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products of the recently derived flowed three-point functions with arbitrary spectral flow
charges. Our results constitute a highly non-trivial consistency check, thus strongly supporting
the aforementioned conjecture, and establishing its computational power.

KeyworDS: AdS-CFT Correspondence, Conformal Field Models in String Theory, Long
Strings

ARX1v EPRINT: 2406.04247

OPEN AccEss, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP08(2024)186


https://orcid.org/0009-0001-4337-3726
mailto:siguri@iafe.uba.ar
mailto:nicolas.kovensky@iflp.unlp.edu.ar
mailto:jtoro@dm.uba.ar
https://doi.org/10.48550/arXiv.2406.04247
https://doi.org/10.1007/JHEP08(2024)186

Contents

1 Introduction 1
2 Review of the SL(2,R) WZW model 4
2.1 Currents, spectrum and vertex operators 4
2.2 Two- and three-point functions 6
2.3 Four-point functions and the KZ equation in the unflowed sector 9
2.4  Conjecture for the flowed four-point functions 12
3 Sample cases for low spectral flow charges 14
3.1 The w=(0,0,1,0) case 14
3.2 The w = (1,0,1,0) case 19
3.3 The w = (0,0,2,0) case 22
3.4 Lessons for the general case 23
4 Edge cases and m-basis limits 26
4.1 Factorization in the m-basis 26
4.2 Edge cases beyond the collision limit 29
5 Correlators with arbitrary spectral flow charges 31
5.1 Contributions from the exchange of unflowed states 31
5.2 Contributions from the exchange of spectrally flowed states 34
6 Concluding remarks and outlook 41
A Useful identities 42
A.1 Complex integrals 42
A.2 The behaviour of P,(z,z) near z =0 43
A.3 Useful properties of flowed three-point functions 44

1 Introduction

String propagation in AdSs is one of the most studied realizations of the AdS/CFT cor-
respondence, partly because it allows for a level of computational control that is perhaps
unprecedented beyond the purely topological instances of the holographic duality in more
than two bulk dimensions. Indeed, this applies to the boundary theory, which is a two-
dimensional CFT, believed to be closely related to a symmetric orbifold model, but also
to the worldsheet theory, which, in the pure NS-NS case, is given by a potentially solvable
Wess-Zumino-Witten (WZW) model, thus giving access to the description of string dynamics
well beyond the supergravity limit.

The bosonic sector of the worldsheet CFT is described by the WZW model based on
the universal cover of SL(2,R). Its distinctive feature is that, in addition to the standard



representations, which are constructed as in any rational WZW model, one must also
incorporate their images under the so-called spectral flow automorphisms of the affine
symmetry algebra. For instance, these are necessary to describe the classical configurations
known as long strings in AdS3. Spectral flow thus plays a central role in generating a consistent
physical spectrum in the SL(2,R) WZW model [1]. In the supersymmetric case, it also allows
for the construction of the tower of short string states forming the spacetime chiral ring [2-5].

From the computational point of view, including vertex operators with non-zero spectral
flow charges entails considerable technical difficulties for the calculation of the corresponding
correlation functions [6]. Correlators involving only unflowed states can be obtained simply by
analytical extension from those of the Euclidean counterpart, that is, the H; coset model [7, 8].
This includes two- and three-point functions, which were computed exactly in analogy to the
Liouville case [9, 10], the OPE structure, and also four-point functions. The latter are not
known in closed form, but they can be determined recursively from the leading order solution
to the Knizhnik-Zamolodchikov (KZ) equation. This establishes their factorization properties
at the primary level, by which we mean their description as a sum over the exchange of all
intermediate states allowed by the fusion rules of the SL(2,R) model. On the other hand,
correlation functions with flowed insertions require much more intricate techniques. These
originally involved an increase in the effective number of insertions due to the inclusion of the
so-called spectral flow operators [6, 11], rendering the analysis substantially more challenging.

At the level of the flowed four-point functions, which will be our main focus, this approach
only led to concrete results for a handful of particular cases where all spectral flow charges
are quite low. Let us stress that we are mostly interested in x-basis correlators, namely
those written in the appropriate language for holographic considerations. This is because
the complex variable x parametrizes the asymptotic boundary of AdS3. The only four-point
functions which were analyzed in detail by using the techniques of [6, 11] were the singly-flowed
case [12, 13], and, under some assumptions, the spectral flow conserving correlators [14].
Some additional m-basis results were provided in [15-18]. Roughly speaking, the latter
applies only to correlation functions for which all flowed insertions are located either at
x = 0 or at x = oo. Determining the OPE structure for vertex operators belonging to the
spectrally flowed sectors of the theory and the factorization properties of the corresponding
four-point functions remains an important open problem. Solving it will likely provide crucial
insights to understand the SL(2,R) WZW model and, perhaps, even prove the AdS3/CFTs
holographic duality beyond the tensionless limit."

Recently, an alternative technique based on the local Ward identities was introduced
in [20, 31]. This allowed the authors to propose a closed formula for the three-point functions
with arbitrary spectral flow charges. This was then proven in [32, 33] by making use of the
ramified holomorphic covering maps from the string worldsheet to the AdS3 boundary. These
allow one to bypass some of the main complications stemming from the OPEs between flowed
vertex operators and the currents of the model. Covering maps are crucial in the tensionless
limit, and remain quite useful beyond it. Moreover, a general integral expression relating
four-point correlation functions in non-trivial spectral flow sectors to their unflowed cousins

!The tensionless case was established in [19-23]. A concrete proposal for the holographic CFT beyond the
tensionless limit was put forward in [24-26] and further tested in [27-30] using free-field methods.



was conjectured in [34] by means of a comprehensive case-by-case analysis. This formula has
not been proven in general, although it has been explicitly verified in several cases. It is thus
natural to wonder if, and how, it can be used as a computational technique, for instance
in order to study how these four-points functions factorize.

Let us stress that this question is a highly non-trivial one. On the one hand, the integral
transform involved in defining the z-basis correlators from the perspective of [31, 34] is quite
challenging. It cannot be carried out in full generality even in the considerably simpler
case of three-point functions. On the other hand, in the four-point case, the usefulness of
the conjecture of [34] for the task at hand relies on our knowledge of the corresponding
unflowed four-point functions. As discussed above, the only explicit expression for this kind
of correlator is the leading order in the conformal block expansion in powers of the worldsheet
cross-ratio obtained by Teschner in [8], together with the recursion relations that, in principle,
define the following orders. Given that the expression conjectured in [34] mixes the spacetime
and worldsheet cross-ratios with multiple integration variables in a complicated way, whether
or not it is possible to recover a factorized expansion for the spectrally flowed four-point
function at leading order, together with a consistent set of recursion relations for computing
the subleading contributions to the conformal blocks, is yet to be understood.

In this paper, we address precisely these questions. Although the inherent complexity of
four-point functions in the spectrally flowed sectors of the SL(2,R) WZW model prevents us
from carrying out the analysis in full generality, we work with arbitrary spectral flow charges
for the external states and isolate a considerable number of non-trivial channels. We explore
channels involving both flowed and unflowed intermediate states, and prove that, in all cases,
one obtains a consistent contribution to the factorized expansion of the full correlator. More
precisely, we describe how the insertion of the factorized expression for the unflowed correlator
in the integrand of the conjectured transform accounting for the effect of spectral flow leads
to (1) the expected overall dependence on both the worldsheet and the boundary cross-ratios,
(2) the leading order expression for the flowed conformal blocks, and (3) their appropriate
normalization in terms of flowed structure constants. This involves the full complicated form
of the latter observables, as derived in [31, 33]. Our results constitute an involved consistency
check based on the fundamental properties of the worldsheet CFT, which provides strong
support for the conjecture of [34], and further establishes its computational power.

Regarding the derivation of the subleading contributions to the conformal blocks, we
also expect the method based on the local Ward identities to allow for the determination of
the corresponding recursions relations. We leave this calculation and that of the remaining
factorization channels for future work.

The paper is organized as follows. In section 2 we review the SL(2,R) WZW model,
focusing on the role played by spectral flow in the construction of its spectrum, and its
incidence while computing two- and three-point functions. We also review the known facts
about the unflowed four-point functions [6, 8] and introduce the conjecture of [34] relating
them to their spectrally flowed counterparts.

