just like the
SYK model, each term is marginally allowable. Another possible way to have normalizable
CPWs is to let two of four terms vanish, namely, let by = bg = 0 or bs = by = 0. This leads
to the discrete series:

5 1
A:§+2n or A:—§—2n n=0,1,2,---. (3.36)
Note that the (—%)—series is linearly dependent on the %—series, due to the symmetry

A > 2 — A. This Zy symmetry also appear in the principal series: Wa ¢ and Wy_a ¢ are
linearly dependent. Besides, there is another symmetry { <+ —¢ for Wp ¢ in both case.
Moreover, it is easy to see that for both £ =ir, A =1+is and £ =ir, A = —1/2 — 2n,
the eigenvalues of the Casimirs are real.
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To compare with CFT, the GCPWs can be written in a more symmetric form by
multiplying a factor ez (=1,

e%r(Afl) (X/A,§ + X/A,ff) + e%r(lfA) (X,27A,§ + X§7A77£), forl <z <2,

WA,ﬁ(xay) =
A(A)(Xag +xa,—e) + A2 = A)(x2-ae + X2-a,-¢), for 0 <z < 1.
(3.37)
where
(s A A
A(A) = ez A Dp) = gin % + cos %, (3.38)
i A A
A2 —A) =e2 @ Dpy =gin % — cos % (3.39)

From now on, we use this symmetric form of the GCPWs for discussion.

Note that in the CFT case as well as the SYK case, for the principal series we have
an alternative expression called the shadow integral representations. In GCA case, it will
be interesting to ask whether there exists an analogue of shadow representation for our
principal series. This will be the subject of section 6.

Now, let us work out the orthogonality and the completeness of our GCPWs. Firstly,
because of the Zs symmetry:

A 2— A € =&, (3.40)

the quantum number of our complete basis can be chosen to be: & = ir, A = 1+ is or
A =—1/2 —2n with r,s € R, n € N. Now we determine the normalization factor in the
inner product. For the principal series, we expect the inner product (xa.e,xa’¢) to be
proportional to §(r —r")d(s — '), so we only need to consider the singular part of the inner
product, which comes from the integral over the small x region, as the y part just gives
27xy/[1 — x[§(r — r'). Then it turns out to be

(‘I’1+is,m ‘I’1+is',z'r') = 4772N5(7“ - 7“,)5(5 - 5,)7 (3.41)

where

N = —cosmA = A(A)A(2 - A). (3.42)
For the discrete series, we can calculate the normalization factor directly:
(\IJA7§7 WA',E') = N/(S(T - "J)(Snn’v (343)

where

N =7 =A(A)OpA(2 — A). (3.44)
Of course, the principal and the discrete series are orthogonal to each other:
(\Ill—l—is,ir; \I’—%—2n,i7‘/) = 0. (345)

For the orthogonality, here we cannot simply follow the fact that for the Hermitian oper-
ators the eigenfunctions with different eigenvalues are orthogonal to each other, because
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our GCPWs are not the eigenfunctions of the Casimirs in the whole region. As mentioned
before, the GCPWs are the eigenfunctions only for € (0,1) and = € (1, 2) separately, but
with different eigenvalues in these two regions. Nevertheless, based on this fact and just
follow our analysis step by step one can easily find that our GCPWs are indeed orthogonal
with each other. The completeness relation is then:

1 “+o00 “+o00 1 .,
4Tr2/0 ds/o dTN\Ill-l-iS,i?“(x:y)\p1+is,ir($ )

+3 /0 AU 3 i (B )V 1 (2) = 216z — )3y — ). (3.46)
n=1

3.3 Read data from inversion

A four-point function admits global block expansion in which the expansion coefficients
contain the data of the theory. It admits the GCPW expansion as well, where the expansion
coefficients can be obtained by using the inversion formula. The two expansions are related
by the contour deformation. In this section, we want to explain how to get the date from
the inversion formula.

The standard (Euclidean) inversion formula method takes the inner product of the four-
point function and the CPWs to obtain the inversion function. After analytic continuation
and contour deformation, one can read the spectrum and the OPEs from the poles and the
residues of this inversion function.

The contour deformation analysis is still valid in the GCFT case. Here we would like
to point out some novel features in the GCFT case. Firstly, we note that though our
harmonic analysis include two regions, 0 < z < 1 and 1 < x < 2, we can actually use any
one of them to find the block expansion. In practice, we will work in the region 0 < x < 1
in the following. Now we write the GCPWs expansion of a four-point function:

o0 1 1 o0 1
G(x,y) = /o dTm/o ds U e(2,9)(Vag 9) +/0 drzn: v Yag(zy)(Pag 9).
(3.47)
As we will show shortly, one can double the integral region and then try to use a contour
deformation and find that the contributions from the arc at infinity (to the right hand
side) can be dropped so that the above integral become a sum of residues which located at
physical poles.

Secondly, the £ = 0 part should be treated separately as we mentioned in section 2.2. In
this paper, we only deal with theories with no & = 0 spectrum, for example, the Generalized
Galilean Free Field Theories in section 4. For the treatment of the £ = 0 case, see [53].

Thirdly, the multiplets appear as the multiple poles in the inversion function. As we
have already shown, the multiplets are essential existence in GCFTs. But only the singlet
blocks are the eigenfunctions of the Casimirs, and the singlets appear as simple poles in the
inversion function just as in the CFT case. So how to see the multiplets in the inversion
formula? The answer is that they appear as multiple poles. This can be understood by
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considering Fourier analysis. The analog of a conformal block is e with s real, which is
generally not in the Hilbert space of the Fourier analysis.'* In fact, our GCA global blocks
as well as physical four-point functions are in the same case: they are generally not in
the Hilbert space of the GCA harmonic analysis. To discuss these more general functions,
we need to extend Fourier transform to Laplace transform. Here is a toy model for the
inversion method: for a single “conformal block” fs,(t) = e, after the unilateral Laplace
transform

F(s) = /0 TSty (#)dt, (3.48)

one get F(s) = 8_180. So it appears as a simple pole at s = sp, which means that we can

read the spectrum s = sg directly (of course here the residue, which is related to the OPE,
is 1). For the GCA case, the multiplets involve additionally “multi-blocks”:

oleot = et (3.49)

which corresponds to a multiple pole after the Laplace transform

n!
(s — so) 1

In fact, this is exactly what happens in the GCA inversion because the block of multiplets
is related to the global block by

(n) _ an (0) (0) Y
Ine = ag Ine A e X €XP <_§l‘ (1 = :L”)) )

such that £ plays the role of s and Y plays the role of ¢ in the Laplace transform.
x

V(1-2)
Moreover, we observe that in order to get the block expansion, we only do the unilateral
Laplace transform, which means we only need to use a half of the integral region. The full
integral (bilateral Laplace transform) is actually divergent for a single block e*°?, but since
we only concern its analytic structure, the unilateral Laplace transform is enough. This is
also the case for an GCA four-point function. In the next section when we discuss GGFT,
we will use this logic and show explicitly the independence of the integral region.

Now let us make the above analysis more explicitly. For a stripped four point function
G(z,y), we first use the GCA inversion formula to get a GCA inversion function:

I(A§) = (Yag, 9) (3.50)

Using the above GCA inversion formula, one gets the expansion with respect to the GCPWs.
The global block expansion is

G(z,y) = Z PA,ﬁ,kaggg)?gv x <1 (3.51)
ALk

Now we would like to compare the block expansion and the GCPW decomposition for
G(z,y) in the region x < 1 to get the relation between I(A, &) and Pa ¢ ;. For the GCPW

1With s pure imaginary, e*! is a complete basis, so is the analog of CPW or GCPW.
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(a) A-plane (b) &-plane

Figure 1. The contours in the A-plane and &-plane.

expansion, we have

>~ 1 >~ 1 o0 1
G(wy) = [ dr oy [ Aoy el (@ag @)+ [[drY g¥ad@)(¥asd), (.52

which contains the contribution to the poles in the inversion function. We want to move
the integral contour on the complex A-plane and complex &-plane as shown in figure 1.
We need fix £ firstly to get the complex A-plane, and choose the contour as in figure la:
the contour goes clockwise along the line Re(A) = 1 and the arc at infinity. This will help
us to read the potential poles corresponding to the physical spectrum. Then we may fix
A to work on complex &-plane, and choose the contour as in figure 1b: the contour goes
clockwise along the line Re(§) = 0 and the arc at infinity. This will pick up the physical
poles corresponding to £ spectrum. However, it is not obvious that the contribution from
the arc at infinity is always under well control, considering all four terms in the GCPWs.
To make sure these contour integral are always well-defined, we need to use the symmetry
of the GCPWs under A — 2—A, £ — —£ to re-express the above expansion. By expressing
it from the xa ¢ term, the contribution from the principal series part in G(x,y) is

1 1 1 1
e /C 6 [ IARTA DA = /C AN O e 55y

(3.53)
where each contribution from xa _¢ and x2_a +¢ is the same as the one from xa ¢. This
allows us to double the integral region twice. At this moment, the integral is on the complex
A plane and complex £ plane. The relation A = 1+ is,£ = ir gives additional %2 as the
pre-factor of the integrand.
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Note that the factor A(2 — A) has simple zeros at A = A,,, which gives the discrete
spectrum. Deforming the integral contour, one also picks up the residues at these simple
poles of (2 NE The residue reads,

ZRes]A A"A ZaAA )|A:An.

Considering the direction of the contour, this cancels the contribution from the discrete
spectrum which is

1 1
2mi /C€ dgzn: mXAé(xv y)(Wae 9)-

Combining them, one gets the contribution from the physical spectrum as follows,
1
—;RES‘&;R68|AmmI(A,€)XA7E, T < ]., (354)

where I(A,¢) has poles at £ = § and A = A,,, which constitute the physical spectrum.
On the other hand, the global blocks of multiplets read

g = 22720k g, (3.55)

so the singular part in I(A, &) reads

20 —2
2 P, k41

(5 - &)k+1 A~ Am

I(A ) ~— > A2-A(k+1)

A'maflvk

+ shadow poles. (3.56)

We see that generically, there are multiple poles in £ and single poles in A in the inversion
function. What’s more, there are shadow poles in the inversion function. Consider

I(A,§) = (Yae 9)
=A(2-A)(xae 9) T AR-A)(xa,-69) + A(A)(X2-2,69) + A(A) (X2-2,-¢,9);

one do not know a priori which of the four terms contributes to the physical poles. If
(G, xa,) contributes to the physical poles, it should have the following singular behaviour,

20, —2
2 PAW 1 7k+1

f gl)k+1 A — Am

(Uae,G)~— > T(k+1)

mvélv

(3.57)

We can see in the next section that this is the case for the GGFTs.

3.4 Limiting analysis

The GCFT4 can be seen as the non-relativistic limit of the CFTy, which has the space
time coordinates z = x +y,z = x — y [42, 44, 59],

xr—x, y—ey, €—0. (3.58)
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This is to take the speed of light ¢ — 00.'® In this sense, it is called the non-relativistic
limit. Under this limit, the generators behave as,

Ly =Lo+Ln, My, =e(Ln—Ly) (3.59)

where L, L, are the generators of the two copies of Virasoro algebra of CFTy, and the
Virasoro central charges ¢, ¢ become,
c+c e(c—0¢)

Ccr, = ?, CM = T (360)

Starting with the highest weight representation in CFTy, one gets the highest weight
representation in GCFT, after taking the non-relativistic limit. The weights and charges
of operators are related as follows,

A=h+h, legr%)e(h—h):l%e(iJ), (3.61)
where h, h are (anti-)holomorphic weight of the operators in CFTs.

Consequently, many kinematic quantities can be obtained by this limiting method,
including the Casimirs, the two-point functions, three-point functions, the null vectors and
the global conformal blocks of singlets, etc. Interestingly, we will show in the next section
that this limiting method can even be valid in the dynamical level, namely, it can be used to
obtain the results on GGFT. Particularly, one can easily see that how the multiplets appear
after taking the limit. On the other hand, when we try to revisit the harmonic analysis
by using the limiting method, surprising things happen: we find that it is impossible to
reach the result of GCA harmonic analysis, though the symmetry is preserved well in the
limiting procedure.

Now, we turn to discuss the harmonic analysis of GCA from the point of view of taking
the non-relativistic limit. We will show that it is in principle impossible to obtain the GCA
harmonic analysis result by taking the limit. The reason is, in a word, that the Hilbert
space in the GCA harmonic analysis can not be obtained from the one in 2d conformal
harmonic analysis. We will discuss two different aspects of this claim, both related to the
definition of the Hilbert space. The first one is the normalizable condition, which determine
the quantum number of GCPWs. The other one is the boundary condition.'%

Before explaining the two unsuccessful aspects of the limiting method, let us note that
there is actually something still valid. After taking the limit, the measure becomes

1 1 1
wlz,y) = lgr(l) 2222~ (x4 ey)?(x —ey)? ¥ (3:62)

which perfectly match with the one in GCA harmonic analysis. Notice that the measure
is independent of the normalizable condition as well as the boundary condition.

5There are actually two distinct contractions both leading to GCA from 2d conformal algebra. However,
as explained in [44], only the non-relativistic limit is relevant to the highest weight representations. We will
focus on the non-relativistic contraction.

5Note that all the previous results (for example, the ones in [42, 44, 59]) that can be obtained by the
limiting method do not involve the boundaries.
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It is most obvious to see the ineffectiveness of the limiting method by considering the
quantum numbers. For the quantum number of the GCPWs, the principal values of A are
actually the same as the ones in 2d conformal harmonic analysis. However, it is impossible
to obtain the discrete values of A or the quantum number of £. Let us explain this point
in detail. Firstly, a function G(z,Zz) in the Hilbert space of the 2d conformal harmonic
analysis has the following CPW decomposition:

B o 1+i0c0 dA B
Gz.2) = 3 [ GmelA D) Fa =) (3.63)
J=0 "7 +7¥0

Taking the limit on both sides, the question is whether or not that the right-hand side
(r.h.s. ) will become the GCPW decomposition of the left hand side. We want to look at
the quantum number on the r.h.s. . From (3.61), a finite J always leads to & = 0 after
taking the limit. This is a trivial case because both sides will be y independent under the
limit. In order to obtain a non-trivial result, the spin appeared in the CPW decomposition
of G(z, Z) must be of order 1. Then after the limit, the function on the left-hand side (Lh.s.
) still has y dependence and the quantum number £ on the r.h.s. is nonvanishing and finite
(in fact, GGFTs in the next section are in this case). There are several possible problems.
The first one is: do CPWs have reasonable (finite) limiting results? We will show this is
true in the next paragraph. Another subtle point is on the commutativity between doing
the J summation and doing the A integral in the ¢ — 0 limit. Even if we ignore the above
subtle issues, it seems impossible to obtain a continuous spectrum of £ by taking the limit.
No matter what Hilbert space we use, the spectrum of £ should be continuous because the
y direction is not compact. As the spin is discrete, it seems impossible to translate the J
summation in the r.h.s. of (3.63) into an integral of ¢ after taking the limit. In fact, the
true principal value of £ should be pure imaginary which originates from the normalizable
condition of the y direction. Moreover, the possible discrete series of A, which does not
appear in a 2d CFT at all, cannot appear from taking the limit on the r.h.s. of (3.63) either.
This discreteness also originates from the normalizable condition for the z direction.

Next, let us turn to the boundary conditions for GCPWs, which will be more explicit.
It has already been known that a single conformal block can be obtained by taking the
limit [44]. In fact, it turns out that the full CPWs is well defined (finite) in the € — 0 limit.
Recall that the CPW in a d dimensional CFT takes the following form:

Fag(2,2) = KagGag(2,2) + Kg-n gGa-n,g(2, 2) (3.64)

where G j(z, %) is the conformal block, and

s (3o r(E-r (3
mFJA—&-J: kg = 27T2F(B _ 1)F(5) .

Knj= (3.65)

[\

In the d = 2 case, if we take the limit on the CPWs, divergences appear in both the

two terms. The point here is that only the relative ratio between the coefficients Kl‘é’AAJ’J

is meaningful, which reaches a finite value under the limit. We observe that all gamfna
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d—A,J

. . K . . .
functions in o could be combined into Beta functions:

1

B(b, c) E%Efszﬂ;flu—yylw. (3.66)
Then in the limit € — 0, we can use the saddle point approximation for these Beta functions
just as in [44], and find that the relative ratio between the coefficients of the block and its
shadow is 1. This is very different from the GCPWs in our intrinsic harmonic analysis.

Now, we explain what goes wrong in this story. In short, the origin of the mismatch
stems from the boundary conditions. More precisely, unlike the measure, the computation
of the GCPWs are closely related to the boundary conditions. In fact, the differential
equation (3.2) and (3.3) can be obtained from taking the limit [44], but we are not sure
whether the boundary conditions can also be preserved in the limiting procedure. Let us
look more carefully. Notice that unlike the ones in usual CFT, the GCPWs in Galilean
conformal theory are linear combinations of four blocks. This is not strange because J =
|h — hl, so the combination of ¢ block and —¢ block correspond to a single block in CFT.
It gives naturally the £ <> —& symmetry of GCPWs in GCA. Moreover, in CF'Ty there is
a symmetry

z _ z
2= 2o (3.67)
which transforms into
z 2
U=zt E o f = T L O(e)
z—1 z-1 r—1 3 68)
_ z z —2ey 9 (3.
2ey=2—2 — - = + O(e%).

z—1 z-1 (z-1)2

After taking the € — 0 limit, this is just the symmetry (3.6) for GCA . It seems that the
boundary conditions in harmonic analysis could also be obtained by taking the limit because
they come from the symmetry. However, this ¢ — 0 limit for the boundary conditions is
illegal because the symmetry property for the CPWs can not be preserved in the limiting
procedure. The point here is that, when we do the limiting analysis, because £ = €J, we
must analytically continue the spin J = h — h,'7 then the CPWs for 2d conformal group
will generally do not have the symmetry (3.67). In fact, with respect to (3.67) the CPWs
of 2d conformal group transforms as [46]

_ < z N
Fh7h<2_1,z_1> (—1) "B, 5(2,2), (3.69)

which holds only for integer spin so (—1)h*’_l make sense. More precisely, the above sym-
metry (3.69) only holds for CPWs with even values of J = h — h. Because (3.67) arises
from the invariance of the four-point function under z; <+ 29, this means a four-point
function that possesses the z; <> 25 symmetry can only receive contributions from Fy 5

'"As noted in [46], 2d CPW F}, ; has a meromorphic continuation in h, but need to keep the spin h — h
fixed to be an integer. So in the following we will see that multi-valuedness appear when we analytically
continue the spin.

— 96 —



with even spin. However, under the ¢ — 0 limit, this even spin condition gets lost and the
relation (3.69) does not hold any more. More concretely, because z = 1, Z = 1 become
branch points when J is analytically continued, the symmetry (3.67) can be rewritten as:

1

l1—2z— —.
1—-2

, 1—2z—

3.70
1—2z ( )
Consequently in the arguments of 1 —z = re? and 1 — 2z = re™*, the transformation (3.67)
results in the transformation

0 — —0, (3.71)

which means that the r.h.s. and Lh.s. of (3.69) may live on different sheets with respect to
the branch point z =1, Z = 1. Thus, when J is not restrict to be an integer, (3.69) is not
correct. Only a single conformal block have a definite transformation law. For J being an
integer, the transformation law of a conformal block coincides with its shadow, so (3.69)
holds. If one consider the fixed point of (3.67):

z2=z=2, or l—z=1-2z=-1, (3.72)
then 6 = (2n + 1)7, after the transformation (3.67),
A =6—(—0)=(2n+1)27. (3.73)

Thus, when we consider the CPWs, the fixed point (z, z) = (2,2) is at a different sheet after
the transformation (3.67). Only when J is an even integer, the CPWs are single valued
and (3.69) holds and the CPWs have the symmetry (3.67), given the Euclidean condition
z = z*. In this case at (z,z) = (2,2) we have the boundary conditions satisfied by CPWs
just like in the 1d case.!® However, when J is analytically continued, taking the limit does
not lead to any boundary condition. In short, after taking the limit, for CPWs we do not
have the symmetry (3.6) as well as the boundary conditions (3.23). Note that there is
another symmetry z <> z in 2d CPWs, which becomes the symmetry y <> —y after taking
the limit, so the boundary condition (3.21) still hold. In fact this is related to the £ <> —¢
symmetry.

Finally, our harmonic analysis is like the one in CFT;, which relies on the space of
real x and y, while the d > 2 conformal Harmonic analysis stand on the Euclidean space
zZ = z* with z and z complex. In the d > 2 conformal Harmonic analysis one needs a single
valued boundary condition at z = z = 1 to ensure that the CPWs are Euclidean single
valued. Our GCA case do not have such a boundary condition. Instead, near x = 1, we
have a matching condition similar to the 1d case, which makes our GCPWs have different
expressions for 0 < < 1 and 1 < x < 2. One can not see this piece-wise structure
when take the limit of a CPW, note that this matching condition is also related to the
normalizable condition for the Hilbert space.

8For the 1d case [45], a single conformal block indeed has similar transformation law for x — =1 (x is
the 1d cross ratio), so only when the quantum number of A is an even integer can it be a CPW. This fact
is reflected on the appearance of the discrete series.
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4 (Generalized Galilean free field theories

In this section, we study generalized free theories (GFT) with Galilean conformal sym-
metries. The correlation functions in GFTs can be read from the Wick contraction. We
consider a generalized Galilean free field theory (GGFT) which contains two fundamen-
tal scalar type operators O1, Oy with the conformal weights A1, As and the charges &1, &9
respectively. The two-point functions read

—2A1 2 fos
<0101> — :L‘l le £1y12/ 12’

—2A2 2 T
<O‘EOZ> = .CC12 26 §2y12/ 12,

(0105) = 0. (4.1)
The four-point function of 01010205 is simply the product of two-point functions.

4.1 GGFTs from operator construction

In this subsection, we consider the spectrum and three-point coefficients in such GGFT by
constructing the quasi-primary operators explicitly. We want to study the operator product
expansion (OPE) of O;0;. Due to the Wick theorem, only composite operators containing
0104 can appear in the expansion. Moreover, L_1, M_; which are the derivatives with
respect to x,y can also appear in the construction. We give a detailed analysis of the
number of the operators in appendix C. It turns out that the generating function of the
total number of linear-independent operators at each level is

1 o0
Z(q) = m——3= > P(N)¢". (4.2)
(1 - Q) N=0
where P(NN) is the number of operators at level N with a weight A; +As+ N. According to
the appendix C, we list the information on the operators and the multiplets in the following
table.

Level 0112 |3 ] 4

Number of operators 114 110]20 135

Number of quasi-primaries | 1 | 2| 3 | 4 | 5
Rank 112 4

Number of multiplets 1111|1711

Note that there is one multiplet at each level.
Let us construct the level 1 operators explicitly. At level 1, there are four linearly
independent operators denoted by A, B, C, D, respectively,

A OlM_log, B: M_1(91(92
C: 01L7102, D . L,lOlOg.

At level 1, there are two quasi-primary operators, which are the linear combination of the
above four operators
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They should satisfy

L{Pi = 0, Mlpi = 07 (4'4)
MoPo = &Po = (&1 + &2)Po, MoP1 = &P1 + Po,
LoPy = APy = (A1 + Ag + 1)Py, LoPy = ApP:.

From acting the generators on A, B,C, D,

L.C = 2A,0,0, LD = 2A,0,0,
M,C = 260,05, MDD = 2§ 0,0,

LA =28010, LB = 260,03,
M A =0, MB =0,
MoA = (& + &) A, MoB = (& + &2)B,
MoC = (§1+ &)C + A, MoD = (§1+ &)D + B,

one can obtain that

Po : ap = &1, bp = —&o, co=dop=0 (4.7)
A& — A
Pial =a, by = —agf — 26151152’ c1 =&, di=—&. (4.8)

Note that there is still one undetermined parameter a in P;.
On the other hand, in order to define the composite operators properly and calculate
their correlation functions, we may apply the point-splitting regularization,

(O(a1,2)O(w2,2))s = _lim 00 — (00) (4.9)
Y2—Y1

such that there is no singularities as x2 — x1. Note that there is no singularities as yo — 1

in the two-point function, so we can simply take the same y. The above composite operators

should be taken as the regularized ones. Now we can calculate the two-point functions of

Py and Py,

(PoPo) = 0, (4.10)
(P1Po) = de2(Ertélyiz/oiny 2AHAD) (4.11)

292 4 PPy} f(a), (4.12)

(P1P1) = (P1Py)—— +
T12

where d = 2£1£2(&1 4 &2) is the overall normalization. To normalize the two-point functions
as required, one should choose a so that f(a) = 0. This leads to

_ A3 — Ao&i (&1 +28)
289(&1 + &2)

Let us turn to the multiple-point functions. There are two three-point functions. One is

(4.13)

(0104Py) = ABC (4.14)
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where A and B share the same structure with (2.32) (2.33), and

C= Cco = —2{152. (4.15)
The other one is
<01027D1> = ABcy + CoABafp InA (4.16)
where Aof? 4 A2
267 + A1&5
Qg =———2= 4.17
! &1+ & ( )

For the four-point function (O10;0203), the contribution of the global block from the
quasiprimary operators to the stripped four-point functions is

1 0) (1)
G(2,y) = S (Aoga 1 ap 1,646 T ALIA A 16 +6) T (4.18)

where the ellipsis represents the contributions from other levels, and
A() = 20001, A1 = C(Q). (419)

To compare with the calculations using other methods where we consider the global block
contribution to the t-channel of the stripped four point function with identical external
operators O, we take A1 = Ay = Ap, & = & = £o such that

0 1
G(z,y) = Aogéﬁoﬂ,zgo + §og§ﬁo+1,2go + - (4.20)

Note that it shows just the explicit contribution from the level-1 quasi-primary operators.
For the quasi-primary operators at higher levels, the construction becomes more and more
tedious. We will use the inversion formula and double series expansion method to read the
relevant information on the quasi-primary operators at higher levels.

4.2 Radial coordinates in Galilean CFT

In many cases, it turns out to be more convenient to work in radial coordinates in Galilean
CFT. The configuration of four points is p1 = (—p,—7),p2 = (p,7),p3 = (1,0),ps =
(—1,0), where (p,7) € D = (0,1) x R. For simplicity, the slope k = 5 € Rwill be used. In
terms of (p, k), the cross ratios (z,y) € (0,1) x R could be written as

zr12w34 _ 4p

13724 (p+1)%

(4.21)

and inversely

= k=2 4.22
p 1+vV1—2x zv1—x ( )

The conformal block with correct s-channel OPE behavior is

B 21+ /1 —x)?2A J% 193
XA,£ - m € . ( N )
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In terms of the radial coordinates it is of the form

4 A _—EkK
XA = poe st 4.24
§T 1 p2 (4.24)
Now the blocks for the multiplets are just
4 _
Xagk = T psz(—/@)k e, (4.25)

where (—k) is to keep the relation y; = afx.
Notice that since |p| < 1, the s-channel block expansion is a possibly convergent series.
To get convergence we need to control the coefficients further.

4.3 Taylor series expansion of four-point functions

In radial coordinates the block expansion has a simpler form, and for GGFT we can cal-
culate the block coefficients of all orders by a Taylor series expansion. The s-channel
conformal block expansion of four identical quasi-primary operators with the weight and
charge (Ao, &) is

(0OO0)
= 2 Pacrxaer (4.26)

In GGFT, it turns out that there is no £ = 0 part and more restrictively, the £-spectrum

g:

contains only £ = 2£». From the viewpoint of operator construction, the condition £ = 2¢»
is consistent with that only double trace operators, schematically 085850, enter in the OO
OPE. Besides, the limiting procedure also suggests this spectrum, see section 4.6. Hence
now the summation is over A and the multiplet number £,

1
> Paip®(=r)t = (1= p)erG. (4.27)
Ak
For t-channel, we have
2
rhs. = 2480721 — p?)(1 — p) R0 p2R0 exp (—2&9/&1 P ) (4.28)
—p

For u-channel, we have

rhs. = 248072(1 — p2)(1 + p) R0 p2R0 exp (25@5

2 ) (4.29)

1+p

which is related to t-channel by p — —p, as in the case of CFT.

In the t-channel’s contribution (4.28), apart from the p?2© factor, the remaining part
has a Taylor series expansion of p (an expansion of p", where n € N). So matching
the left hand side of (4.27) to its right hand side (which is (4.28) for the t¢-channel),
we get A, = 2Ap + n. This is also true for the u channel’s contribution (4.29). Now
we calculate each channel separately, to compare it with the inversion formula and the
operator construction method. The relation in the ¢-channel is,

—4
Zpé,kpn(—/ﬁ)k — 24Ao—2(1 — p2) (1 o p)—4Ao exp(ﬁ?) (4_30)
n,k -
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The key feature is that x only appears in exponential factor together with p due to the
condition & = 2{pn. Also it is analytic at p = 0. Hence the summation range is n > 0 and
k=0,---,n. Expanding the right hand side we get the coefficients,

94A0+2k—2 5(15

P, = X Ap (4.31)
where A,, . is a polynomial of Ap of degree n — k.
4A(9—|—2n—k‘—2 4A(9—|—n—2
Ang = 4.32
ok 4Ap +n—2 ( n—=k > (4.32)

We list explicitly A, of the first few levels in order to compare with other methods.

k 0 1 2 3

n

0 1

1 4A0 1

2 8AY +2A0 — 1 180 +1 !
3

3 | Zgo 4803 550 | 8AL 4600 400 +2 | 1

At level 1, we have,

Pio = 24A0A(97 Pf,l = 24AO§O7 (433)

and the corresponding block expansion is,

Gi(x,y) = 2"2° D0 X2n0+1,2¢0,0 + 2'2°0 X280 +1,260,1 + -
_ (0) (1)
- Aog2Ao+1,2§O + 5092AO+1,2§O + - (4.34)

where the different conventions of blocks are related by ggﬁ)g = 9242

XA k- 1t matches the
operator construction result (4.20).