We then initiate our discussion of the factorization properties of flowed four-point
functions in section 3 by analyzing in detail a number of sample cases, involving only vertex
operators with either zero or small spectral flow charges. The advantage of studying these



specific situations is two-fold. First, it allows us to reproduce the results that were previously
derived in [12-14, 18] employing different methods, and compare their analysis with the one
based on the local Ward identities. As we will show in the following sections, the latter is
best suited for an extension to the general case. Moreover, the sample cases we consider
here provide a simplified context for the detailed description of certain technical aspects of
our approach, which will also play an important role in the rest of the paper. At the end
of this section we further present a roadmap that will guide us through our study of the
more general spectrally flowed four-point functions.

In section 4 we move past specific cases to study the factorization of four-point correlators
with generic spectral flow assignments, first focusing on those admitting a well-defined m-
basis limit. These are the so-called edge cases, in the language of [31, 33, 34], because the
spectral flow charges nearly saturate the range allowed by the selection rules of the model,
derived originally in [6]. For the maximally spectral flow violating case, we also extend our
analysis to the x-basis correlator, for which the integral transform associated with spectral
flow can be carried out explicitly.

Section 5 contains the main results of this paper. We discuss z-basis four-point functions
with arbitrary spectral flow charges. We first show that the formula conjectured in [34]
correctly accounts for the exchange of unflowed states along the s-channel, whenever they
are allowed by the SL(2,R) fusion rules. In other words, we show that using our knowledge
of the unflowed conformal blocks, we can derive those associated with the exchange of such
intermediate states between the different spectrally flowed vertex operators. We also obtain
the corresponding normalizations, given by products of the relevant three-point functions,
thus rendering such contributions consistent with the usual factorization ansatz. We then
consider the exchange of flowed states and show that, for all channels isolated in the limit
of small (worldsheet) cross-ratio, combining the formula of [34] with the results of [8] for
unflowed correlators leads to contributions to the factorized four-point function that are again
consistent with the conformal symmetry constraints. Finally, in section 6 we summarize
our results, and discuss their impact for future investigations. Several useful identities are
relegated to appendix A.

2 Review of the SL(2,R) WZW model

2.1 Currents, spectrum and vertex operators

Let us start by introducing the basic ingredients of the SL(2,R) WZW model at level

k>3 [1, 6, 35, 36]. The symmetry algebra is characterized by the affine currents J%(z) with

a = 3, =+, satisfying the following operator product expansions (OPEs),

B2 ife(w)

(z —w)? z—w

where n*~ = -2 =2, ff7, = —2and f**, = —f*_ =1
Physical states come in three families. The long string states belong to the (flowed)

JUz)J(w) ~

(2.1)

continuous representations Cj** and have

1
je§+iR, a€cl0,1), welZ. (2.2)



Here j is the unflowed SL(2,R) spin and w is the spectral flow charge. The short string states
belong to the (flowed) discrete representations D;E’w, which are of the highest /lowest-weight
type and have

%<j<T1, weZ. (2.3)

Supergravity states belong to the unflowed discrete representations Dji = Dj-[’o. While such
states can be understood by analytic continuation from the H; model studied in [7, 8], the
presence of spectrally flowed states is crucial for the consistency of the worldsheet spectrum.
In the so-called z-basis, the vertex operators are denoted as Vﬁl(m, z). Here, x and z

are the boundary and worldsheet complex coordinates, respectively, while h is the spacetime
conformal weight. Incidentally, here we can restrict to w > 0 since states with negative w are
encoded in the same vertex operators [6]. Then, h is defined by the J§ eigenvalue m before
spectral flow, i.e. h = m + %w. For w = 0 we have h = j, hence we simply write Vj(z, z).
Here and in what follows we mostly omit the antiholomorphic variables, namely Z,z and h.
For strings propagating in an AdS3 x My, geometry supported by pure NS-NS fluxes,

the zero modes J§j are identified with the global modes of the spacetime Virasoro algebra

under the holographic duality, while the (AdSs part of the) worldsheet Virasoro algebra is
3k

k—2"
In contrast to the unflowed states, vertex operators V;fl(w,z) with w > 0 are not affine

obtained through the Sugawara construction, the corresponding central charge being ¢ =

primaries, but they are Virasoro primaries of weight

GGk
A= P hw—|—4w . (2.4)

It should be noted that not all representations are actually independent. Indeed, in the
continuous sector one has a reflection symmetry under j — 1—7j. For w = 0 this takes the form

Viw.2) = BG) [ dale— 2| Vi, 2). (2.5)

where the integral is performed over the full complex plane, and

B
BO) = e Y, P == (26)

with v a free parameter of the theory which will be unimportant for us, while for w > 0 we have

Vin(z,2) = R(j, h,w)ViZ; (2, 2) (2.7)
with
R(j,h,w) = WY' (h _ %w +j) B(j)' , y(x) = LZE), . (2.8)
Y2y (b= bw+1-3) ra -z
Moreover, in the discrete sector one has the so-called series identifications
Vsl = NGVET, @2), NG = [ (29)



relating lowest-weight states of spin j and spectral flow charge w and highest-weight states
k

k_
A set of linear combinations of flowed vertex operators which are particularly useful for

of spin j and spectral flow charge w + 1.

the study of correlation functions is given by the so-called y-basis operators, related to the
ones introduced above by the Mellin-type transform? [31, 32

Vi(o.2) = [dyly 5 PRy, 2). (210

In the y-basis, the defining OPEs are as follows. For the J*(z) current we have
w w + w w

o,V (2, y, ) N Z (anv} ) (z,y,2) N 0,V (2, y, 2)

(w = 2)«+! (w—z)" (w = z)

n=2

J+<w)‘/jw(x7yvz) = + e, (211)

which includes a series of intermediate poles whose residues have no simple expression in
terms of differential operators acting on the primaries (except for the w = 0 OPEs, obtained
by taking y — x). Their presence complicates the computation of correlation functions
considerably. On the other hand, for

T (x,2) = J*(2) —xJT(2), T (x,2) = J(2) = 22J3(2) + 22T (2), (2.12)
we have
B\ Ve (2, 2
ooy = L Zf_)z? S (213
and
J(z,w)V (2, y,2) = (w — z)o~ 1 (y23y + 2jy) Vi(z,y,2) + - (2.14)

The vanishing of the first w — 1 terms in the expansion of the product J~ (z,w)V}*(z,y, 2)
around z = w imposes strong constraints on the correlation functions, known as local Ward
identities [20]. For y-basis operators the reflection symmetry reads

Viwy.2) = BG) [ 'y -y |V () (215)

2.2 Two- and three-point functions

The study of exact correlation functions in the bosonic SL(2,R) model was initiated in [6],
where the authors first derived the unflowed two- and three-point functions by analytic
continuation from the HJ results obtained in [8]. For the flowed cases, important advances
were achieved in recent years by studying the local Ward identities and making use of the
y-basis representation [5, 20, 31-34].

As the auxiliary complex variable y is somewhat unconventional from the CFT point
of view, it will be useful to review the consequence of the global Ward identities for y-basis
correlators [31]. For two-point functions, one has

$—h?—hg 2 L1 w2
w1 w2 _ 12 w1 12 w2 12
<‘/]'1 (x].uy].az].)‘/j2 ($2,92,22)> - ‘ ZIA2?+A8 <‘/]1 <O)y1$12,0> ‘/jQ <Oo,y2x12,oo>> y
(2.16)

2Strictly speaking h is not necessarily the complex conjugate of h. In a slight abuse of notation, we will
keep writing absolute values squared throughout the paper.



with

ok ji(gi — 1 , k
b =i+ qwi,  Al= —‘h(k]l_z) —Jiwi = g (247
and
- _ 4RO 14Ny rw z* 2.18
(00y,00) = Jim_Jaf "2l SV (222 ) (215)

In this language, the two-point functions read [31]

<VJL;1 (07 Y1, O)V;‘L:Q (OO, Y1, OO)) :5w1,w2B(j1)5(j1 - j2)’1 - y1y2‘74j1 (2.19)
+ G w20 (1 + G2 — D[y 72 |yo| ~226P (1 — yrye) -

By carrying out the integral transform in eq. (2.10) one recovers the original x-basis results

of [6], namely

<ijUlJ;Ll(0’ 0)‘/}322(007 OO)) = 50-)1,0-)2 (5(]1 - jZ)R(jlv hlvwl) + 6(]1 +J2 — 1)) : (2'20)

Three-point functions are more involved. The spectral flow charge is not a conserved
quantity, although, as shown in [6], all non-zero n-point functions must satisfy

n
2max(w;) < Y w;+1. (2.21)
i=1
An exact expression for the y-basis three-point functions was first proposed in [31] and

later proven in [32, 33]. The result depends on the parity of the total spectral flow charge
w = wy + w2 + w3. Denoting

Fyi) = (Vi (0,91,0) V2 (1,52, 1) Vi (00,33, 0) ) (2:22)
one gets
E_ _k_9,.12
C- (jla.j27j3)‘Z1223J ?:1 sz] 22 , for w odd
Fyi) = (2.23)

. .2
. . . —k J—25;,—2
C+(]1,]2,]3)‘Zé] H?<5Zi€ ’ .