Now it is easy to sum over the ¢t and v channels:

2180 +2k1ek AN o t2n—k—2 (4Ao+n72)
Pt+u _ k! 4Ao+n—2 n—k ’

wko 0, n is odd.

n is even

(4.35)

This is the result for the generalized free boson, and for the generalized free fermions we
only need to interchange even and odd in the above formula.

4.4 Inversion function of GGFT

It is interesting that we are able to extract the spectrum data of generalized free theory,
although the inversion function I = (W ¢, G) is divergent due to the pathological behaviors
of two-point functions with non-vanishing Refn.'® Without lose of generality we assume
Reép > 0 in this subsection.

19 As we will show in the next subsection, if we choose £o to be pure imaginary such that the inversion
function is convergent in the sense of distribution, however, the result has no A poles related to the physical
operators, closely relating to the fact that there is a branch cut in the &-plane in the inversion function.
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The way out is to introduce a regularization, and analyticity ensures the results are
cut-off free. We regularize the two-point functions by defining

(00), =0 (r _ yl?) (00) (4.36)
12
which converges to (O0O) when r — +o00. And equivalently the integration region of inver-
sion formula restricts to D, = (0,1) x (—oo,r). In the previous subsection we have known
that the block expansion is analytic in D. The rigidity of analytic functions ensures that
nothing will be changed if restricting to D,, yet the inversion integral will be convergent.
To be concrete, the structure of regularized inversion function turns out to be
oo n
I(A€) = T;”;)P#}Zersion = Ai(;g_—Agfo)k“ + shadow poles + regular w.r.t. §.

(4.37)

The shadow poles are from the three shadow blocks in WA ¢. The third term, contributed

from D,\Dy and (1,2) x R, though depends on r and contains the poles of A, is regular
with &. If we deform the contour of A and &, only the first term I; gives non-vanishing
contributions. The first term I;, and also the shadow part are independent of r and
remaining finite in the limit » — 400 and we can safely evaluate it at r = 0, i.e.

Il,r:oo = Il,’l”:o (438)

which means taking Dy as the integral region. Equivalently it is a unilateral Laplace
transform.
Now let us calculate I,

I = A2 - A)(xag 9Dy (4.39)

It is more convenient to transform the inversion integral into p coordinates. The integration
region Dy in radial coordinates is (p, k) € (0,1) x (—00,0), and we denote it also by Dy.
The inner product is,

1 * (1 _p2)2 *
(f,9) = . drdy—3f"g = o, dpdﬁTpg,f g. (4.40)
The input ¢-channel contribution is
N —2A =280y
G — (1—2x) Oexp( T ) :24Ao< P >2Ao 3_2”50% (4.41)
t z—280 exp(—%fy) (1-p)? . '

The conformal partial wave is a linear combination of four blocks, but as we have discussed
in (4.37), to read out the physical spectrum of GGFT we only need one of them. The block
IS XA, = Xo-a ¢ and

1
(Xae,Gi)p, = 21802 /0 dpp=S+2Bo=1(p) (4.42)
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a

in which & has been integrated out: fE oo €M = %, and

(L+p)(1—p) 2
(1= p)¢ —260(1+p)

We will see that the independence of A in f(p) simplifies the calculation drastically.

fp) =

(4.43)

The integral (4.42) can be represented as an Appell function F;. However to figure

out the analytic structure it is more convenient using the following method. Recall that

p®~1 is a distribution on p € (0,1) and is meromorphic with respect to a, with poles at

a = —n, n € N and the residues Resg—_p, = (—1) %,

1
/D dop™ Y g =Y (4.44)

a—+n

We use this to read the poles and the residues of A, and the &-pole structure automatically
appears in the residues of A - there are multiple poles at £ = 2¢» corresponding to the
multiplets at each level, whose order ranges from 1 to n+ 1. To extract the pole structures
we need to calculate the n-th derivatives of f(p) at p = 0, and then expand them with
respect to % The result is

oo n 1 1 ti .
_ P ,inversion 4.45
(XA,fygt)Do n;ﬂ];) _A+2A0+n(§_2€(9)k+1 n,k ( )
where,
P,i:zlverSIOn — k" Pytl,k (446)

It matches with (4.31) obtained by the Taylor series expansion. The factorial k! is due to
reading out the block expansion from higher order poles. And the clock-wise direction of
contours with respect to & and A gives rise to two minus sign but totally (—1)? = 1. When
reading out the spectrum data, we firstly deform the A-contour picking up the poles at
A,, and then deform the &-contour giving rise to multiplets.

4.5 Branch cut of inversion function

The order of &-poles in (4.45) is unbounded above as n — oco. This suggests that £ = 2{p
could be a logarithmic type branch point in &-plane. This fact could be shown explicitly if
we change the order in doing the integrals. In the above discussion, we took the contour
integrals first in A-plane and then in £-plane. If we take the £-contour integral first, we will
find a discontinuity along the &-branch cut. With this discontinuity we can still recover
the t-channel stripped four-point function, as we will show.

To see the branch cut we discuss a toy model firstly. Consider an improper integral

of t,
1 1 1
dt —— =1 1-——. 4.47
/0 t—a Og( a) ( )

It has a branch cut with respect to a at (0, 1). This is because when a € (0, 1) the integrand
should be understood as a distribution, and the ambiguity of definition comes into play,

1 1 .
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260

Figure 2. The analytic structure of (xa ¢, Gt) Do From the £-viewpoint, it has a branch cut, while
from A-viewpoint it has double trace multiple poles.

This is also the Fourier transform (integral with respect to k) of Heaviside step function
supporting on R”? or R<?. And the discontinuity is just twice the integration of the
imaginary part,

1
Disc = / dt2mid(t — a). (4.49)
0

For the inversion function I, which is proportional to (4.42), there is a singularity in

f(p), eq. (4.43), lying at
o _§-20
Psing €1 260 )
and the resulting branch cut in &-plane is along £ € (2{p, +00). Then the discontinuity is,
(1+p)(1 — p)**20

—(€+280)
— —97i 274Ao+3 55(29_4AO (é- _ QSO)QAofAfl(g + 2§O)A+2A@73‘ (451)

(4.50)

1
Disc (xa¢: Gr) p, = 2mi 21407 /0 dpp~ A28 3(p = psing)

Now if we reverse the order of doing A and & integrals, opposed to the ones in the previous
subsection, using (3.53) and enclosing the ¢{-contour onto the branch cut, we get,

1 1
=— [ da— / d ,
G 2 Jow ot Je, € (xag:Gt) p, Xag
C2mi Ca 27 260 XAL Yt Dy XAk
1 S} 1
= i ) BB [ KO e 4.52
ot Jog B Joe, % 15 (4.52)

where the integrand K (&) is

K(g) — _274Ao+5§§%—4Ao (5 . 260)2A@7A71(€ + 2£O)A+2A073€7(§7250)R' (453)
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Notice that the factor (€ —2£p)?2© =21 plays the role of p~2+220~1 in (4.42), and provides
the double-trace poles A%An. And there are no contributions of double-trace poles from
& — 260 — oo due to the exponential decay.

To check (4.52) indeed recovers the ¢-channel contribution G;, we borrow the identity
of confluent hypergeometric function 1F; and get,

AEK () = ki (A)T(2A0 — A) + ko (4.54)
280
where,
24A80FIT (2 — 4A
kn(A) = ( o)
I'(—A—-2Ap+3)
+ (A = 280) 1Fi (A + 280 + 1,400 — 1;4k€0) ) (4.55)

(280 = 1) 1F1 (200 — A, 480 — 2;4k60)

and the ko-term contains no poles of A. The factor I'(2Ap — A) of ki-term gives double

(=1

trace poles A, with residue Tn After doing the A-contour integration, the clock-wise

contour of A gives an extra minus sign (—1), and the right hand side of (4.52) is,

hs =3 U (a) —L pne26on 4.56
n=0
where k1(A,,) is a polynomial of « since 1 F1(—n, a; z) truncates to the generalized Laguerre
polynomials. Now we can re-expand with respect to x and get back to the Taylor series
expansion of G;.
Finally we discuss the subtlety of inversion integral for purely imaginary?® £o. In this
case the inversion integral is convergent in D = (0, 1) x R since the part involving y is only

a phase factor, giving rise to a delta function of x, and the integral

(Xag: Gt) p ~ E(€ = 260)?207 271 (€ + 26p)AT2R0 3 (4.57)

has no double-trace pole structures and coincides with (4.51). This is because for purely
imaginary {» we can freely choose the integration region as Dy or D\ Dy = (0,1) x (0, +00)
since both are convergent. Adding these two up we get the result (4.57) and lose track of
pole structures coming from PV(:1-) in (4.48).

4.6 Limit for GGFT

Now, we show how to reach the GGFT by taking the limit on a 2d GFT. Our starting
point will be the block expansion of a four-point function of four identical fundamental
operators (we use the same notation O for this operator) with the same quantum numbers
Ao and Jo in a GFT. In 2d, such a correlator can be easily analysed by its factorization
property, namely, it can be factorized into holomorphic and anti-holomorphic sectors. In

20The physical operators lie on the unitary principal series, which also happens in celestial CFTs, see
e.g. [60].
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each sector, the theory is a generalized free theory. For simplicity, we will focus on the
identity in ¢ channel, which has the following form:

2ho = 2ho
(t) _ z z )
0= (12)" (2 (459

where hg and hg are the input quantum number and satisfy:

ho + ;LO = Ap, ho — B@ = Jo. (4.59)

The holomorphic part has a block expansion with respect to the SL(2,R) symmetry:

o0

(1 - Z>2ho = 2 @Gn(2) (4.60)

where G,,(z) is the conformal block corresponding to a double trace operator with dimen-

sion h, = 2hp +n and
_ (2h0)3
- nl(dho +n— 1),

The same thing holds for the anti-holomorphic part. So we have:

(1 . Z>2ho (1 i g)%o = i Uy G (2) G (2)- (4.62)

n,m=0

an (4.61)

Now we take a limit on both sides of the equation (4.62). The limit is defined by
setting

r=x+ey, Z=x-—¢ey, A=h+h E=ech—h)=¢€ (4.63)

and taking the ¢ — 0 limit while keeping £ to be finite. It is easy to work out the left-hand
side of (4.62) after taking e — 0:

2]’),(9 = 2FLO 2AO
. z z X —280—YL—
1 = z(1-2) 4.64
613%<1—z> <1—2> (1—1‘) ¢ ’ (4.64)

which is just what we want: the identity part of the ¢ channel correlator in GGFT.

Next we deal with the right-hand side of (4.62). First, we want to know which operators
appear in the block expansion. The quantum numbers of double trace operators in 2d
GFT are:

hy, = 2ho + n, Ry = 2ho +m, n,me N. (4.65)

After taking the limit, we have:
A =2Ap+n+m, € =20 +€e(n—m) (4.66)

We see that the spectrum of A is € independent, while the £ spectrum depends on €. The
point here is when we take the ¢ — 0 limit, the spectrum of ¢ is localized to & = 2{» and
the A spectrum always stay at the “double trace” location, which is just the result of the
previous sections.
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However, here comes a question: how do multiplets appear in this procedure? The
answer is that we need to count the small shift of ¢, namely, we should expand the block at
& =260+ €(n—m) in terms of the block at £ = 2{». Then, one naturally obtain the terms
of some derivatives with respect to £ of the singlet blocks. The crucial point here is that
even at the higher order of the € expansion, these terms indeed give finite contributions, due
to the combination of the % factor in the coefficients a,a,, under the limit. Furthermore,
all the superficially divergent terms cancel with each other, and the coefficient function
only has terms of finite order in %, which gives a truncation of the rank of the multiplets.
The above analysis indeed has two kinds of € corrections: one comes from the order O(e)
shift of & away from 2£», as mentioned above. While the other comes from higher order
corrections in € for a 2d conformal blocks:

Gn(z)Gm(Z) = 92Ap+n+m,260+e(n—m) + O(e) (4‘67)

where ga, ... 2¢o+e(n—m) 18 the GCA singlet block. Both these two kinds of € corrections
are possible to give finite contributions when combining with higher % order terms in the
coefficients a,, and a,,. In the argument above, we have only concerned about the first one,
as the second kind of correction is always at higher order in € in the calculation and does
not contribute. The final picture is that the limit of the right-hand side of (4.62) is well
defined and match perfectly with our pervious calculation!

Let us illustrate the picture by showing several leading terms. Denoting G n.h as the 2d
conformal block, we relabel it as G'a ¢ according to (4.63). The leading term corresponds
to n + m = 0 which requires n = m = 0, and has:

A:2A07 522607 aod(]:]--

This is just the singlet block in the previous sections. The next-to-leading terms correspond
to n + m = 1, which requires

n=1m=0, or n=0m=1,
then the two terms contribute to:

algLO(GAh?fo + EaﬁGAL?Eo) + GO&I(GAL?EO - €8§GA1,2€O)
= AoGa, 20 +E00:G A, 20
= Aolga, 260 + O(6)] + 009, 2¢0 + O(€)]

e—0

= Aoga, 2o + €009, 2¢0- (4.68)
This is the contribution from the rank 2 multiplet in the previous section. From above

analysis it is obvious that the second kind of corrections is at higher order in e. When we
go to the higher orders, some possible divergences appear. Interestingly, these terms cancel
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with each other. For example, at rank 3, the three possible terms are:

_ 2¢)? _
azag (Gm,z&o +2€0:Gny 260 + Gk 2|) 8§GA1,2§O> + a101G A, 2¢0
_ (26)2 2
+aoaz | Gagpeo = 260¢Ga 260 + 50 Gar 260 | +O(€) (4.69)

= AoGa, 260 + A10eG A, 260 + A207G A, 260 + O(€)
0
=" Aoga, peo + A10ega, 260 + A2029A, 260 -

It is easy to see that Ao has no divergence. For Ag and Aj, one can find the potential
divergence disappear due to the cancellation. In general, the terms with £ = n are not
divergent, while the terms with k < n consist of superficially divergent terms which cancel
with each other such that these terms are finite as well. One can prove this cancelation
precisely and find the final results are identical to the ones obtained before. The details of
the proof can be found in the appendix D.

5 Tauberian theorem and the spectral density

The tauberian theory plays an important role in the modern conformal bootstrap pro-
gram [9, 61-63]( see [24] for the Schrodinger case). In this section, we want to use it to
estimate the spectral density. The p and k coordinates will simplify our discussion here as
well. The key point is that the stripped four-point function in ¢ channel is dominated by the
identity operator in the x — 1 (or p — 1) limit. This allows us to use the Hardy-Littlewood
tauberian theorem to estimate the spectral density.

Because the y (or k) dependence is always exponential, we want to expand it and
match the asymptotical behaviour near x =1 (or p = 1) in each order of y (or k). We will
see that tauberian theorem can be used in each order. The crossing equations are:

1 " A
v 08 " bacrgir(@y) = (x =1 -2,y = —y) (5.1)
ALk

where we pack the dynamical data into the coefficient ba ¢, and the GCA block is:

(k)

Iae(@,y) = 2227 xa e n(@,y) = 222 720f XA ¢ (2, ). (5.2)

Our strategy is to expand both sides in y and match the asymptotical behaviour at x — 1
order by order. In the ¢ channel, the general block is:

k
T N ¢ e e ) T T L
N (x,y)—gAf(l T, —y) =2 NG € (1—z)yz )~

(5.3)
Moving the input factor on the left-hand side to the right, we have the prefactor (which is
just the t channel identity because gi(é)entityzl)

200 Y

’ e Xosm (5.4)
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Now we look at the x — 1 behaviour. Expanding both sides in y, we can get the asymptot-
ical behaviour near x = 1 from the right-hand side. In fact, at each order of y, the z — 1
behaviour is controlled by the t-channel identity only. For example, in the y° order, the
identity gives the most singular power law behaviour so we have (we use G¥" or G** denote
the k-th order part of the four-point function in the following):

0

GY¥ ~ (1 — ) 2P0, (5.5)

When we go to the higher order of y, in both the prefactor and the GCA (¢ channel) blocks,

y is always combined with a power law term ﬁ, so at each order of y, the identity always

dominates near z = 1. At the order y*, the asymptotical behaviour near = = 1 is
G¥" ~ (1 — z) 280k, (5.6)

Then we can estimate the spectral density for each order. We use the p and k coordinates
to make the argument more explicitly. In these coordinates, all the argument above is still
valid, except that now we expand in x and look at the p — 0 behaviour. For technical
reason, we need to write every x* part of the four-point function as the Laplace transform
of a “weighted spectral density” . This allows us to use the Hardy-Littlewood tauberian
theorem in its general form, otherwise we need to rewrite the theorem in a different form.

It turns out that?!

(5~ | T dAaf (a)esa (5.7)

where e ? = p and f (k)(A) is the spectral density function. Because the GCA block in p
coordinate has a simple power-law form, one can easily read the spectral density function

f*)(A) from the dynamical coefficient ba ¢ k- For example, at order <" the spectral density
function £ (A) for the GGFT is

FOA) =" PLos(A - Ay) (5.8)

where P} is the GGFT coefficient (4.31). Note that for GGFT, ¢ is fixed to be 2.
Generically, f (k)(A) will include the contributions from all possible ¢ for the specific A.
For the higher order of k, the contributions from the multiplets should be included in
F®(A). At order x°, from the ¢ channel, we know that as p — 1 (that is, 8 — 0)

0

G (B) ~ 28071 (1 — p)l T80~ 2tReTlgIRe (5 0). (5.9)

We may define the integrated spectral density function

A
F(A) = / A FO (AN, (5.10)
0
Then by the Hardy-Littlewood tauberian theorem, we get:
A4AO—1
- 9ldo—1
F(A)~2 T(iAg)’ (A — o00). (5.11)

2n the following of this section, by saying a four point function or its x* order part, we always multiply

them an additional factor 1;" 2 because we want the p dependence of the expanding block become a single

pure power law.
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There remains an important question: does the condition of tauberian theorem hold in
the GCA case? For the case of CFT, thanks to the unitarity, the spectral density function
is always non-negative so the tauberian theorem is valid. Our theory is generically not
unitary, so we have no convincing argument to show the validness of the tauberian theorem
at present. However, note that the condition for the tauberian theorem is actually more
relaxed than the non-negativity of spectral density function, it is (see Theorem 1.15.3
in [64]):

FO>A) > —cAtho—2 (5.12)

where C' > 0 is some constant, and the above condition need only to hold for sufficiently
large A (A’ < A < oo for some A’ > 0). This condition seems gentle, and our result for
the integrated spectral density is only valid for those theories who satisfy this condition.
In fact, we have checked that GGFTs marginally satisfy this condition in the appendix E.
As a result, we also have checked that the integrated spectral density of the GGFT has the
above asymptotical behaviour.

Just as in the CFT case, we can actually discuss the error estimates in the Hardy-
Littlewood asymptotics [61]. The error is controlled by Asx, the lowest dimension of oper-
ators in the O x O OPE.

0

Gr (B) = 210 1glm1R0(1 + O(B2Y)). (5.13)

As usual, this power-suppressed error will not translate into a power-suppressed error term
for the integrated spectral density function. Instead, the best possible error estimate is

only logarithmic:
4Ap—1

F(A) = 24%—1? (1+0(1/logA)). (5.14)

(4A0)

6 Shadow formalism and alpha space approach

In CFT we have several approaches to the inversion formula besides the harmonic analysis,
one of which is the shadow formalism [48, 65-70]. In this section we set the stage for the
shadow formalism of Galilean CFT. Besides, in one and two dimensions there is another
slightly different method of diagonalizing the Casimir equations named the alpha space
method [50, 71], where an unusual boundary condition at z = 1 is selected and the Hilbert
space is supported only on z € (0,1). Unlike the situation in CFT, we find that in GCFT,
the alpha space approach could be related to the shadow formalism.

6.1 Shadow formalism of GCFT

The starting point of the shadow formalism is the shadow transform, an intertwining
operator between two principal series representations of the conformal group. Another
highlighting concept is the Plancherel measure, a canonical measure on the unitary dual
of the conformal group, appearing in the decomposition of the regular representation as a
direct integral of unitary irreducible representations. In the following we explore on similar
objects of the Galilean conformal group ISO(2,1).
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After analytic continuing the dimensions of a bosonic primary operator O onto the
principal series (A = 1+ is,& = ir), r € R*, s € R,?? we can construct a shadow operator
O, non-local with respect to O,

Ofa,y) = A(Ar) [ da'dy (O, )0 1))O' )

1 —923 y_yi
= A(A,’F) o d$/dy/m€ "a—a O(mlay/)

transforming as an primary operator of weight (2 — A, —£). The undetermined pre-factor
A(A,r) is to ensure the equivalence of two representations O = O, or equivalently

[ ety (01,10l )OOz ) = FHTRIEIL (6

This leads to the vertex-graph identity,

(d(x1,y1)P(22,42)O(2,y)) = /R2 dzodyo(p(z1, 1) (22, y2)O(x0, 40)) (O(20, %0) O(2, Y)).

(6.2)
Actually, from (6.1), we can read its left-hand side
. y(zy—wz9)+x(y] —yo)+z —x
Lhs. = / dzdy |z — 1|22 |z — w2\2A_4ef2"y )
R2
os Y1—Y2
= 1(5(:1:1 — .’132)/ d |z — x1| e T
7] R
2
= —30(z1 — 22)d(y1 — ), (6.3)

where in the first line the integration of y contributes to 6(x; — x2), in the second line the
simplification is due to x1 = x2 and in the last line we change the variable ﬁ =t. This
determines A(A,r) = @

There are several remarkable points:

o All the terms are distributional and hence are taken as principal values or as analytic
continuations if necessary. For £ = 0 the integral is divergent due to the reducibility
of representations (or null states), and we need to adopt the shadow transform of
SL(2,R).

o For 4 —2A = —2n — 1, n € N, the distribution |#|72"~! in the shadow transform
seems to be ill-defined as in 1d CFT, where this phenomenon corresponds to the
discrete series of SL(2,R). Here the key point is that we must integrate out y firstly,
then the apparent divergence due to |z|~2"~! disappears and I'(A)-like factors do not
appear in A(A,r).

o The condition of principal series (A =1+ is,§ = ir), r € R*, s € R means that the

representation admits an inner product,
(01,02) = [, dady (O1(a.))" Oulv) (6.4)

which is invariant under (2.8).

22For ¢ = 0, the discussion is the same as in CFT1, hence we focus on the & # 0 sector.
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e The factor A(A,r)A(2 — A, —r) ~ r2, compared with CFT, should be proportional
to the Plancherel measure [18]. We find in page 114 of [72] the Plancherel measure
of Poincare group. The measure of massive and tachyonic representations have non-
vanishing supports on the unitary dual, and our result matches the tachyonic ones
up to numerical factors.

o The co-adjoint orbits (mass-shell) of tachyonic representations are one-sheeted hyper-
boloids, and imaginary mass im <> —im label the same representation. Our shadow
transform £ <> —¢ shares the similar feature.

As in CFT, the partial waves for four identical primary operators ¢ with (Ag, ), ro € R*
can be constructed as (We use the same notation ¥ here),

Ui (z,y) = / dzsdys (9120 ir (75, Y5)) (O(25, Y5 ) P34) (6.5)

<¢1¢2 ) (P304)

where r € R, ¢; = ¢($i, yi). The detailed evaluation of (6.5) is as follows:
— | dxsd O ir (s, O(xs,
<¢1¢>2> $304) / 5dys (91020, (25, Y5)) (O (25, y5) P304)
A 2-A . 5 s uss
:A(A’T)/desdy5< ‘1'12| > ( |$34| ) efzr(%Jr%,%,%Jr%i%)
R

\I]A,iT (x’ y) =

|z15]|725] ) \ |735]|745]
A 22— 2zt x
—A) [ dx5dy5( = ) 1 g2, (it )
R? |@s5]|z — @3]

where 7 € R*, ¢; = ¢(x;,9;). In the third line we have fixed the gauge to the standard
conformal frame by conformal covariance. Since the exponential factor is just a phase, the

integration of y5 gives a delta function,

a3 — 2x5 + r5(r —x —z
’ (T%(;_ e x5>> - N iy ) bs =) (69

where £ = 1 4+ /1 — z. Then the resulting partial waves are

isign(r) (;rA(l +1I—2)2724

\I}A,M’ (‘T? y) =

2 Vv1—2x

The conformal blocks can be split out by different monodromy around x = 0 as in [70].

eI (A2 A, r— —7")) (6.7)

However notice that the second delta function in (6.6) is located in x5 € (1,00). If we
restrict the integration region to x5 € (0,1), the physical block is automatically selected.
And this also happens in 1d CFT. In higher dimensional CFT, we pick out the physical
block by changing the integration region to Lorentzian spacetime x5 € R4~1L1,

There are several different features from the harmonic analysis in section 3. The
shadow integral (6.5) vanishes in > 1. The shadow integral automatically guarantees
that the partial waves are eigenfunctions of the Casimir operators, restricting the ones in
(1, 00) to zero. The discrete partial waves at A = %—Fn, n € N are absent and the boundary
condition at x = 1 is different.
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6.2 Alpha space approach to GCFT

The alpha space approach in CFT is defined by solving the Sturm-Liouville problem of
the Casimir operators restricted in the region z € (0, 1), leading to an integral transform
slightly different from the inversion formula. We seek a similar transform for Galilean CFT.

Now we restrict the region to (z,y) € D = (0,1) x R mimicking the alpha space
method, and in radial coordinates®® the region is (p,x) € (0,1) x R denoted also by D.
The Casimir equations are

Ch: (3,% - 52) faglp, k) =0,
2
Cy: (paﬂan - 11—228/@ + §(A - 1)) fA,E(pv "i) =0. (68)

By changing of variables fa ¢(p, k) = % hae(p, k) and t = —logp € (0,+00) the new
region is denoted by (t,k) € D = (0,4+00) x R, and we get,

C : (82 =€) haglt.r) =0,
Cy: (040 —E(A = 1)) hae(t, k) =0, (6.9)
and the general solutions are linear combinations of,
hae(t, k) = oAt eEx
hon —¢(t, k) = eI =Rt eEn, (6.10)

The measure and inner product are simplified to,

(f.9) = [ dedy—s'g= ["at [ axr. (6.11)

Now we need to specify the boundary conditions. Formally this is to determine possible
self-adjoint extensions of symmetric operators, see eg. chapter 10 of [73]. The quadratic
Casimir C' sets £ =1, r € R as before. Then the Hermitian condition of C5 is

(Caf.) = (1.Cog) = [~ dt [ dx (010t 9) =~ O 09)
_ /R dr (9, 1*(0, 1)) (0, K). (6.12)

In the second line, other boundary terms have been dropped by the fall-off conditions at
infinity, leading to A =1 4 is.

To make the remaining boundary term in (6.12) vanish, we need to choose a spe-
cific boundary condition at ¢ = 0, and then check if this condition leads to a self-adjoint
extension of Cy. As we will show later there are infinitely many in-equivalent boundary
conditions corresponding to different self-adjoint extensions. We pick one of them to match
the result of shadow formalism,

f(07 ﬁ) = f(07 _K)v g(ov R) = g(O, _’i)v (613)

ZFor the Harmonic analysis in section 3, the transformation to radial coordinates are piece-wise defined

in the region (z,y) € R? and we get no simplification.
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namely, boundary values are even functions of x. Then the basis are (ha ¢ +ha_a —¢), and
back to the (z,y) coordinates, are,

Var=Xae+ X2-A ¢ (6.14)
in which the normalization is fixed by,
(\Ifl, \112) = 471'2(5(7“1 — 7"2)5(81 — 82). (6.15)

In fact, we need to use the theory of self-adjoint extension of unbounded operators [73].
Recall that the deficiency subspaces of a closed symmetric operator A are defined by

D =ker(AT — i),
D_ =ker(AT 4 1), (6.16)

and different self-adjoint extensions Ay correspond to different unitary operators U from
Dy to D_. Then the domain of Ay is spanned by

D(Av) = {9+ 64+ Ud4) : 6 € D(A), 64 € Dy}, (6.17)

and the action of Ay are extended by

Au(¢+ o1 +U(94)) = A() +idy — iU (). (6.18)

Now for Cs, starting from D(Cq) = {f € L*(D) : f(0,x) = 0}, the deficiency subspaces are
Dy = {ha i (t, ) = e 0 > 0},

D = {ha(t,x) = e /%™ 10 > 0} . (6.19)

Any unitary operator from D, to D_ leads to a different boundary condition. We choose
U such that U(hg,+) = hq,— then,

D(Cov) ={f + ha+ + ha— : f € D(C), hax € D+}, (6.20)

then for a generic function f € D(Cs ) we have f(0,k) = f(0, —k), matching with (6.13).
As a result we can construct an alpha space method sharing similar features with the
shadow formalism in Galilean CFT5. This is different from the case in CFT.