, for w even

where J = ji + ja + j3. Here, for any subset I C {1,2,3} we have introduced?

l—g;
2

Zr(yyz,43) = Y Qw+zielaieinyi , (2.24)
i€l

i€l g;==%1

with w = (w1,w2,ws), e1 = (1,0,0), e2 = (0,1,0), and e3 = (0,0,1). The Z; play the role
of generalized differences, and the numbers ()., are defined as

Q. =0 if E wj <2 max w; or E w; €22+ 1, (2.25)
- i=1,2, -
J 7

while otherwise
G (—W1+§~12+w3 + 1) G (WI_W22+UJ3 4 1) G (w1+w22—UJ3 + 1) G (w1+w22+W3 + 1)

G(w1 + 1)G(wz + 1)G(ws + 1) » (2:26)

Qw:Sw

3We reserve the original notation (Z1,Quw) — (X1, P.) for the four-point functions, discussed below.



with G(n) = [[*= T'(i) the Barnes G function and S,, a simple phase, see [31]. Finally, the
overall normalizations are set by the unflowed structure constants C(j1, jo,j3) as

Cy (j1,J2,53) = C(Jj1, 42, J3) » C_(j1,J2,J3) = N (j3)C (]17]27 5 33) - (2.27)

Note that, although it is not obvious in this notation, C_(ji, j2,73) is invariant under the
exchanges 1 <+ 3 and 2 <> 3, as it should. This follows from the explicit form of C(j1, jo, j3),
which was analyed in detail in [6-8]. For more general insertion points one again makes use
of the global Ward identities, which in this case imply

h—h9—hy h9—h9—hg h9—h9—hg |2
x
w1 w2 w3 _ 21 31 32
<ijl (:Ela Y1, Zl)‘/jg (l’g,yg, 22)‘/}3 (l’g,yg, Z3)> - AV+AT-AY AVAT-AY AJ+AJ-AD
21 31 32
w1 W1 w2 W2 w3 w3
T322971 2. T31291 % : T212971 %
X <‘/]u:1 <07y13212}1170> V;;JZ <17y2 21721 S)JQQ 3 1) V;;d (00793 31 Z’Ji?w)> .

T21T31239 2132231 T31X32%291

(2.28)
It then follows from eq. (2.10) that the z-basis three-point function is given by
w1 w2 w3

<leh1 (331, Z1)Vj2h2 (‘TQ’ ZQ)ngh3 (333, Z3)> (2.29)

hy—hi—ha, ha—hi—hs_hi—ha—hs 2

= Cuji, i) L21 L31 232
GO AT+ A—AS3 ATTEAD A2 A2HAB AT 7
z z z
21 31 32
with flowed structure constants
> ji—hitEw;—1
. _ 2 Ji—hi+gwi—1 9 3
Culisnhs) = [ TL ! ™" 5 7 P Eu ). (230
i=1

Finally, let us recall that something special happens in the so-called collision limit
xo — x1 [31, 33]. This corresponds to the limit [31]

(VE(0, 51, 0) V2 (2, o, DV (00, y3, 00)

. ot o b K (e o — 2 hn Y2
— ili% |73 J2t 5 (ws—w1 w2)| (VJoldl (07 x’(]) VJUQJQ <17 = 1) V;::s (00, ysz,00)) . (2.31)
Assuming for simplicity that w3 > wy 2, it turns out that only three-point functions satisfying
|wg — w1 — wa| < 1 remain non-vanishing. These y-basis correlators simplify considerably,
giving a y;-dependence of the form
. . ks .k ko . .
wy +wy — w3 =1 n Ji+Jj2+73 Qyél J2+i3—35 (y1 Tys o+ y1y2y3)§_31_32_33 : (2.32&)
w4+ wy — w3 =0: (y1 — yQ)_jl_j2+j3(1 + ylyg)_j1+j2_j3 (1+ y2y3)j1—j2—j3 . (2.32Db)
. . j1+j2—j3—§ ke j1—ja—j3
witwy—wg=-1: 1y (1 +vy1ys + y2y3)2 - (2.32¢)
Upon integrating over the y; as usual, one finds that these are the only three-point functions
for which the charge conservation condition hs = hi + ho holds.



The details of the derivation leading to eqs. (2.23) are beyond the scope of this brief
review. However, let us provide some intuition for interpreting these formulas. As mentioned
above, the local Ward identities derived from including additional current insertions in the
flowed correlators and using the OPE (2.14) give a series of linear constraints involving not
only primary correlators and their z- and y-derivatives, but also descendant correlators. In
principle, the total number of constraints allows to solve for these unknowns and, when
the dust settles, one is left with three differential equations that must be satisfied by the
Moebius-fixed y-basis primary correlators. In practice, however, this procedure quickly
becomes rather cumbersome as the spectral flow charges are increased.

Luckily, at least for three-point functions there is a workaround to this problem. The
motivation comes from the relation with the holographic CFT. It is known that, at k = 3, the
AdS3 becomes string-size and the strings become tensionless [37-39]. This leads to drastic
simplifications of the worldsheet WZW model, which can be shown to be exactly dual to
a symmetric orbifold CFT living on the boundary [19-21]. In this setup the holomorphic
covering maps routinely employed in the computation of two-dimensional symmetric orbifold
models [40-43] play a key role in computing the worldsheet correlators. It was shown
in [20, 22, 23] that the latter localize on configurations where the worldsheet itself s the
appropriate covering surface of the AdS; boundary. Importantly, the spectral flow charge w
of a given vertex operator is identified with the twist of its boundary avatar.

Although the story is more complicated for k > 3, where the dual theory is expected to
be a suitable twist-two deformation of a somewhat different symmetric orbifold, [24-26] the
covering maps remain very useful tools. For instance, the authors of [27, 29] were recently
able to establish the holographic matching for a series of residues of n-point functions in
the perturbative regime associated with poles in the space of complex (unflowed) spins by
using the free-field description of the SL(2,R) WZW model, valid at large radial distances.
For the exact theory, which is the focus of the present work, the localisation property no
longer holds. Nevertheless, the full solution for the case of n = 3 presented above can be
derived by combining the properties of certain covering maps with the symmetries of the
model, including in particular the series identifications (2.9) [31-33]. The relevant covering
map data is encoded in the ratios of the @, numbers defined in eq. (2.26).

2.3 Four-point functions and the KZ equation in the unflowed sector

The main focus of this paper is on four-point functions and their factorization properties.
Let us first review some basic facts about the unflowed case, namely

<V31 (.7:1, 21)Vj2 (x2a 22)‘/1'3 (1'3? 23)‘/34 (3347 Z4)> (2'33)

As usual, by using both worldsheet and spacetime conformal invariance one can fix the
insertion points at (21, 22, 23, 24) = (0,1, 00, 2) and (x1, x2,x3,24) = (0,1, 00, x) where

232214 r = T32T14

, , (2.34)
212234 L1234



with z;; = 2z; — 2; and z;; = x; — ;. In other words, the four-point function (2.33) can
be expressed as

(Vi (@1, 21) Vi, (22, 22) Vjy (23, 23) Vjy (24, 24)) =
—Jj1—Jet+js—Ja, . —j1+i2—j3+ja . J1—je—Jjs+ja . —2ja
L19 L3 L23 T3q
zA1+A2*A3+A4 ZA1*A2+A3*A4Z*A1+A2+A3*A422A4
12 13 23 34

2
.'7'-:0(00, z), (2.35)

where we have defined
Folz,2) = (V},(0,0)V},(1, 1)V}, (00, 00)Vj, (2, 2)) | (2.36)

leaving its ji-dependence implicit. The function Fo(x, z) must correspond to a (monodromy
invariant) solution of the KZ equation, which follows from the fact that

1 _ _
L= 55—y (JhTy + I 0 —202008) (2.37)
vanishes when acting on affine primaries. More precisely, this reads
1 P Q
- Lt 2)=0, 2.
{a k_Q( +z_1>]fo(xz) 0 (2.38)
where
P =%z —1)0? —[(k— D+ 2j1 — 2ja(z — 1)] 20y — 2j4(j1 + k), (2.39a)

Q=—z(1—-2)202 +[(k— 1)1 — ) 4+ 2j2 + 2jux] (1 — )0, — 2jaj2 + k(1 — )], (2.39b)

with kK = j3 — j1 — j2o — j3. Beyond the usual singularities at z = 0,1,00 and = = 0, 1, oo,

unflowed four-point functions have an additional one at z = x [6],
Fo(z,2) ~ |& — z|Pk—01—52=d3=74) (2.40)

For unflowed vertex operators the OPE expansion can be derived by analytic continuation
from that of the Hj model [6, 8]. For states in the continuous representations (which are
tachyonic for w = 0), one has

AAl

Ay 2 .
C(]la]47])‘/1—‘($,21>
Vi (@1, 21)Vj, (24, 24) = /+Rdj/ ]1+J4 ]( ’ J

24 — x)Irti—i(z — xl)j+jl—j4|2

‘o

(2.41)
up to descendant contributions weighted by larger powers of z14. The appearance of the
operator Vi_; is related to the reflection symmetry (2.5). The analytic continuation of
this OPE is required for exploring the short string sector, where j; or js would take real
values. Note that as ji4 is moved around in the complex plane (2.41) can pick up additional
contributions coming from the poles of C(j1,7j4,j) and the powers of x;; that may cross the
integration contour. The main aspects of this procedure were discussed in [6].

By inserting the OPE in eq. (2.33), one obtains the decomposition of the unflowed
four-point function in terms of conformal blocks. More explicitly, one gets

Faw.2) = [, dicHIE@. (242
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Where . . . . . .
C(]l?]4a j)C(]’]Qa ]3)

Cl) = BG) : (2.43)
and Fj(z,z) has the z expansion
o0
Fj(z,z) = 257817803 f 0 (2)2", (2.44)
n=0
with e i — e d
Fio(x) = 29901,y {J Ji 3457 J3 + Jj2 4 ' (2.45)
J

This is consistent with the fact that the theory has a Virasoro symmetry acting on the variable
x since this is the coordinate on the conformal boundary of AdS3 where the holographic CFT
is defined. From the worldsheet perspective, eq. (2.45) can be derived directly by using (2.5)
to write Vi_;(z, z) in terms of an integral involving V;(z') and using the identity

[ dict)
3 +iR

/1 djC(j) /d2x'd2x"]a;j*j1*j4 (2 — )P 72 g (g — oY I I (1 — g )Is )2
14iR

Wx] —J1—Ja

J—J1+ 74, J—J3+ 72
27 —1 '

F
21[ 2

2
x] ’ = (2.46)

Of course, f;o(z) is a leading order solution of the KZ equation (2.38). Although, in principle,
higher orders fj,~o(x) can be obtained recursively, no closed-form expression is known for
Fj(x,z). It is important to keep in mind that the expressions in eqs. (2.41) and (2.42) are
only valid if the external spins satisfy

Max [[Re(j1 — ja)|, [Re(1 — j1 — ja)l, [Re(j2 — j3)[, [Re(1 — j2 — j3)|] < 3 (2.47)

Moving away from this range implies that the correlator will pick up additional contributions
coming from the exchange of unflowed discrete states and, as shown in [6], in some cases
also singly-flowed states.

It will also be necessary for our proposes to use the conformal block expansion of the
unflowed four-point function in the limit x, z — 0, with x/z fixed. This can be extrapolated
from (2.42) by using the identity [26]

Fo (x,2) = N (N (a) || 274 Fo

V4
Z.z). 2.48
A1k —js (x ) (248)

This implies that

ko Ch
Rmﬁzﬁ%@MmmmC@]”“VWWwfﬁ

|G(z, 2)|?, (2.49)

B(j)
where the function Gj(z,z) can be expanded as
Gj(z,z) = 2R T AIT ATt g =2 Z Gjm(2)2", (2.50)
n=0
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the leading order being
Gz, 2) = ZAj—Al—A4—j4—j1+§x§—j—jl_j42F1 [J -5+ +j4éjj — 5 T J3+ )2 i] .

By virtue of eq. (2.48), these expressions are valid as long as

k k 1
Max [\Re<jl+j4—)| |Re(1—|—j14—>| |Re(j2+j3—>| |Re(1 j23—2> |] <3

where jio = ji — jo-
2.4 Conjecture for the flowed four-point functions

Spectrally flowed four-point functions are notoriously complicated. Recently, an integral
expression relating them with the corresponding unflowed correlators was proposed in [34].
One can divide this conjecture into two parts. First, using the global Ward identities, which
in this case imply

(Vi (1, y1, 20) V2 (02, 2, 22)Vi® (23, Y3, 23) Vi (T4, Yas 24))

—hO hg+hg—h2I—h?+hg—hg+h0 R — —hg+h2x—2h2 2

Z21 31 T3 34
—AV-AJ+AT-A) —AOLATATH+AT AV-AJ-AJH+AT —2A0
221 31 %32 234

w2 w2 w3 w3
133‘322 25 2 X31 Z91 R 321 R31 R
% <ng1 < Y 21 231 0) Ve ( Y 21 732 71) Vws (OO’ Y 31 232 ’OO>

w w.
T21 T31 235 T21 T32 231 3 31 32 257
wq 2w
wa [ T32T14 Y4 W31 T32 251 234 232 214
Via : e o : (2.53)
T12 T34 T21 X34 231 239 212 234

in order to focus on
Fuol@,yi, 2) = (VH(0,41,0) V22 (1, 4, 1)V, (00, y3, 00) Vit (@, s, 2)) (2.54)

it was proposed that the y-basis differential equations for four-point functions with arbitrary
spectral flow charges are solved by

. _ J1+je+iztja—k v —j1—j2+i3—Jja yv—J1+j2—J3+ja
Fol®,yi, 2) = ‘X@ X5 Xi3

P YA CPP. O
w XJ1—J2=J3 4y~ 2] 2]: ( ,Z) 255
23 34 | + X12X34 ( )
when the total spectral flow charge is even, and by
fw(m,yi, 2) = N(js) |X123]1 —Jj2—j3— J4X1—j1+j2+j3+j4 le —J2tiztia—3
i 2 (X9 X134

o xIitiziatia 2 2}._( 2X13 ,z) 9 56
3 4 ‘ X123X4 ( )

when it is odd. The corresponding z-basis correlators
Folz,2) = (Vi (0,0)ViR (1L, 1)V (00,00) Vi (2, 2)) (2.57)

— 12 —



are then obtained as
Folw.) =] TL wily] [ Fole, i 2). (259)
i=1

In these expressions, the X are the appropriate generalizations of the factors appearing in the

three-point functions discussed above, namely the Z; defined in (2.24), while 4 (X, z) are

arbitrary functions of the worldsheet cross-ratio z and of the relevant generalized cross-ratio,

i.e. either X = % or X = % The structure of this conjecture is thus similar in spirit
1234 1234

to the three-point case. More precisely, the X7 are still linear functions in the corresponding y;,

l5 1—¢;
X; = 2%5{1,4}61 [(2 _ 1)(_1)w1(w2+w3)+w4(w2+w3)} 50{2,4}erl Z Pw+z . Hyi—Q . (2.59)
iel Tt
i€l:e; == el

although now the coefficients P,, = P, (x, z) are polynomials that depend on both x and
z. They are defined as

Pw _ f(w) (1 _ x)%s(w2+w4*w1*w3) (1 o Z)is((uﬂ‘l’a&*wg7&}4)(0.)1‘1‘014*0.)270.}3))7%&)20.74

x m%s(wl-i-wz;—wz—ws)z%5((w1+w2—w3—w4)(w2+w4—w1—w3))—%w1w4]5w (l‘ Z) , (2.60)
where s(w) = wO(w), © being the Heaviside step function. On the other hand, the P, (z, 2)
come from the different covering maps relevant for a given four-point function, see [34, 42].
A necessary condition for the existence of a rational function I'(z) with the appropriate

branch points is

4 4
Zwi € Z, and Zwi > 2max w; . (2.61)
i=1 =1
However, as opposed to the three-point case, this is not a sufficient condition. Indeed, once
we further impose I'(z;) = x; for i = 1,2, 3 there is no freedom left, hence a covering map can
only exist if a certain relation between the worldsheet and boundary insertion points holds,
namely I'(z4) = z4. The P, (z,z) are irreducible polynomials which vanish whenever this
condition holds, namely P, (z,z) = [[(z — I'"!(x)), where the product runs over all possible
covering maps.? As it turns out, their degree in z is given by the Hurwitz number

4
1 .
H, = 50 | jzle —2w; ||, (2.62)
while their degree in x is
L. .
Ay = = [min(wy + wo, ws + ws) — max(Jw; — wal, jws — wal)] (2.63)

2

Moreover, they are normalized such that if H, = 0 then Pw(x,z) =1,and if H, <0
then P,(z,z) = 0.