7 Conclusion and discussions

In this work, we tried to develop Galilean conformal bootstrap, paying special attention
to its analytical aspects. A general Galilean conformal field theory is not unitary. Even
though all the primary operators have positive conformal dimensions, the quasi-primary
states have negative norms. Such a non-unitarity is mild in the sense that the primary
states are always of positive norm.?* Our study suggests that the conformal bootstrap

24Gimilar phenomenon happens in holographic warped CFT, where the Kac level is negative leading to
mild non-unitarity [74]. It was shown that the modular bootstrap is still viable in this case.
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might still be viable. In particular we showed that analytic Galilean bootstrap is valid, at
least for generalized Galilean free theory.

Our study on the Galilean conformal bootstrap is based on the global symmetry.
One reason is that the local GCA block is unknown and the infinite dimensional symmetry
cannot be applied. Nevertheless, there appear some novel features in our study. Due to the
presence of multiplets, their contribution should be taken into account appropriately. Our
first study was on the multiplets and their multi-point functions. Especially we computed
the global blocks of the multiplets and showed how the four-point functions can be expanded
in terms of these global blocks. The appearance of multiplets is an essential feature in
Galilean conformal bootstrap.

Our second study was on the harmonic analysis of GCA, which paves the way for
further analytic study. Due to the fact that GCA is not semi-simple, the harmonic analysis
is quite different from the usual conformal case and is more subtle. Due to the semidirect
product structure of GCA, the technical treatment followed closely the one in CFTq, but
the Galilean conformal partial wave is very different. Especially, in order to define a
bona fide Hilbert space, we had to use quartic Casimir and introduce proper measure and
inner product. We found that for GCA, there are principal series representation, as well
as discrete series representation, similar to CFT{. With the GCPWs, we established an
inversion formula which allow us to read data of GCFT. We pointed out that a rank-n
multiplet appear as a multipole of order n in the inversion function. By the way, we
showed that the GCPWs could not be reached by taking non-relativistic limit on CPWs
of 2d conformal group, as the normalizable condition and boundary conditions should be
analyzed in a way independent of the non-relativistic limit.

In order to test our formalism, we studied the generalized Galilean free theory in
several different ways. Firstly we constructed explicitly the level-1 double trace operators,
which form a rank-2 multiplet. Secondly we studied the crossing equations by doing double
series expansion and read the data of GGFT. Thirdly we tried to do inversion integral and
found the same set of data successfully from the inversion function. Finally, we found
that GGFTs can be obtained by taking the non-relativistic limit of 2d GFTs. Our study
of GGFT provided a nontrivial example of using analytic conformal bootstrap to a non-
unitary theory.

In this work, we focused on the GCFT whose spectrum is made of the operators with
nonvanishing ¢ charge. The £ = 0 case is quite different and subtle, but could be essential
to have a complete bootstrap analysis. It is indispensable to have a thorough study of this
case [52, 53].

The study in the present work can be extended to several directions. Considering the
fact that the similar multiplets appear in LCFT, it would be interesting to discuss the
conformal bootstrap for such CFT, see [25] for relevant study. Moreover, the viability of
applying conformal bootstrap to the theories with conformal-like symmetry and mild non-
unitarity suggests that other theories sharing similar features, like warped CFT [75-77]
and anisotropic Galilean CFTs [78], should be investigated in more details.

Our study focused on the 2d case. It would be interesting to study higher dimensional
Galilean CFT. In this case, one has to take the angular momentum quantum number into
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account [79]. Another interesting direction is to investigate Galilean conformal bootstrap
numerically. This is a field which has not been explored. There are some efforts to do
numerical investigations on the theories without unitarity, see the review [7] for details.
It is also interesting to further study the Galilean conformal bootstrap analytically. For
example, it is possible to develop the analytic functional method [19-23] for the Galilean
conformal bootstrap. One can also try to develop our GCA inversion formula further just
like in the case of CFT (d > 2) [17, 18] and CFT; [80].

One essential obstacle in the Galilean conformal bootstrap beyond GGFT is the non-
independence of the blocks of multiplets. For example, a rank-1 block can be rewritten as
an infinite summation over the blocks of arbitrary rank up to infinity,

T

o)
C
XAO,E(H-C,I(p) ’{) = Z ﬁXAo,fo,r—&—l(pa K’)' (71)
r=0 "'

For the GGF'T, this is not a problem as the spectrum of £ is fixed. However, if we consider
a generic Galilean CFT rather than generalized free theories, the block expansion of a
four-point function is not unique. One can easily see this from the above observation that
the blocks of multiplets are not independent. Another way to understand this is as follows.
Recall that our GCA blocks have the following form:
1—p?
4

Xaek(p, k) = p2(—r)Fe e (7.2)
We can multiply a 4-point function G(p, k) with a factor #, then Taylor expand it in .
We try to match the 4-point function and its block expansion order by order in x. At order

™ only blocks p®(—k)*e=¢" with k < m contribute. So at every order ™, new blocks

K
P> (—kr)™e™¢F are introduced. However, it is easy to see that there are no constraints on
the spectrum of £ of these new introduced blocks. So at every order of k, these s will be
free parameters. As a result, the block expansion is not unique. In the GGFT case, we
have the condition £ = 2£» so we get a unique block expansion.

This phenomenon does not occur in the CFT case, since it relies on the existence of
infinite rank multiplets. Even in LCFTs, e.g. Logarithmic generalized free theories [25],
there are only finite rank multiplets in the quasiprimary OO OPE. Hence to make fur-
ther progress on Galilean conformal bootstrap analytically and numerically, we need more
physical inputs for GCFTs. One possible choice is to consider the local Galilean conformal
symmetry, giving more tight constraints on the block expansions. Another way is to as-
sume that the spectrum contains only finite rank multiplets as in the GGFT case that we
expand the four-point functions at & = 2, then figure out the implications in the crossing
equations.

The third option is from the observation that the sign of block coefficients (4.31)
Pfl,k is positive if Ap > 1/4 and {» > 0, although there are states of negative norms
from the descendants and multiplets. If we re-expand at & = 2{p — ¢, ¢ € [0,2£0), the
coeflicients remain positive. This suggests that in the bootstrap problem we may start
from the positive-coefficient assumption, and different crossing solutions may correspond
to the same GCFT, like a gauge structure with respect to ¢ on the space of GCFT.
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A Review of LCFTs

In this section, we give a quick review on the multiplets in the logarithmic conformal field
theories(LCFTs). We will review the basic structures and results in the LCFTs, and also
review the key points and tricks to access them. We will only give some short and simple
examples. For more discussions, please see the references [43, 81-84]. We can see that the
multiplets in the GCFTs can be discussed in a parallel way.

Consider the primary states in the conformal field theories (due to the state-operator
correspondence, we use the following notation),

L,O=0, n>0, LyO=AO (A1)

where A is a matrix. In the LCFTS, A becomes triangular, which can be written into the
Jordan blocks. A rank-2 multiplet has the following properties,

LoOg = AOy + 01, LgO1 = AO;. (A.Q)

In the following discussion, we use the same notation A for the matrix, as well as for its
diagonal elements. In the LCFTs, the correlation functions of multiplets have logarithmic
behaviour. What’s more, there are negative norm states in such theories, where the Hilbert
space is not positive definite. Please see [43, 84] for more detailed discussions on the norm.

Generally, we denote the primary operators in a rank-r multiplet as O;,7 =0,--- ,r—1.
From the BCH formula, one gets in general

[Ln, O(z)] = (:c”“@x + (n+1)2"A)O(x). (A.3)
Now note that A is a matrix. For example, for a rank-2 multiplet,

[Ln, Og(z)] = (™0, + (n 4 1)2"A)Og(z) + (n + 1)z" Oy, (A.4)
(L, O1(2)] = (2" T10, + (n 4 1)2"A)O4 (z). (A.5)

This in turn gives the infinitesimal transformation of the multiplets,
r—=x+e(x), 0.0;(r) = Aij0re0; + €0,0; (A.6)

and the OPE between the stress tensor and the multiplets,

A

X

T(2)01(0) ~ 2 04(0) + + 0 Oi(a)or. (A7)
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Compared to the usual conformal field theories without multiplets,

5.0(z) = AdyeO + €0, 0, (A.8)
T(2)0(0) ~ 50(0) + 0,06 a0 (A9)

there is a simple replacement rule in the expressions above, which is linear in A,
0 — Oi, A — Aij (A.l())
From the infinitesimal transformation, one can get the finite transformation behaviour of
the multiplets: under z — F(z),
r—i—1 1
Oi(z) —» > k'é?A(F’( )2 Ot (A.11)
k=0
Note that here is another replacement rule,

r—i—1 1

FA.0)= 3, ORI Oe) (A12)

where f is a general function containing the operators in discussion. Note that (A.10)(where
f is linear of A) is a special case of (A.12).
One can understand this replacement in the following heuristic way. Define

r—1
= Z o 1RO (x), o =0, (A.13)

on which there is
LoO(z,0) = (A 4 9,)O0(z, ). (A.14)

One can then expand the expression with respect to « to get the O; terms. In general, the
action of f(Lp) on O in usual CFTs without multiplet reads
f(Lo)O = f(A,0). (A.15)

Expanding in both Ly and «, one can get the replacement rule (A.12),

r—lzl

f(Lo)Oi= Y k,,aAf( )Oit. (A.16)

k=0
For more than one operators with weight A; involved, the replacement rule becomes
f(AL, Ay, .-+, (91,027"')—>

r1—i1—1ro—ig—1

Z Z Zl 78]62 “'f(AbAQa'“ >Ol,i17027127"')' (A17)
B kl' 1 kol
1=0 ko=

We now review the two-point functions of a rank-r multiplet. We denote

Gij(z1,32) = (Oi(21)Oj(22)), 4,5 =0,---7— 1. (A.18)

— 49 —



We can also define the matrix
Gij(w1,22) =0, dorj>r, (A.19)

to write the following differential equations in a unified way. The vacuum is invariant under
Ly, Ly1, thus by the Ward identities we have

DG; ;=0 (A.20)
where D are the differential operators being comprised of Lo, L4+1. For L_1, there is
(Oz) + 0r,)Gij = 0, (A.21)

which means Gj; ; is translationally invariant,

Gi,j (1‘1, 1’2) = G@j ($) (A.22)
with
T =x1 — To. (A.23)
Considering Lg, we get
xaxG%](l‘) = —(Al + AQ)GZ'J'(I) - Gi_;_l,j(l‘) - Gi,j—i—l (.CU) (A.24)
Considering L, we find
x@xGw(x) + (Al — Ag) = —(Al + AQ)G@j(.I) - 2G7;+17j($). (A25)

Now, from the action of Lo and L, we read

If there is no G;41; term in the differential equations, the solution is the usual one

1
Therefore, we can make the ansatz
1 -
Gi,j(x) = ﬁsz?](aJ) (A.28)

From the properties of the two-point functions and the differential equations, we know that
Giyj = Gj’i (A.QQ)

and only the summation of ¢ and j matters in the differential equation. Therefore we may
introduce

Ty =Gij, Tp=G;,, withk=1i+j. (A.30)
From the differential relations above, we have

20, Ty () = —2T 41 (A.31)
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and

'y =0, fork>r. (A.32)
Finally we get the solutions

r—i—1 1 1
— k
k=0
which can also seen as the replacement rule (A.17), with the condition

1

FT == 0, Frfl == 1.27 (A34)

Note that there are r undetermined constants Ny, - - - , N,_1 in (A.33). But there are further
degrees of freedom to change the basis. For example, in the rank-2 case, one has

Op — a0y + bOq, (A35)
01 — a(’)1 (A.36)

to keep the multiplet relation invariant,
LoOg = AOy + O, LoO1 = AO;s. (A.37)

For the rank-r case, there are totally r degrees of freedom so that one can make the two-
point function into the canonical form

1,/ 1
For the rank-2 case, we write them explicitly as follows,
1 —2logx
G =0. Gor =G =5, Goo= Tf. (A.39)

One can get the three-point function in the similar way (please see [43, 81, 82] for
details),

Gijk = (O1i(21)O2,5(22) O3, (23))- (A.40)
But now, one cannot rotate the basis anymore, so there are undetermined constants,
—A —A —A
GT1*1,T2*1,?"3*1 = Cri—1,ra—1,r3—1%12 123$23 2311‘31 M2, (A'41)
where
Tab = Tgq — Tps (A.42)
Agpe = Dg + Ap — A, (A43)
G = 0a,G + coo a1 B g P2 g A2 (A.44)
ri—l,re—1,r3—2 A3Yri—1,ro—1,r3—2 001412 23 31 : :
Generically |,
L& 111
Grl—l—i,rg—l—j,rg—l—k = Z Z Z queaaaa&ﬁ&g&GOOO- (A45)

q=0w=0e=0
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From the finite transformation rule, one can define the conjugate states,
r—i—1

. 1
(Oif = Jim 37 (00;4(2)05*2 . (A.46)
k=0 .

And the inner products of the primary states in a rank-r multiplet are
(0i|Oj) = bitjr—1- (A.47)

This is helpful to the discussion of the global blocks.
The differential equations could be read from another point of view. For example, in
the rank-2 case, one has

LoOg = AOy + O1 = (Lo — A)Op = Oy, (A.48)
LOOl = A(’)1 = (L() — A)2(’)0 = 0. (A49)

Such structure holds in generic case. For a rank-r multiplet, there is
(Lo — A '0; =0, i=0,---7—1, (A.50)

where O; is the i-th operator in the multiplet. This may lead to the logarithmic behavior
in the correlation function. Consider the function in usual CFT obeying the differential
equation

Df =d(A)f, (A.51)

where D is a differential operator and f is a function of the operator, then in a LCFT, the
corresponding differential equation becomes

(D - d(A))~f, =0 (A.52)
where f; = f(0O;) is the function of the i-th operator O; in a multiplet. One can see this

from the replacement rule. Actually, from (A.12), there is

r—1-k r—1-k

1 1
Df; = 1;) Haﬁd(A)fm = ];1 gaid(A)fHk-i-d(A)fu (A.53)
which gives
r—1—k 1 3
(D—d(a)fi= Y 2 ORdA) ik (4.54)
k=1 "

with the condition

fr=0. (A.55)

One gets (A.52). In order to find the general solutions of (A.52), one may consider the
following differential equation
(D — d(A))g =0, (A.56)

Using the trick (A.13), one can see that the linearly independent solutions of (A.56) reads

1
Eaﬁfr_l, k=0,1---r—1, (A.57)
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where f._1 is the eigenfunction obeying
(D — d(A)) fy1 =0. (A.58)

To see why the solutions read (A.57), one can consider acting da on

(D — d(A)fo_1 = 0. (A.59)
So we have
Al(D = d(A)) fr—1] =0, (A.60)
and
DOA[fr-1] — d(A)0a fr—1 = Oad(A) fr-1. (A.61)
This is actually,
Dfyoy— d(A) fyos = Ond(A) fyy. (A.62)

So we have checked that Oa fr—1 is a solution of f,._o. Actually, it is straightforward to
check that Oa f; is a solution of f;_;. Then starting from f,_1, we can read f; by acting
OA (r—i—1) times on it. In this way, we may read the generic solution to (A.56):

r—1
1
9= H(?Zfr—lNk (A.63)
with r constants Ng,---, N,_1. The above discussion may be extended to the case that

the function f is not only a function of O;, but also involves multiple operators. When it
applies to the multi-point function, the logarithmic behavior appears.