4These are direct generalizations of the Q. functions appearing in the three-point functions. Although
they are not known in closed form, an algorithmic procedure for computing them was given in [42].
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The second part of the conjecture concerns the nature of the functions Fu (X, z). These
are unconstrained by the local Ward identities. However, one still has to impose the KZ
equation for the flowed correlator. The derivation of the corresponding differential equation
is of course more involved than in the unflowed case because the vertex operators under
consideration are not affine primaries. The authors of [34] argued that the structure of the
prefactors in egs. (2.55) and (2.56) is such that, as a function of z and of the generalized
cross-ratio X, F, satisfies precisely the KZ equation as the unflowed correlator with the
same external spins, see (2.38). The same goes for F_ provided we flip j3 — % —js. It is
therefore natural to identify these functions with the corresponding unflowed correlators,

j':Jr = j':(), F_o= ]'—0| (2.64)

Ja—E—js
Note that the unflowed structure constants play an analogous role in the context of flowed
three-point functions, see eqs. (2.23) and (2.27). In this way, the flowed four-point functions
can be understood as integral transforms of the unflowed ones.

This proposal is based on a detailed case-by-case analysis of the local Ward identities,
combined with a series of non-trivial consistency checks. More explicitly, it was shown that 1)
it reduces to the known three-point functions in the wy = j4 = 0 limit, 2) it satisfies certain
null vector constraints when they are present, 3) it is invariant under the pairwise exchange of
the different insertions, 4) it is consistent with the reflection symmetry under j; — 1 — j;, and
5) it reproduces the relatively small number of previously known results [6, 11-13, 15, 18].
However, it remains to be proven.

One of the main goals of this paper is to provide further support for this conjecture.
We will do so by studying its factorization properties, i.e. by considering several non-trivial
exchange channels and showing that, in all cases, one obtains perfect agreement with the
expected OPE decomposition for the SL(2,R) WZW model, including spectrally flowed sectors.

3 Sample cases for low spectral flow charges

In this section we focus on a few low-lying cases in terms of the external spectral flow charges
w;, with ¢ = 1,2, 3,4, leaving a more general analysis for the following ones. These examples,
namely the correlators with w = (0,0, 1,0), w = (1,0, 1,0), and w = (0,0, 2,0), are interesting
for several reasons. First, the cases with a single flowed operator with either ws = 1 or
wg = 2 are the relevant ones for the comparison with previous results from [12, 13, 18],
which were obtained by using different techniques. Second, in these cases, the expressions
in egs. (2.55) and (2.56) can easily be established explicitly, as will be shown below, and
they are simple enough to allow for a tractable and detailed analysis which will provide
some useful intuition for the general case.

3.1 The w = (0,0,1,0) case

We consider the four-point function

(Vi (21, 21)Vjy (w2, 22) Vi (3, Y3, 23) V), (24, 24)) - (3.1)
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In this case, there is a single constraint equation [20], namely that

<J_($37Z)‘/jl(xlaZl)‘/jg(x27ZQ)‘/}]é<$37y3:z3)‘/j4(x4724)>
= (y30y; + 273y3)(Vj, (21, 21) Vjy (22, 22)Vj, (73, y3, 23) Vi, (24, 24 z—23). :
(Y30ys + 243y3) (Vi (1, 21) Vi ( Vi ( Wia (@4, 24)) + O( ). (3.2)

By inserting the OPEs (2.11)-(2.14) in eq. (3.2), and fixing 1 = 21 =0, 2 = 22 = 1 and
T3 = 23 — 00, this translates into the following differential equation for the Moebius-fixed
y-basis correlator:

{ys(% —1)0y; + (x — 2)0z + j1 + jo + J3(2y3 — 1) + ja — } Foo10)(7,y3,2) = 0. (3.3)

2

The general solution takes the form

; s ok . . . .
Froow) (@, y3,2) = |yg > TR (1 = g5 i PR(X 2) (3.4)
where
TY3 — 2
X = 3.5
= (3.5)

is the appropriate generalized cross-ratio for this particular case, and F'(X, z) is an arbitrary
function. On the other hand, as ws = 0, the KZ equation for the vertex Vj, is derived
analogously to the unflowed case. However, one picks up an additional contribution from
the double pole in the OPE of the current with Vjé Making use of (3.4), one finds that the
resulting constraint on F'(X, z) takes exactly the same form as in egs. (2.38) and (2.39), with
the replacements ¢ — X and j3 — % — j3. Transforming back to the z-basis, and using the
series identifications to fix the overall normalization as in [32, 33], we conclude that

Foo10) (T, 2) = N(js)/d2y3|?/37h3+j1+j2+j471(1 - y3)§_jl_jg_j3_j4|2ff (X,2), (3.6
F_(X, z) being the unflowed four-point function with jz — % — js as in (2.64). This is the
expression conjectured in [34].

We now discuss the factorization properties of the correlator (3.6). The spectral flow
selection rules for three-point functions in eq. (2.21) imply that this should involve two
different intermediate channels for processes of the form 14 — 32: the exchanged state can
only have w = 0 or w = 1, see figure 1. We expect to be able to study these processes by
combining our knowledge of the factorized expansion of the unflowed four-point function
appearing in the integrand of (3.6) with the integral transform that captures the effect of
spectral flow. In other words, we aim for the conformal block decomposition of the spectrally
flowed correlator by means of the corresponding decomposition of the unflowed one.

Now, the scanning of exchange channels presents several subtleties. For instance, it
strongly depends on the values of the external spins j;. We shall bypass this problem by
restricting our study to spin configurations reducing to Teschner strip as in the Euclidean
model [8] (up to the appropriate flips j; — % —j), for which a closed analytical expression for
the four-point function is actually available. These domains only allow for the propagation of
intermediate channels lying in the continuous series. The emergence of intermediate discrete
states could be obtained after a proper analytical continuation [6, 8], which is beyond the
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w1 w2

Wy w3

Figure 1. Schematic description of the exchange of states with spectral flow charge w and chage h
along the 14 — 23 channel.

scope of this paper. Another factor that allows tuning new exchange states, in particular,
channels in non-trivial spectral flow sectors, is related to the behaviour of the generalized
cross-ratio X as z approaches zero and, indirectly, with the interchange of the y-integrals
and the z — 0 limit while determining conformal blocks. Indeed, we shall see that different
rescalings of y; depending on x and z while integrating (2.58) will lead us to recognize different
intermediate channels, even when the external spins remain fixed.

Let us be more precise. When the external spins j; satisfy the constraint

Max | [Rei — o)l [Re(t = 1 = g0l [Re (2 + s — 5 ) IR (1= g2+ s — 5 ) 1] < 3.
(3.7)

the unflowed four-point function appearing in the integrand of (3.6) admits a factorized
expression of the form

Foxa) = [ dieiF (X.2). (3.8)
5 TR
where
C( ) C(j17.747])0 (37327§_]3) (3 9)
J) = ; . .
B(j)
If we consider the limit z — 0, while keeping = and y3 fixed, the generalized cross-ratio goes as
Y3
X — : 3.10
- (3.10)
Eq. (2.44) then shows that, at leading order in z, we can replace
© G (5 i i d ety k
Fj (X, 2) = 22 M1 ( Y3 ) N EEs +J4, J f]s tia—5 | 2y | (3.11)
ys — 1 2) ys — 1

)

state at w = 0, which depends only on j. We obtain a contribution of the form

Here, we have introduced the notation A§~0 for the conformal dimension of the intermediate

-7:(0010)(3372) NN(j3)/d23/3 /1+,]R djC(j)

Y3 hs+j1+i2+7a 1(1—3/3)2 J1—j2—j3—Jja

Y3
y3 —1

2

. (3.12)

o A0, ( Y3 )j_jl_j4 Py J—di+ia, s+ — %
ys—1 25
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which indeed corresponds to the exchange of an unflowed state, as can be read off from
the overall powers of z and =z.