The differential equation (A.52) shows the basic structures in the LCFTs where multi-
plets appear. Such structure appears in the three-point functions and the global blocks as
well. Consider the blocks expansion of the four-point functions with rank-1 quasi-primary
operators. The propagating operator may be some multiplets. The Casmir equation reads
(now we have the Lo action on the multiplets, and we can consider the action of the Casmir
operator on the propagating operators),

(C—c(A)"Ga=0 (A.64)

where ¢(A) is the eigenvalue in the usual CFTs without multiplet, and G is the stripped
block. The solutions read,
1
k!

where Pj is the undetermined coefficient, related to the three-point coefficients. The re-

OX G AP, (A.65)

lation can be derived in the OPE limit. Here we provide a heuristic way to see the key
structures in the LCFTs, where the multiplets appear. For more details of the blocks,
please see [43]. For more discussion on the trick, please see [83] and related papers.
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B Details on the multiplets in GCFTs

In GCFTs, we consider the My multiplets, where My is not diagonal. For example, the
rank-2 case reads,
MyO = €0 (B.1)

where £ is a matrix.

MoOg =EOg + O, MO =£0;. (B.2)

These multiplets have similar structures as the ones in LCFTs. The trick (A.13) shows the
reason why this is the case. But now, comparing to the LCFTs one should replace

On — 85 (B.3)

in the discussion. All the discussions are parallel to the ones in the section above.
From BCH formula, we find

(L, Oz, )] = [(2" 10, + (n+1)2"yd,) [+ (n+1)(z"A—nz""E)|O(z,y), n>—1 (B.4)
[Mn, O(z,y)]= [~(@"T19y) ] + (n+ 1)z"E]O(, y), n

v
L
(@)

where we denote the identical matrix as I explicitly. Now we consider the two-point
functions first. For a multiplet of rank 7, we denote

Gij(21,y1, 72, y2) = (Oi(w1,91)O0)(22,2)), 4,5 =0,1,---r—1. (B.6)

Since the vacuum is invariant undert {Lg, L+1, Mo, M1}, we can get the differential equa-
tions which the two-point functions obey. From L_; and M_1, we have

L q: (axl + GIQ)GZ‘,J' =0, (B7)
My : =0y, + 0y,)Gij =0, (B.8)

which means G; ; = G j(x,y) with = 21 — 22,y = y1 — y2. Moreover, we have

Lo : (20 +ydy + h x I+ 1 x h)Gij =0, (B.9)
Ly : (2204, + 221910y, + 2(x1h x T — 1€ x I)
+ (230, + 222y20y, + 2(xal x h — T x 12€)]G;; = 0, (B.10)
My : (—20, +Ex T+ x£)G,; =0, (B.11)
My : (=230, — 230y, + 2216 x [+ 2221 x £)Gy; =0

Similar to the way in the LCFTs, from My and M;, one gets

20y Gij(x,y) = 26Gij(2,y) + Givrj + Gijr, (B.13)
Gij; =G, (B.14)
Introducing
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we have

The y-dependent part reads,
r—1—k 1 ) y
Te(w,y) = D 5 Nif (2)0e*s. (B.17)
i=0
Using Lg and Li, we get
1
Turning into the canonical form, we have
| 1 y
Pi(z,y) = 7% o (sze%””) : (B.19)

Let us give an explicit example: the two-point functions of a rank-2 multiplet in the
GCFTs. We consider the following rank-2 multiplet O = (Og, 01)7,

L,0 =0, M,O0=0, n>1 (B.20)
LoO = AO, MyO = €0, (B.21)
where
A:(A 2) , 5:(5 1) . (B.22)
0 2X2 Of 2X2
The two-point functions now read
G1,1 = O, GO,l = Gl,O = 33276 z, Go’o = 85G01. (B.23)

This result matches with the replacement rule (B.3).
Note that we use a different notation in the paper, compared to the LCFTs case,

O(] <~ 01 (B.24)

Generally,
Oi — Or—l—i (B25)

From the discussion of the above sections, one can confirm the more general results in
the paper in a straightforward way.

C Number of the operators in GGFT

We want to find the local operators which appear in the 010y OPE. In other words,
they have non-vanishing three-point functions with O;0;. Since we are discussing the
GGFTs now, they are the composite operators comprising of O1,Os. Moreover, to have
non-vanishing three-point functions, only one O and one O can appear in the composite
operator due to the normal ordering and the Wick theorem, since only the terms from
the contraction of Op(or Oz) in the composite operator with the operators outside the
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composite operator are left. L_1 and M_; can appear in the local composite operator, since
they correspond to 0, and 9, respectively. In short, we want to construct the operators
like O = L%, M®,01L¢ ;M?, O, and find their linear combinations which are quasi-primary
operators.

More concretely, we would like to find the quasi-primary operators at level N. By
level N, we mean that there are totally N L_1 and M_ in the composite operator, since
both L_; and M_; are of weight 1. The problem is how many independent quasi-primary
Os at level N. Firstly, there are two different operators (L_; or M_1) inserted at two
distinguished position (before @1 or O3) so that the partition function is

1
(1-¢g)*

where 4 = 2 x 2. After doing expansion with respect to ¢, we can get the number of

Z(q) = (C.1)

independent operators at level N by reading the coefficient of ¢”V. Secondly, starting with
a quasi-primary operator, we can find its global descendent operators by acting L‘ilMﬁl
on it. At level k = a + b, the number of independent global descendent operators related
to a specified quasi-primary operator is f(k,2), where f(k,2) is the number of different
ways of the binary partition of the integer k. The number of independent quasi-primary
operators at level IV is the total number of independent operators minus the number of
global descendent ones at level V.

At level 0, the composite operator O = @0 is a quasi-primary operator, since O;
and Oy are quasi-primary operators. Consequently at level 1, there are f(1,2) = 2 global
descendent operators related to O, As totally there are 4 independent operators at level
1, there remains two quasi-primary operators at level 1. At level 2, there are f(2,2) = 3
global descendent operators related to O(1). And there are 2x f (1,2) = 4 global descendent
operators related to quasi-primary operators at level 1. Totally there are 10 independent
operators at level 2, so there remains 3(= 10 — 4 — 3) quasi-primary operators at level 2.
In this way, we get the numbers of quasi-primary operators at each level.

Considering the general action of My on the composite operator O =
LM% ,0,L¢ {M?%,0,, it will give one term proportional to O (the coefficient is £n =
&1 + &) and additional terms with one of the L_;’s being replaced by M_; due to the
commutation relation

[L_1, Mo] = —M_1. (C.2)

By acting (My — £p) k times on O, we get zero, where k is the number of L_1’s in O. In
other words, the composite operator O belongs to a rank-k£ multiplet if there are k L_;
in its construction. For a level-N operator, there are at most N L_1s in 0. Therefore a
level-N quasi-primary operator is at most of rank V. On the other hand, we can show that
it is at least rank-N, which means L‘ilOlLb_lOg with a + b = N must appear in the linear
combination in at least one of the quasi-primary operators. Supposing not, we can count
the number of the quasi-primary operators constructed without these terms. We denote
the number of the quasi-primary operators with(/without) these terms as Q(N)(/A(N)).

A(N)=Q(N)— f(N,2) +1 x N = Q(N) — 1 (C.3)
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where f(N,2) comes from the terms of the form L? ;O1L% {0, and 1 comes from that there
are one less global descendant operators related to each quasi-primary operators at level
0,1,2,--- ;N — 1. Thus, there must be one quasi-primary operator at level N containing
terms L% 01 LY ;Os. To conclude, at level N, there is at least one rank-N multiplet of the
quasi-primary operators. From the counting of the number of the quasi-primary operators,
we know that at level-INV, there is one rank-N multiplet.

D Proof of the cancelation in section 4.6

In this section, we will show the cancellation of the superficially divergent terms in taking
the non-relativistic limit of the global block expansion of a 2d GFT. The cancellation is
due to some combinatorial identities.

We consider the general case A = 2Ap +n = A, which is just the contribution of the
rank-(n + 1) multiplet as we will show very soon. At rank n + 1, we have:

2.2
_ n-e
anag (GAn,2Eo + nﬁagGAn,ng + 72' GEGA,“%O +.. >

n — 2)2e2
7( 2|) 8§GAT“2§O + ...

(n —2)%e2 ) (D.1)

€
o 0eGanao T

+ ap_101 <GAn,zgo + (n —2)edcGn, 260 +

+ Qo0 <GAn,250 + (n —2)e0cGa, 260 +
1.

+ agtn | Ga, 260 + (—1)€0cG A, 260 + o1 9%Gan0 T

where the ellipses denote the higher order terms in the Taylor expansions. The point is
that all the aa terms have at most (%)” singular behaviour, so the Taylor expansions are
truncated to the first n + 1 terms as € — 0, corresponding to a multiplet of rank n 4 1.
Now we calculate the above summation, it can be written as:

> AnkdEGa, 260 (D.2)
k=0
with i
~ _ (2¢—n)
ATL,k = Z aqan_qTek. (Dg)
q=0
Using the relations
_ (2ho)s, - _ (o)
" nl(dho +n—1),’ " nl(dho +n—1),
and
hOZAoJrf?O, EO:AO_%Q
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we have:

Z I?(2ho + @)T(4ho + ¢ — 1) T?(2ho +n — )T (4ho +n —q—1) (2g—n)tet
Ank = 11 2 T (2ho) T (dho + 24— 1) (n— q)!r2(zﬁo)r(4ho Yon_2q-1) 0
_ 1 Zn: n) o* =g [o + e(Ao +i/2))? b0 + (Ao +i/2)]2
K= dl(n oI o + (Dot /4] TT iini‘z_%[—go + €(Ao+j/4)
(D.4)

from which we easily get that when k& > n, A, — 0 as ¢ — 0. This truncation avoids
the appearance of infinite-rank multiplet and in fact lead to a rank-(n + 1) multiplet. For
k =mn, Ay is finite; for & < n, the above expression has superficial divergent terms of

noehmntl el

order €* . Interestingly, all these divergent terms actually vanish. To see

this fact, let us rewrite A, as:

ek—n 2 1

A= S D e a1
=

3 Hj;i (1+ GAZW); 112?;0‘:‘12(1 - EAZJ‘/%): |
[E2,2, (1 -+ eBotilt) 2, 202 (1 = Bodilt)

(D.5)
j=q—1 Jj=n—g—1 o

k—n—+l

To calculate the order € terms directly is not easy because the above expression is

k=n+l vanish for

quite complicated. However, since we expect all the terms of order e
I < n —k, we can use mathematical induction to prove the cancellation. Let us start from
the simplest case, the most singular part involving the terms of order e~ (I = 0), which

is of the form

k n
50 > —n)k(=1)" (D.6)

= d'(n—q)

For k < n, the above summation vanish. In fact, when k& = 0, the involved summation is:

> (M= Y G- = (1 1) =0 (0.7)

qzoq'n—q

For general k, we can expand (2¢ — n)* in (D.6) and the summation for every individual
q", 0 < m < k < n term actually vanishes, namely:

3 L _mymi—o, m<n (D.8)
— q!(n — q)!

Now we use mathematical induction to prove this result. For m = 0, we have already
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proven it in (D.7). If (D.8) holds for m < n, then for m + 1,n 4 1, we have

n+1 1 . .
Z (n = q)'qm+ (_1)n+ —-q

q—O
n+1 1

:Z<q—1><n+1—q>

n+1l—q
" (=D (D.9)

m _1)n—q
q=0 ¢ (

=0.

Note that m < n is necessary, and m + 1 < n 4 1 is automatically true when m < n is
given.

In the above discussion, using the general result (D.8) we find that the terms of order
e"= (I = 0) always vanish. Following the same logic, we can show that the terms of

k—n—+l

general order € vanish as well. In fact, from (D.5) we need only to show that in the €

expansion of the product

[ (14 eAeti2)® et (1 Aeti2)
= = o
qu—2 (1 + 6A0+]/4> Hzn—Qq—Z (1 _ EAo;-]'/‘l)’

Jj=q-1 B j=n—q-1 o

(D.10)

the order-€¢! terms, as polynomials in g, are at most of order ¢'. Thenas m+1 < k+1<n,
by (D.8), the summation vanishes. However, the terms of order € in the expansion of (D.10)
are superficially the polynomials of order ¢%. Next we would like to show that those terms
of order ¢™ for m > [ always vanish. This can also be proved by using mathematical
induction. For [ = 0, (D.10) is 1 and is of course of order ¢°. Now, suppose that for
m = 0,1,2...1, the order-¢™ terms are polynomials in ¢ of at most order ¢, then for
m =1+ 1, we denote (D.10) as a4, and rewrite a, 411 as:

an7q+1 = an7qbn7q7 (D'll)

<1+ Ao+2> ( Ao+q 1> <16Ao+j;iq_3>
(D.12)

a 1=a .
n,Q-‘r n,q AO+ AO+2q 1 Ao+n7271
1= 1-e o

and the order € term of b, 4 as b, then

where

Denote the order €™ term of a, 4 as a;'

n,q n,q’
+1
o+ plH1—r
npg+1 = Zanq ng (D.13)
so that
I+1 l+1 I+1—r
Qg1 — Z ap by (D.14)
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I+1

If we can prove the r.h.s. in (D.14) is at most of order ¢, then alF! is at most of order ¢+

n7q
and we are done. By induction, we know that aj, , is at most of order ¢" for 0 <r <1, so
what remains is to show blnf;_T is a polynomials in ¢ of order ¢!~ at most. In other words,

l+1—r

we need to show that the highest order term, which is of order ¢ , vanishes. In fact,

for this term, we can effectively calculate the order =" (r = 0,1,2...1) terms for the

; : s
- — —. (D.15)
2 4 _ -4

<1_€€o) <1+6§o) (1 650)

It easy to see that this gives exactly 1. So all the order €*1~" terms vanish. Then from

following expression:

the above analysis, we have finished the proof.
Furthermore, we can also show that the remaining finite pieces of the 2d GFT coincide
with the GGFT result from other methods. From (D.9), if we set m = n, then:

> i D = gD = (D-16)

What remains to obtain A, ;, is to calculate the coefficient of gk

in aZ:]k. One can try to
calculate it directly or again use mathematical induction method, and will find our GGFT

result can be reproduced by the limiting method.