We would now like to compute the integral over y3. The subtleties related to the exchange
of the j and ys integrals in (3.12) can be analyzed along the lines of [6]. Although this
could lead to extra contributions associated to specific values of j, we expect these to be
associated to either descendant contributions or two-particle states. Since we are interested
in primary exchanges, we will ignore such contributions from now on. Using the complex
integrals provided in appendix A.1l, we get

N@Gs)y (hs +js — E) v + j2 — hs)
F(0010) (T, 2) ~ /1 ~djC(j) ( — ) .
g TR ’Y(J +J2 +.73—§)

(3.13)

P [j —J1+Ja, ] —h3 + jo

27

] |

We find that the factors C(j) and N (j3) combine with the v-functions precisely in the right

way to give the product of structure constants associated to the relevant flowed three-point
functions, i.e. [6]

. N (h3 + s — g) YU +d2=h3)  C(j1, 1, 5)Clo01)(J, J2. J3. h3)
N (j3)C(5) — = B0)
7(J+J2+J3—§) J

This shows that the structure of the factorized expression is analogous to that of the unflowed

. (3.14)

case. Indeed, on top of the structure constants we have obtained the flowed conformal block
at leading order in z, that is, the hypergeometric function appearing in (2.44) but with js
replaced by hs, which is the spacetime spin (or boundary weight) of the flowed vertex.

This kind of flowed four-point function was studied previously in [12, 13]. Their approach
was quite different, as it was based on the spectral flow operator introduced in [11] and the
subsequent definition of singly-flowed z-basis operators introduced in [6].> Nevertheless, the
authors obtained a KZ equation and recursion relations which are, of course, equivalent to
those we have just derived in the y-basis language. Our result, including the region of validity
given in eq. (3.7), matches the combined results of [12, 13].

Now, according to the spectral flow selection rules, the four-point function under consid-
eration can also receive contributions from the exchange of intermediate states with w = 1.
In order to pick up a contribution of this type we turn back to eq. (3.6) and perform the
change of variables y3 — zys/x. This choice will be justified in section (3.4) below. Keeping
the new y3 fixed, the generalized cross-ratio now behaves at small z as

X = 2(1—-ys3). (3.15)

As a consequence, the leading order expression of the unflowed correlator must be read off
from eq. (2.51). As long the external spins lie in the range

Max | [Re (1 + s = 5 ) b IRe (1= a1 = 5 ) . IRetGa — )l [Re(1 = 2 — )l < 3.

2
(3.16)

5This was recently generalized to arbitrary w in [32].
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this leads to

0) _ . k_ _ . . .
‘7_-(0010)(3372) NN(]l)/d2y3/1+Rd]C(]) ZAj hs+jo+5—A1 A4xh3*12*11*14 (317)

3 (2

2
x g ha it (1—ys)2 01 =dn,py |1 tIat) Ty, I8t 1
2j 1—ys
now with
C (% —Jj1,41,3) C, jzs j3)
C() = (2 ) : (3.18)

B(j)

We thus find that the z-dependence simplifies considerably as we only get an overall
power. For this to describe a consistent contribution to the factorization expansion associated
with a singly-flowed exchange, this should be of the form z"~717/4 with h the spacetime
spin of the intermediate state. Hence, in this strict z — 0 limit, we appear to only be
capturing the process corresponding to h = hg — js. This interpretation is further supported
by the power of z in (3.17) since

A-‘WZI —AO A A (3.19)
j hehs— s j 31T J2 1 1 4,
as can be seen from eq. (2.4). We will discuss why this specific channel has been isolated
later on, when analyzing the general case in section (3.4). For now, we focus on showing that,
at least for this particular contribution, the four-point function factorizes correctly, in the
sense that the relevant flowed structure constants emerge directly from (3.17).

For this, we first note that the hypergeometric function appearing in (3.17) must have
a different origin from the one that appeared so far, since it is not evaluated at x and is
independent of the spacetime spins h;. In order to show how it comes about, we proceed
by reverse engineering. In analogy with the unflowed case, we expect to find certain factors
corresponding to

Coo1)(J1, J1, 3, B)Clao1y (4: 52, Js, by h3)

RG.h1) , (3.20)

where the denominator stands for the relevant w = 1 propagator in eq. (2.8). Since h = h3— jo,
we can combine the explicit integral expressions given in section 2.2 for the flowed structure
constants with the identity (A.26) to get

o k_
(3.20) = / R T A (3.21)
X (Vj,(0,0)V;, (1, 1)V}, (00,571, 00)) (Vi (0,9, 0)V5, (0, 1)V (00, 3, 00))
= N(j1)C (2 —31,34,J> C(1—j,j2,73)

2, 2 Js—hat5—1 §—dr—da—j dsti—ja—1 Joti=gs =12
x [ d*ydys |ys (1-y) Y (1 =yys) '
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After the change of variable y — y5 1(1 —4), the y-integral becomes of the hypergeometric
type, giving

2 v(25)
1
x | d? —
/ Y3 1—y3]

JHaitia= 5 J = st
This exactly reproduces the contribution to the four-point function under consideration given

2

y§1+j47h71(1 _ yg)g—j—j1—j42F1 %

in eq. (3.17), by means of the identity

7y(j — js + 32)v(j + js — 32)C(1 — j,52,73)  C(4, 2, J3)

. = : , (3.23)
7(27) B(j)
which follows directly from the reflection symmetry in the unflowed sector (2.5).
3.2 The w = (1,0,1,0) case
In this case the four point function is given by
Frow) (@, z) = 27 /d291 dys |y Ty T (L — ) TR (L ) e
—~2j4 —ji+ia—gatiag2E, [T A 1—ys
X (z—x 1-— F 2 3.24
(z —wys)” (1 — y1ys) . — (3.24)

where we have used the shorthand a; = j; + gwi — h;. The structure of the integrand follows
from the two independent local Ward identities, which imply that the y-basis correlator

F1010) (%, y1,y3, 2) is annihilated by the differential operators
y3(ys — 1)0y; + (y1 — 1)0y, + (x — 2)0x + J1 + j2 + j3(2ys — 1) + ja, (3.25)

and

y1(y1 —1)0y, + (y3 — 1)y, + ow—2)

. (2
O+ 51201 — 1) +J2+J3+ Ja (z — 1) . (3.26)
Combined with the KZ equation, this implies that F, (X, z) should be identified with the
corresponding unflowed correlator, as it satisfies the same differential equation in terms
of the generalized cross-ratio

r—zy1 1—ys3

X = .
1—y1 z—2y3

(3.27)

We now show that, as in the w = (0,0, 1,0) case, considering different regimes for the external
spins and taking the z — 0 limit accordingly helps us isolate the different possibilities for
the spectral flow charge of the intermediate state, which in this case can be either w = 0,
w=1o0orw =2

For the singly-flowed channel we simply take the small z limit while keeping y; 3 (and

also ) fixed, hence X — (lyf’y_l)l%

. Assuming that the external spins are in the range (2.47)
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and inserting the leading order expression for the unflowed conformal block, we obtain

(0)_ (0)_ . o . S | s
zAJ' A A4+J4x 2]4y§43+]1 Ja—J (1 —qyp)P3—9273

Faooy(x, z) ~ /d2y1d2y3/1 _dic(j)
§+ZR

2
—J1+Ja, J— I3+ J2

Wy (1 = )i 923 (1 — yyg) I H s [J '

y3—1 }
(1 —wy1)y3

(3.28)

with C(4) = B(j)*C(j1, ja, j)C(j, j2, j3). We now find a power-law dependence in z that is
factorized from the y;-integrals, and is compatible with the exchange of a flowed state with
h = h1 — j4. The power of z supports this conclusion since, for w = 1, we have

AV A A =AY (g -+ 1A A=A A Ay (329)

The factorization along this particular channel is then consistent iff the remaining factors,
including the y;-integrals, give precisely the normalization

C’(101) (j17j47 Jyha, h‘)C(lOl) (]7 J2,J3 h, h3)

3.30

R A 1) (330

Proceeding as in the previous section, we use the identities of section A.3 to rewrite this as
(3.30) = C(j1,ja, HC(L = jy 2, ) / &y dPyr dPys [y yse (3.31)

X (L= ) IRy T I(L )RR (L g2,

with a; = j; + % — hi. The integral in the auxiliary variable y can be performed as in the
previous section. It is simplified by changing variables y — y3 1[1 — (1 — y3)y], and the result

is proportional to a hypergeometric function evaluated at (lzfy_l)lys. After using again (3.23),
we recover precisely the expression on the r.h.s. of eq. (3.28), as expected.