E Check the spectral density of GGFTs

In this section, we will show that GGFTs satisfy the requirement of using the tauberian
theorem and verify that the integrated spectral density function of GGFTs has the asymp-
totical behaviour predicted by the tauberian theorem in section 5. This gives a cross check
of the calculation in both sides.

Firstly, we need to see whether the condition of the Hardy-Littlewood tauberian the-
orem (5.12) hold in the GGFT case. Let’s focus on the order x° case, for which we have
the relaxed condition (5.12) for the spectral density function. It is easy to see that when
Ao > 1/4,%° the coefficients (4.31) is positive, so the requirement (5.12) is satisfied. In
fact, the condition Ap > 1/4 is just the one that ensure the order x° part of the four
point function divergent when § — 0 in (5.9). Note that this divergent case is the stan-
dard situation for which tauberian theorems are applied. Nevertheless, as noted in [64],
the Hardy-Littlewood tauberian theorem also holds for the convergent case (corresponding
to Ap < 1/4 here). In general, the coefficients (4.31) can be negative,?® nevertheless,
the condition (5.12) still hold for GGFTs. In order to show this, we only need to check

the case Ap < 1/4, calculate the asymptotical behaviour of P}, as n — 0o (equivalently

Z5Note that in the case of order x°, the coefficients Pfho have no ¢ dependence, generally, we also need
the condition £o > 0 to ensure the positivity of Pf%k.

26Tn the GFT case, unitarity bounds ensure the positivity of its coefficients, but as we emphasize in the
main body of the paper, there is no unitarity for GCFTs.
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A =2Ap +n — o) and then compare with the right hand side of (5.12). Note that both
of these two quantities goes to 0 and are negative when A — co. We write Pfl,o explicitly:

I'4Ao +n —2)

P!y =2120"2(4Ap +2n — 2 E.1
we want to know its behaviour when n — co. Using Stirling’s approximation:
xT
D(x+1) ~V2rx <$) , T — 00 (E.2)
e
we find
_ I'4Ap +n —2)
P! =2120"2(4Ap + 2n — 2
0 (Ao +2n =) Fa T+ 1)
A _a\4Ap+n—3
N24AO—2 m \/277(4A(9+n—3) (4 o-el—n 3)
F(4Ap — 1) V2mn (2)"
2n 4N — 3\"
~ 24Ao—2 63—4AO <1 + > 4A(’) _|_ n — 3 4Ao—3
I'(4Ap — 1) n ( ) (E.3)
2n
~ 9400-2 3-4A0p AN —3, 4A0—3
Taro -1 ¢ "
gttt nAbo—2
I'4Ap — 1)
N 24AO—1 A4Ao—2
I'4Ap — 1)

The A dependence of this behaviour is just the same as the right hand side of (5.12) (so we
say GGFTs marginally satisfy the condition in section 5). However, the condition (5.12)
only needs to hold for some constant C', and for any Ap < 1/4, we can always find such a
C which makes (5.12) holds.?” So we find the GGFTs satisfy the requirement of using the
tauberian theorem.

Our next goal is to calculate the asymptotical behaviour of integrated spectral density
function of GGFTs, it is expected to coincide with (5.11). We want to use a quick way to
check this result and do not calculate the integrated spectral density explicitly. From the
behaviour (5.11), we know

(2Ap + n)4AO_1

F(n) ~ 24801 F(iAg) (E.4)
Ply=F(n)—F(n—1)
~[n—(n—1)]F'(n)
91301 (4Ap 1) (2Ac; (ZZ)(:)AO_2 (E.5)
94801 Atho2
- T(4Ao — 1)

which is precisely (E.3). So we have finished the cross check.

*n fact, (E.3) is true for any Ao. So for Ao > 1/4, we can choose any C' > 0 to make (5.12) holds.

— 61 —



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.

References

[1] S. Ferrara, A.F. Grillo and R. Gatto, Tensor representations of conformal algebra and
conformally covariant operator product expansion, Annals Phys. 76 (1973) 161 [INSPIRE].

[2] A.M. Polyakov, Nonhamiltonian approach to conformal quantum field theory, Zh. Eksp. Teor.
Fiz. 66 (1974) 23 [INSPIRE].

[3] 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].

[4] R. Rattazzi, V.S. Rychkov, E. Tonni and A. Vichi, Bounding scalar operator dimensions in
AD CFT, JHEP 12 (2008) 031 [arXiv:0807.0004] [INSPIRE].

[5] S. El-Showk, M.F. Paulos, D. Poland, S. Rychkov, D. Simmons-Duffin and A. Vichi, Solving
the 3D Ising Model with the Conformal Bootstrap, Phys. Rev. D 86 (2012) 025022
[arXiv:1203.6064] [INSPIRE].

[6] S. El-Showk, M.F. Paulos, D. Poland, S. Rychkov, D. Simmons-Duffin and A. Vichi, Solving
the 3d Ising Model with the Conformal Bootstrap II. c-Minimization and Precise Critical
Ezponents, J. Stat. Phys. 157 (2014) 869 [arXiv:1403.4545] [INSPIRE].

[7] D. Poland, S. Rychkov and A. Vichi, The Conformal Bootstrap: Theory, Numerical
Techniques, and Applications, Rev. Mod. Phys. 91 (2019) 015002 [arXiv:1805.04405]
[INSPIRE].

[8] Z. Komargodski and A. Zhiboedov, Convexity and Liberation at Large Spin, JHEP 11 (2013)
140 [arXiv:1212.4103] [INSPIRE].

[9] A.L. Fitzpatrick, J. Kaplan, D. Poland and D. Simmons-Duffin, The Analytic Bootstrap and
AdS Superhorizon Locality, JHEP 12 (2013) 004 [arXiv:1212.3616] [INSPIRE].

[10] A. Kaviraj, K. Sen and A. Sinha, Analytic bootstrap at large spin, JHEP 11 (2015) 083
[arXiv:1502.01437] [INSPIRE].

[11] A. Kaviraj, K. Sen and A. Sinha, Universal anomalous dimensions at large spin and large
twist, JHEP 07 (2015) 026 [arXiv:1504.00772] [iNSPIRE].

[12] L.F. Alday, Large Spin Perturbation Theory for Conformal Field Theories, Phys. Rev. Lett.
119 (2017) 111601 [arXiv:1611.01500] [INSPIRE].

[13] I. Heemskerk, J. Penedones, J. Polchinski and J. Sully, Holography from Conformal Field
Theory, JHEP 10 (2009) 079 [arXiv:0907.0151] [INSPIRE].

[14] J. Penedones, Writing CFT correlation functions as AdS scattering amplitudes, JHEP 03
(2011) 025 [arXiv:1011.1485] [INSPIRE].

[15] A.L. Fitzpatrick, J. Kaplan, J. Penedones, S. Raju and B.C. van Rees, A Natural Language
for AdS/CFT Correlators, JHEP 11 (2011) 095 [arXiv:1107.1499] InSPIRE].

[16] L.F. Alday and A. Bissi, Unitarity and positivity constraints for CFT at large central charge,
JHEP 07 (2017) 044 [arXiv:1606.09593] [INSPIRE].

— 62 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0003-4916(73)90446-6
https://inspirehep.net/search?p=find+J%20%22Annals%20Phys.%2C76%2C161%22
https://inspirehep.net/search?p=find+J%20%22Zh.Eksp.Teor.Fiz.%2C66%2C23%22
https://doi.org/10.1016/0550-3213(84)90052-X
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB241%2C333%22
https://doi.org/10.1088/1126-6708/2008/12/031
https://arxiv.org/abs/0807.0004
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0807.0004
https://doi.org/10.1103/PhysRevD.86.025022
https://arxiv.org/abs/1203.6064
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.6064
https://doi.org/10.1007/s10955-014-1042-7
https://arxiv.org/abs/1403.4545
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.4545
https://doi.org/10.1103/RevModPhys.91.015002
https://arxiv.org/abs/1805.04405
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.04405
https://doi.org/10.1007/JHEP11(2013)140
https://doi.org/10.1007/JHEP11(2013)140
https://arxiv.org/abs/1212.4103
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.4103
https://doi.org/10.1007/JHEP12(2013)004
https://arxiv.org/abs/1212.3616
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.3616
https://doi.org/10.1007/JHEP11(2015)083
https://arxiv.org/abs/1502.01437
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.01437
https://doi.org/10.1007/JHEP07(2015)026
https://arxiv.org/abs/1504.00772
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.00772
https://doi.org/10.1103/PhysRevLett.119.111601
https://doi.org/10.1103/PhysRevLett.119.111601
https://arxiv.org/abs/1611.01500
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.01500
https://doi.org/10.1088/1126-6708/2009/10/079
https://arxiv.org/abs/0907.0151
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0907.0151
https://doi.org/10.1007/JHEP03(2011)025
https://doi.org/10.1007/JHEP03(2011)025
https://arxiv.org/abs/1011.1485
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1011.1485
https://doi.org/10.1007/JHEP11(2011)095
https://arxiv.org/abs/1107.1499
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.1499
https://doi.org/10.1007/JHEP07(2017)044
https://arxiv.org/abs/1606.09593
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.09593

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

S. Caron-Huot, Analyticity in Spin in Conformal Theories, JHEP 09 (2017) 078
[arXiv:1703.00278] [INSPIRE].

D. Simmons-Duffin, D. Stanford and E. Witten, A spacetime derivation of the Lorentzian
OPE inversion formula, JHEP 07 (2018) 085 [arXiv:1711.03816] [INSPIRE].

D. Mazac, Analytic bounds and emergence of AdSs physics from the conformal bootstrap,
JHEP 04 (2017) 146 [arXiv:1611.10060] [INSPIRE].

D. Mazac and M.F. Paulos, The analytic functional bootstrap. Part I: 1D CFTs and 2D
S-matrices, JHEP 02 (2019) 162 [arXiv:1803.10233] [INSPIRE].

D. Mazac and M.F. Paulos, The analytic functional bootstrap. Part II. Natural bases for the
crossing equation, JHEP 02 (2019) 163 [arXiv:1811.10646] [INSPIRE].

D. Mazé¢, L. Rastelli and X. Zhou, A Basis of Analytic Functionals for CFTs in General
Dimension, arXiv:1910.12855 [INSPIRE].

M.F. Paulos, Analytic functional bootstrap for CFTs in d > 1, JHEP 04 (2020) 093
[arXiv:1910.08563] INSPIRE].

W.D. Goldberger, Z.U. Khandker and S. Prabhu, OPE convergence in non-relativistic
conformal field theories, JHEP 12 (2015) 048 [arXiv:1412.8507] [INSPIRE].

P. Banerjee and P. Dey, Analytic Bootstrap for Logarithmic CFT, JHEP 12 (2019) 114
[arXiv:1908.10437] InSPIRE].

J. Negro, M. del Olmo and A. Rodrguez-Marco, Non-relativistic Conformal Groups I, J.
Math. Phys. 38 (1997) 3786.

J. Lukierski, P.C. Stichel and W.J. Zakrzewski, Ezotic Galilean conformal symmetry and its
dynamical realisations, Phys. Lett. A 357 (2006) 1 [hep-th/0511259] [INSPIRE].

A. Bagchi and R. Gopakumar, Galilean Conformal Algebras and AdS/CFT, JHEP 07 (2009)
037 [arXiv:0902.1385] [NSPIRE].

C. Duval and P.A. Horvathy, Non-relativistic conformal symmetries and Newton-Cartan
structures, J. Phys. A 42 (2009) 465206 [arXiv:0904.0531] [INSPIRE].

D. Martelli and Y. Tachikawa, Comments on Galilean conformal field theories and their
geometric realization, JHEP 05 (2010) 091 [arXiv:0903.5184] [INSPIRE].

A. Bagchi, Correspondence between Asymptotically Flat Spacetimes and Nonrelativistic
Conformal Field Theories, Phys. Rev. Lett. 105 (2010) 171601 [arXiv:1006.3354] [INSPIRE].

A. Bagchi and R. Fareghbal, BMS/GCA Reduz: Towards Flatspace Holography from
Non-Relativistic Symmetries, JHEP 10 (2012) 092 [arXiv:1203.5795]| [INSPIRE].

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

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].

H. Jiang, W. Song and Q. Wen, Entanglement Entropy in Flat Holography, JHEP 07 (2017)
142 [arXiv:1706.07552] [INSPIRE].

— 63 —


https://doi.org/10.1007/JHEP09(2017)078
https://arxiv.org/abs/1703.00278
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.00278
https://doi.org/10.1007/JHEP07(2018)085
https://arxiv.org/abs/1711.03816
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.03816
https://doi.org/10.1007/JHEP04(2017)146
https://arxiv.org/abs/1611.10060
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.10060
https://doi.org/10.1007/JHEP02(2019)162
https://arxiv.org/abs/1803.10233
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.10233
https://doi.org/10.1007/JHEP02(2019)163
https://arxiv.org/abs/1811.10646
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.10646
https://arxiv.org/abs/1910.12855
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.12855
https://doi.org/10.1007/JHEP04(2020)093
https://arxiv.org/abs/1910.08563
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.08563
https://doi.org/10.1007/JHEP12(2015)048
https://arxiv.org/abs/1412.8507
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.8507
https://doi.org/10.1007/JHEP12(2019)114
https://arxiv.org/abs/1908.10437
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.10437
https://doi.org/10.1063/1.532067
https://doi.org/10.1063/1.532067
https://doi.org/10.1016/j.physleta.2006.04.016
https://arxiv.org/abs/hep-th/0511259
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0511259
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/search?p=find+EPRINT%2BarXiv%3A0902.1385
https://doi.org/10.1088/1751-8113/42/46/465206
https://arxiv.org/abs/0904.0531
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0904.0531
https://doi.org/10.1007/JHEP05(2010)091
https://arxiv.org/abs/0903.5184
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0903.5184
https://doi.org/10.1103/PhysRevLett.105.171601
https://arxiv.org/abs/1006.3354
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1006.3354
https://doi.org/10.1007/JHEP10(2012)092
https://arxiv.org/abs/1203.5795
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.5795
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/search?p=find+EPRINT%2BarXiv%3A1208.4371
https://doi.org/10.1103/PhysRevLett.110.141302
https://arxiv.org/abs/1208.4372
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1208.4372
https://doi.org/10.1103/PhysRevLett.114.111602
https://arxiv.org/abs/1410.4089
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.4089
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/search?p=find+EPRINT%2BarXiv%3A1706.07552

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52
5
[54]

L

[55]

[56]

E. Hijano, Semi-classical BMSs blocks and flat holography, JHEP 10 (2018) 044
[arXiv:1805.00949] [INSPIRE].

E. Hijano, Flat space physics from AdS/CFT, JHEP 07 (2019) 132 [arXiv:1905.02729]
[INSPIRE].

L. Apolo, H. Jiang, W. Song and Y. Zhong, Swing surfaces and holographic entanglement
beyond AdS/CFT, JHEP 12 (2020) 064 [arXiv:2006.10740] [INSPIRE].

L. Apolo, H. Jiang, W. Song and Y. Zhong, Modular Hamiltonians in flat holography and
(W)AdS/WCFT, JHEP 09 (2020) 033 [arXiv:2006.10741] [INSPIRE].

R. Gopakumar, A. Kaviraj, K. Sen and A. Sinha, Conformal Bootstrap in Mellin Space,
Phys. Rev. Lett. 118 (2017) 081601 [arXiv:1609.00572] [INSPIRE].

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

M. Hogervorst, M. Paulos and A. Vichi, The ABC (in any D) of Logarithmic CFT, JHEP 10
(2017) 201 [arXiv:1605.03959] [INSPIRE].

A. Bagchi, M. Gary and Zodinmawia, The nuts and bolts of the BMS Bootstrap, Class.
Quant. Grav. 34 (2017) 174002 [arXiv:1705.05890] [NSPIRE].

J. Maldacena and D. Stanford, Remarks on the Sachdev-Ye-Kitaev model, Phys. Rev. D 94
(2016) 106002 [arXiv:1604.07818] [INSPIRE].

J. Murugan, D. Stanford and E. Witten, More on Supersymmetric and 2d Analogs of the
SYK Model, JHEP 08 (2017) 146 [arXiv:1706.05362] [INSPIRE].

A L. Fitzpatrick and J. Kaplan, Unitarity and the Holographic S-matriz, JHEP 10 (2012)
032 [arXiv:1112.4845] [NSPIRE].

D. Karateev, P. Kravchuk and D. Simmons-Duffin, Harmonic Analysis and Mean Field
Theory, JHEP 10 (2019) 217 [arXiv:1809.05111] [INnSPIRE].

A. Bagchi, M. Gary and Zodinmawia, Bondi-Metzner-Sachs bootstrap, Phys. Rev. D 96
(2017) 025007 [arXiv:1612.01730] INSPIRE].

M. Hogervorst and B.C. van Rees, Crossing symmetry in alpha space, JHEP 11 (2017) 193
[arXiv:1702.08471] [INSPIRE].

A. Bagchi and I. Mandal, On Representations and Correlation Functions of Galilean
Conformal Algebras, Phys. Lett. B 675 (2009) 393 [arXiv:0903.4524] [INSPIRE].

W. Song, X. Xie, Y. Zhong and P.-x. Hao, work in progress.
B. Chen, P.-x. Hao, R. Liu and Z.-f. Yu, work in progress.

V. Gurarie, Logarithmic operators in conformal field theory, Nucl. Phys. B 410 (1993) 535
[hep-th/9303160] [INSPIRE].

T. Creutzig and D. Ridout, Logarithmic Conformal Field Theory: Beyond an Introduction,
J. Phys. A 46 (2013) 4006 [arXiv:1303.0847] [INSPIRE].

M. Henkel and S. Rouhani, Logarithmic correlators or responses in non-relativistic analogues
of conformal invariance, J. Phys. A 46 (2013) 494004 [arXiv:1302.7136] [INSPIRE].

M. Lemos, P. Liendo, M. Meineri and S. Sarkar, Universality at large transverse spin in
defect CFT, JHEP 09 (2018) 091 [arXiv:1712.08185] INSPIRE].

— 64 —


https://doi.org/10.1007/JHEP10(2018)044
https://arxiv.org/abs/1805.00949
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.00949
https://doi.org/10.1007/JHEP07(2019)132
https://arxiv.org/abs/1905.02729
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.02729
https://doi.org/10.1007/JHEP12(2020)064
https://arxiv.org/abs/2006.10740
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.10740
https://doi.org/10.1007/JHEP09(2020)033
https://arxiv.org/abs/2006.10741
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.10741
https://doi.org/10.1103/PhysRevLett.118.081601
https://arxiv.org/abs/1609.00572
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.00572
https://doi.org/10.1007/JHEP08(2010)004
https://arxiv.org/abs/0912.1090
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0912.1090
https://doi.org/10.1007/JHEP10(2017)201
https://doi.org/10.1007/JHEP10(2017)201
https://arxiv.org/abs/1605.03959
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.03959
https://doi.org/10.1088/1361-6382/aa8003
https://doi.org/10.1088/1361-6382/aa8003
https://arxiv.org/abs/1705.05890
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.05890
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1103/PhysRevD.94.106002
https://arxiv.org/abs/1604.07818
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.07818
https://doi.org/10.1007/JHEP08(2017)146
https://arxiv.org/abs/1706.05362
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.05362
https://doi.org/10.1007/JHEP10(2012)032
https://doi.org/10.1007/JHEP10(2012)032
https://arxiv.org/abs/1112.4845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.4845
https://doi.org/10.1007/JHEP10(2019)217
https://arxiv.org/abs/1809.05111
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.05111
https://doi.org/10.1103/PhysRevD.96.025007
https://doi.org/10.1103/PhysRevD.96.025007
https://arxiv.org/abs/1612.01730
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1612.01730
https://doi.org/10.1007/JHEP11(2017)193
https://arxiv.org/abs/1702.08471
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.08471
https://doi.org/10.1016/j.physletb.2009.04.030
https://arxiv.org/abs/0903.4524
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0903.4524
https://doi.org/10.1016/0550-3213(93)90528-W
https://arxiv.org/abs/hep-th/9303160
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9303160
https://doi.org/10.1088/1751-8113/46/49/494006
https://arxiv.org/abs/1303.0847
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.0847
https://doi.org/10.1088/1751-8113/46/49/494004
https://arxiv.org/abs/1302.7136
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1302.7136
https://doi.org/10.1007/JHEP09(2018)091
https://arxiv.org/abs/1712.08185
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.08185

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

[76]

[77]

L. Iliesiu, M. Kologlu, R. Mahajan, E. Perlmutter and D. Simmons-Duffin, The Conformal
Bootstrap at Finite Temperature, JHEP 10 (2018) 070 [arXiv:1802.10266] INSPIRE].

A. Bagchi, A. Saha and Zodinmawia, BMS Characters and Modular Invariance, JHEP 07
(2019) 138 [arXiv:1902.07066] [INSPIRE].

A. Fotopoulos and T.R. Taylor, Primary Fields in Celestial CFT, JHEP 10 (2019) 167
[arXiv:1906.10149] [INSPIRE].

D. Pappadopulo, S. Rychkov, J. Espin and R. Rattazzi, OPE Convergence in Conformal
Field Theory, Phys. Rev. D 86 (2012) 105043 [arXiv:1208.6449] [INSPIRE].

J. Qiao and S. Rychkov, A tauberian theorem for the conformal bootstrap, JHEP 12 (2017)
119 [arXiv:1709.00008] [INSPIRE].

B. Mukhametzhanov and A. Zhiboedov, Analytic Fuclidean Bootstrap, JHEP 10 (2019) 270
[arXiv:1808.03212] [INSPIRE].

K. Jacob, Tauberian theory: a century of developments, Springer, Heidelberg Germany
(2004).

S. Ferrara, A.F. Grillo and G. Parisi, Nonequivalence between conformal covariant Wilson
expansion in euclidean and Minkowski space, Lett. Nuovo Cim. 582 (1972) 147 [INSPIRE].

S. Ferrara, A.F. Grillo, G. Parisi and R. Gatto, The shadow operator formalism for
conformal algebra. Vacuum expectation values and operator products, Lett. Nuovo Cim. 452
(1972) 115 [INSPIRE].

S. Ferrara and G. Parisi, Conformal covariant correlation functions, Nucl. Phys. B 42 (1972)
281 [INSPIRE].

S. Ferrara, A.F. Grillo, G. Parisi and R. Gatto, Covariant expansion of the conformal
four-point function, Nucl. Phys. B 49 (1972) 77 [Erratum ibid. 53 (1973) 643] [InSPIRE].

H. Osborn, Conformal blocks for arbitrary spins in two dimensions, Phys. Lett. B 718 (2012)
169.

D. Simmons-Duffin, Projectors, Shadows, and Conformal Blocks, JHEP 04 (2014) 146
[arXiv:1204.3894] [INSPIRE].

D. Rutter and B.C. Van Rees, Applications of Alpha Space, JHEP 12 (2020) 048
[arXiv:2003.07964] [INSPIRE].

A. Kleppner and R.L. Lipsman, The plancherel formula for group extensions. II, Ann. Sci.
Ec. Norm. Supér. Ser. 4 6 (1973) 103.

M. Reed and B. Simon, II: Fourier Analysis, Self-Adjointness. Volume 2, Elsevier,
Amsterdam The Netherlands (1975).

L. Apolo and W. Song, Bootstrapping holographic warped CFTs or: how I learned to stop
worrying and tolerate negative norms, JHEP 07 (2018) 112 [arXiv:1804.10525] [INSPIRE].

D.M. Hofman and A. Strominger, Chiral Scale and Conformal Invariance in 2D Quantum
Field Theory, Phys. Rev. Lett. 107 (2011) 161601 [arXiv:1107.2917] [INSPIRE].

S. Detournay, T. Hartman and D.M. Hofman, Warped Conformal Field Theory, Phys. Rev. D
86 (2012) 124018 [arXiv:1210.0539] [INSPIRE].

B. Chen, P.-x. Hao and Y .-j. Liu, Supersymmetric Warped Conformal Field Theory, Phys.
Rev. D 102 (2020) 065016 [arXiv:2006.04112] [iNSPIRE].

— 65 —


https://doi.org/10.1007/JHEP10(2018)070
https://arxiv.org/abs/1802.10266
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.10266
https://doi.org/10.1007/JHEP07(2019)138
https://doi.org/10.1007/JHEP07(2019)138
https://arxiv.org/abs/1902.07066
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.07066
https://doi.org/10.1007/JHEP10(2019)167
https://arxiv.org/abs/1906.10149
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.10149
https://doi.org/10.1103/PhysRevD.86.105043
https://arxiv.org/abs/1208.6449
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1208.6449
https://doi.org/10.1007/JHEP12(2017)119
https://doi.org/10.1007/JHEP12(2017)119
https://arxiv.org/abs/1709.00008
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.00008
https://doi.org/10.1007/JHEP10(2019)270
https://arxiv.org/abs/1808.03212
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.03212
https://doi.org/10.1007/BF02815915
https://inspirehep.net/search?p=find+J%20%22Lett.Nuovo%20Cim.%2C5S2%2C147%22
https://doi.org/10.1007/BF02907130
https://doi.org/10.1007/BF02907130
https://inspirehep.net/search?p=find+J%20%22Lett.Nuovo%20Cim.%2C4S2%2C115%22
https://doi.org/10.1016/0550-3213(72)90480-4
https://doi.org/10.1016/0550-3213(72)90480-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB42%2C281%22
https://doi.org/10.1016/0550-3213(73)90467-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB49%2C77%22
https://doi.org/10.1016/j.physletb.2012.09.045
https://doi.org/10.1016/j.physletb.2012.09.045
https://doi.org/10.1007/JHEP04(2014)146
https://arxiv.org/abs/1204.3894
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.3894
https://doi.org/10.1007/JHEP12(2020)048
https://arxiv.org/abs/2003.07964
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.07964
https://doi.org/10.24033/asens.1246
https://doi.org/10.24033/asens.1246
https://doi.org/10.1007/JHEP07(2018)112
https://arxiv.org/abs/1804.10525
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.10525
https://doi.org/10.1103/PhysRevLett.107.161601
https://arxiv.org/abs/1107.2917
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.2917
https://doi.org/10.1103/PhysRevD.86.124018
https://doi.org/10.1103/PhysRevD.86.124018
https://arxiv.org/abs/1210.0539
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.0539
https://doi.org/10.1103/PhysRevD.102.065016
https://doi.org/10.1103/PhysRevD.102.065016
https://arxiv.org/abs/2006.04112
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.04112

(78]

B. Chen, P.-X. Hao and Z.-F. Yu, 2d Galilean Field Theories with Anisotropic Scaling, Phys.
Rev. D 101 (2020) 066029 [arXiv:1906.03102] INSPIRE].

B. Chen, R. Liu and Y. Zheng, work in progress.

D. Mazac, A Crossing-Symmetric OPE Inversion Formula, JHEP 06 (2019) 082
[arXiv:1812.02254] [INSPIRE].

J. Nagi, Operator algebra in logarithmic conformal field theory, Phys. Rev. D 72 (2005)
086004 [hep-th/0507242] [INSPIRE].

M. Flohr, Operator product expansion in logarithmic conformal field theory, Nucl. Phys. B
634 (2002) 511 [hep-th/0107242] [INSPIRE].

M.A.L Flohr, Singular vectors in logarithmic conformal field theories, Nucl. Phys. B 514
(1998) 523 [hep-th/9707090] [INSPIRE].

J. Cardy, Logarithmic conformal field theories as limits of ordinary CFTs and some physical
applications, J. Phys. A 46 (2013) 494001 [arXiv:1302.4279] [INSPIRE].

— 66 —


https://doi.org/10.1103/PhysRevD.101.066029
https://doi.org/10.1103/PhysRevD.101.066029
https://arxiv.org/abs/1906.03102
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.03102
https://doi.org/10.1007/JHEP06(2019)082
https://arxiv.org/abs/1812.02254
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.02254
https://doi.org/10.1103/PhysRevD.72.086004
https://doi.org/10.1103/PhysRevD.72.086004
https://arxiv.org/abs/hep-th/0507242
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0507242
https://doi.org/10.1016/S0550-3213(02)00235-3
https://doi.org/10.1016/S0550-3213(02)00235-3
https://arxiv.org/abs/hep-th/0107242
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0107242
https://doi.org/10.1016/S0550-3213(97)00012-6
https://doi.org/10.1016/S0550-3213(97)00012-6
https://arxiv.org/abs/hep-th/9707090
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9707090
https://doi.org/10.1088/1751-8113/46/49/494001
https://arxiv.org/abs/1302.4279
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1302.4279

	Introduction
	GCA revisited: multiplets
	Review on Galilean CFT
	Galilean conformal symmetry
	Primary operators
	Global blocks of primary operator

	Multiplets
	Fermionic operators

	Harmonic analysis
	Overview of harmonic analysis
	Harmonic analysis on GCA
	Read data from inversion
	Limiting analysis

	Generalized Galilean free field theories
	GGFTs from operator construction
	Radial coordinates in Galilean CFT
	Taylor series expansion of four-point functions
	Inversion function of GGFT
	Branch cut of inversion function
	Limit for GGFT

	Tauberian theorem and the spectral density
	Shadow formalism and alpha space approach
	Shadow formalism of GCFT
	Alpha space approach to GCFT

	Conclusion and discussions
	Review of LCFTs
	Details on the multiplets in GCFTs
	Number of the operators in GGFT
	Proof of the cancelation in section 4.6
	Check the spectral density of GGFTs