As it turns out, in this case yet another contribution corresponding to the exchange
of a state with w = 1 can be obtained from (3.24). This can be seen by first taking
(y1,y3) — (27 'y1, 2y3) and only then taking z — 0 with the new y; 3 fixed. A similar analysis
shows that this corresponds to an intermediate spacetime spin of the form h = hg — js.

It is also possible to isolate the unflowed channel by changing variables to y; — xy1/z.

After doing so, the generalized cross-ratio behaves at small z as

z(1—y1)(1 —y3)
TY1Y3

X — (3.32)

and therefore we must use the expansion (2.51) for the unflowed correlator. This leads to
a contribution of the form

Foi0)(x, 2) ~ /d2y1 d*ys /1+‘R dj C(j) |l I IapBim A1t (3.33)
3 (2

. . —h _1 . . —h,‘—l Ei.i. A &77 s
A e (P SRR
. . . k- . . k 2
N+Jja+g—5, 33+32+7—3

2j

Xzﬂl = y)(1— )

TY1Y3 ]
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where now

el = N(j1)C (% —jl,j4,j13(?)/(j3)0 (J}Jé,g - j3) ' (3.34)

Taking y; — v;/(y; + 1) gives an integral that can be carried out in analogy to what was

done around (3.12), leading to

A+ g —hy)y (st hs — E) (G 4 s — ha)y (G + e — &
Fo10)(z, 2) N/1+,Rdjc(.7) ( ) ( )
3 (A

v (ds+ia+i—3%) (i +is+i-3)

J—h1+7Ja, 5 —hz+jo
25

X

2
4 | . (3.35)

pI—hi—ja ZAj_Al—A42F1 [

The expression (3.33) is valid as long as the external spins are in the strip

. .k . k . .k . k 1
Max |:’Re<j1+]4—2> \,|Re(1+]14—2> ],Re<]2+]3—2),\Re(1—j23—2> ]] <3
(3.36)

Our result is thus consistent with the expected factorization structure for the process associated
to the exchange of an unflowed state thanks to the identity

AR Ll (51 +m1 = 5) 90 +do — ha)y (G5 + ha — §)
J . . . . . .
y(i+ia+i—5)v(Gs+iati-%)
_ C100) (415 Ja, 3, 1) Coo1) (J; J2. I3, h3)
B(j) '
Finally, we note that the w = 2 channel sits at the edge of the selection rules for three-

(3.37)

point functions, since w = w1 + w4 + 1 = w3 + we + 1. For reasons that will become clear
below, we were only able to isolate this flowed channel in the spacetime collision limit  — 0,
which corresponds to taking h = hy + j4. Evaluating (3.24) at © = 0, rescaling y; — zyi,
and using (2.51), we get a leading order behavior given by

k- j17j4,j> c (j’j2’ 5 _j3) |2B5 A1 A2

c(
]‘—(1010)(07 z) ~ /§+iR djN (j1)N (j3) B() (3.38)
- /d2y1d2y3 yr I I g (1 — ) I
2
SRR I R R A 1
2j yilys—1) ]|’
where the intermediate conformal weight is given by
A;= AP —2(hy + 1) + k. (3.39)

The overall power of z is compatible with a process where the intermediate channel has
w = 2 and the aforementioned spacetime weight. For the decomposition to be consistent,
the remaining factors should match

C(102) (41, Ja, s P1s B)Ca01) (7, 325 J3, by h3)
R(j,h,2) ’

(3.40)
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which, thanks to the identity (A.26), can be written as

N ()N (j3)C (2 — j1,da 1 —]> C (J,Jz, 5~ 33) /d2y1d2y3d2y (3.41)
% |y{1—h1+§—1y§3—h3+§—1yj1+j4+j—§—1 (1- yly)g—jl—jﬁ—j—l (1+y— ys)g—j—jg—ja 2.

This is seen to be true by taking y — y/y1, performing the integral over the new y, and
using (3.23) once again.

3.3 The w = (0,0,2,0) case

For completeness we also consider the correlator with w = (0,0,2,0). This corresponds to
the simplest configuration lying at the edge of the range allowed by the selection rules (2.21).
The four-point function is given by

Fioo2)(x,2) = f(2) /d2y3\y§1+j2+j4_h3_1 [(1—2)z +ys(z — ) 2B 20 (3.42)

Note that the derivation of this formula from the general expression in eq. (2.55) is a bit
subtle [34]. This will be discussed more generally in section 4.2 below. In particular, the
definition of the function f(z), which is independent of y; and z, is provided in eq. (4.17).

For the particular case at hand, the local Ward identities give two constraints. Although
in principle one of them would be used to solve for the unknown correlator corresponding
to the insertion of (J;" ‘/]23)(303, z3), this actually drops out. One finds that the correlator
is annihilated by the differential operator

Y30y; + (2 — 2)0x + k — j1 — J2 + js — Ja, (3.43)

hence the general solution is given by the integrand in eq. (3.42) times an arbitrary function
F(ys(xz — z), z). Since we also know that at large ys this must scale as y§2j3 [33], we can fix
F(ys(x — 2),2) = f(z). The KZ equation then fixes f(z) in terms of the unflowed correlator.

As it turns out, correlators saturating the bound on spectral flow are also simpler to
deal with in terms of their factorization properties. Indeed, unlike in the previous cases, the
integral in (3.42) can be carried out explicitly even before taking the small z limit. After

rescaling y3 — 2(1 — 2)y3/(z — x), we obtain

2
(1= 2)2]" 75 Py (i1 + ja + ja — ha)y(js + hs — k)
3 2) = Al - J2 7 J4 = N3), . (3.44
(000 (7,2) = /(2) (z — x)irtiztis=hs Y1+ J2 + J3 +Ja — k) (349
As follows from egs. (4.17) and (2.51), at small z the function f(z) behaves as
C (% _jlaj47j) C (j)j2a % - ]3)
z) ~ AN (j1)N (5 ,
F&~ |, NN G) 50
% ‘ZA]-—A1—A4+]'2+]'3—% ’2 7(2]‘)7(‘7‘1 ti2t st ja— k) (3.45)

Y +iati-5)v(a+is+i-%)
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Therefore, we get

CE_.7‘7.C.7.7E_.
Fo020) (@, 2) N/l " AN (j1)N (j3) (2 e ]B)(j)(j ke 33)

% |ZA —A1—Ay+jo— h3+4$h3 J2—7J1 ‘]4|27T7(]1 +]2 +]4_h3) (J3+h3_k‘)7(2‘])
7(]1+J4+]—*)’Y(]2+]3+J—*)

(3.46)

As usual, the overall powers of 2 and z allow us to recognize the intermediate channel in
question. It describes the exchange of a state with w = 1, which is indeed the only channel
allowed by the selection rules (2.21), and h = h3g — j2. The numerical constants then combine
to give the relevant product of flowed structure constants,

C(oo1) (415 J4, 3, B)C102)(J, 325 J3, hs h3)
R(j,h,1) ’

(3.47)

which can be found in [6, 44].

3.4 Lessons for the general case

Let us try and build on the results obtained in the previous sections and provide some
intuition for the more general cases. On general grounds, worldsheet conformal invariance
combined with the spectrum of the SL(2,R) WZW model implies that four-point functions
should factorize (in the 14 — 23 channel) schematically as follows:

C14.nC
Fulw,2) = 30 = S22 Fafa, 2). (3.48)
A

Here we sum over all possible primary intermediate states of conformal dimension A, while
FA(z, z) represents the corresponding conformal block, which also accounts for the descendant
contributions. Let us emphasize that we are discussing Virasoro primaries, as opposed to
the affine ones, hence we must include the spectrally flowed operators. The z-independent
factors Cjja and Ba then capture the relevant structure constants and inverse propagator.
In our context the sum over A is actually a sum over the spectral flow charge w of the
exchanged state, together with a double integral over its flowed and unflowed spins, namely
h and j, respectively.

When the external w; vanish and the corresponding j; are sufficiently closed to those of
the continuous representations, only continuous unflowed states are exchanged, hence the
integral over j is along the contour % + iR [6, 8]. The above examples, and, more generally,
the conjecture of [34], suggest that, for some appropriately defined range of values for the
external spins j;, which does not necessarily coincide with Teschner’s strip (2.47), one has

-~ C’UJUJ .7.7.?h7h C w2 ,w '7.7.7h7h
Fuo(z,2) :/1 dj (o100.0) (12 45 3, 11 ;) ,(0’ 2o0) (2,3 o 3)|Fjo(m,z)]2 (3.49)
§+2R (])

T Z Z C(wl,w4,w) (j17j47j7 hy, ha, h)c(w,wg,w3)(j7 J25 735 h, ha, hS)

: | (2, 2)7]
w>0 h R(]ah’w) J
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with B(j), R(j, h,w) and C,(j;, h;) defined in eqs. (2.8) and (2.30). Here we have separated
the contributions from the exchange of unflowed states from the flowed ones because for the
latter there is an additional sum over the allowed values of i (and h). At leading order in
z the conformal blocks must be of the form®

|5 (w0, 2) [P = 287 S Bagh—hnmhe2 (3.50)
2
v (2h _2 1) /de/de//’ (1:’ _ x//>2h—2 x/h4—h1—h($ _ x/)hl—h4—h(1 _ x//)hg—hz—h’27
™

where for w = 0 we take h = j. As in the unflowed case the integral eq. (3.50) is of the
hypergeometric type, albeit with all j; replaced by the corresponding h;.

The main obstacle for showing that the proposal of [34] factorizes in this way is that the
complicated expressions in (2.55) and (2.56) do not allow us to obtain the four-point functions
in closed form. The reason is two-fold. On the one hand, they provide integral expressions
for the former in terms of the y;-variables, but the structure of the generalized differences X
and cross-ratio X where these variables appear is quite involved, so much so that even in the
three-point function case (where the Moebius-fixed unflowed correlator is simply a constant)
it has not been possible to compute these integrals in closed form. On the other hand, the
integrands involve the unflowed four-point functions which, as discussed in section 2.3, are
not known in closed form. Nevertheless, below we will extend the discussion of the particular
examples considered so far to four-point functions with arbitrary spectral flow charges, which
leads to an important number of non-trivial results concerning the factorization properties
of the expressions proposed in [34].

Let us now try to provide a heuristic intuition for why we have only been able to isolate
exchanges with spacetime spins such as h = h; — hy when dealing with flowed channels.
(Here we assume for simplicity that w; > w4). The main issue is that, due to the explicit
form of the conformal dimension A given in eq. (2.4) the small z limit interacts non-trivially
with the sum over h. In order to describe the consequences of this observation it will be
useful to massage a bit the formal expansion presented in egs. (3.49) and (3.50). Let us
consider the contribution from the exchange of a state with a given spectral flow charge w
and write the flowed structure constants appearing in (3.49) in terms of their y-integrals.
By using egs. (2.7), (2.15) and (2.30), we get

. (Qh_ 1)2 2 12 0 32 1 32 ! 2 RO—hi—1 A_A—A,
Folz,2) ~ 1+.Rdj§ s d*y'd*y"d*x'd*x ||dyi|yi z
gt h i=1

thO—h—1_ #h®—h—1
Y \

Xy 2 Fononio) W0y ) F D (0 2, ) (3.51)

h1—h4—h(1 _ xl/)h3—h2—h|2 ,

% ’xh—hl—h4 (x/ _ x//)2h—2 x/h4_h1_h(x _ :U,)

with h? =75+ gwi, o =i+ %w and 9 =1—j + %w. In the second three-point function the
superscript indicates that one has to replace j —+ 1 — 5. We can now remove the dependence
of the overall power of z in h by rescaling

y1 — Y1240, ys — ya2¥t, y =y, (3.52)

5Strictly speaking, eq. (3.50) is valid only up to potential monodromy projections removing the contribution
of the shadow operator [45]. In all cases considered in this paper this projection trivializes.
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which gives

2h — 1 2 4 0_p._ o
fw(w’z)N/1+.Rde(ﬂ2>/dQ?J,dQQHd%/d%"Hdei|yf’ hi=1_AY-AQ-AY
B h i=1

/
0 o Y\ w0-j
)y MO (ylzwl,yzxzw“vzw) FoD W yo,ys)  (3.53)

% |$h—h1—h4 (.CL‘/ _ l‘//)2h_2 x/h4_h1_h($ N x,)hl_h4_h(1 _ x//)h3—h2—h|2’

where A? = —% — Jiw; — %w?. This suggests that, at least in terms of scaling with z,
the new y; should be identified with those appearing in eqs. (2.55) and (2.56). The issue is
that the arguments of f(whw 4w) Dow scale either to zero or to infinity as we take z — 0. This
is only well defined for generic values of h; when it reduces to a collision limit analogous to
the one in eq. (2.31). As a consequence, we are able to select channels for which h = hy — hy
and w = w1 — wy + 0 with 6 = 0,+1 by implementing

yr =z 0 gy a0 (3.54)

In such cases, the form of f(whw%w) reduces to that given in eq. (2.32). The integration
over ' and z” simplifies drastically for this value of h, which also allows us to make use
of the identity (A.26) derived in the appendix. After the dust settles, we find that these
particular contributions can be written as

4
, RO—hi—1 A_A_A, —
Fo(z, 2) ~/1 ' dj/Hdzyi\yil ZATAI= A4y —2hs 2 (3.55)
§+’LR i=1
. e e (1 _
X /d2y|y2j Q‘Qf(wl,w417w1—w4+6) (ylay47y) f((wlzzu4+5,w2,w3)(y 17y21y3)'

Recall that the dependence of three-point functions with respect to the y-variables is much
more complicated than that in x or z. The latter is fixed in the usual way by conformal
symmetry, while the former depends non-trivially on the choice of spectral flow charges, see
eq. (2.23). Nevertheless, the crucial point is that even though the factors Zj(y;) are not
simple differences such as y;;, they remain linear in all the y;, and their powers depend on
the unflowed spins j; analogously to the unflowed case (up to shifts of the form j; — g — j; in
the odd parity case). This implies that the integral appearing in the second line of eq. (3.55)
is again of the hypergeometric type and can be carried out following appendix (A.1). The
explicit result will be given below when discussing several cases in detail.

Finally, let us also state that, depending on the values of the spectral flow charges, a
similar analysis involving rescalings of y2 and y3 with factors of z* where w = +(w3 — ws) + 9
can be used to compute the contribution from channels where the three-point function on
the r.h.s. becomes extremal, i.e. with either h = h3 — ho or h = ha — h3. The same goes
for channels with w = wy + wy, etc.
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4 Edge cases and m-basis limits

In this section we move past particular cases and start testing the factorization properties of
the SL(2,R) four-point functions proposed in [34] for more general spectral flow configurations.
As a stepping stone, we consider correlators which admit a well-defined m-basis limit. The
latter were dubbed as edge cases in [31, 33, 34].

4.1 Factorization in the m-basis

In the m-basis approach [6, 13] one usually works with the so-called flowed primary states,
denoted as Vi (2) [32]. They are obtained by considering the affine primary states and
applying the spectral flow operation along the direction of the Cartan current J3(z). One
can obtain them as limits of the z-basis operators we have been using so far:

k
. _ . 2h _ — _
i%vﬁi(xvz) - Vﬁn(z)’ xlbnolox ]?;}L($’Z) - Vj,—wm(z)> m=h— 5(“)' (41)
The m-basis four-point function
(Vi OV, DV 25, (00) Vi, (2)) (4.2)
thus corresponds to the collision limit” zs, 24 — 0 of
(Vi 10,91, 21) V2 (w2, y2, 1)V (00, y3, 00) V[ * (%4, Y4, 2)) - (4.3)

Since the global Ward identities (2.53) imply that for generic zo and x4 this correlator
takes the form

2(—h9—h9+h3—h9) / 1w n w Y2 w wy (%4 Y4
‘x2’ ! 2 3 4 <‘/jll (07 x270 ‘/j22 17:6271 ‘/}33(007:1/33}2700)‘/;'44 3727:1:27'2 Y

one finds that the limit in (4.3) is only well-defined for spectral flow charges satisfying [34]
\wg—wl—wg—w4]§2. (4.4)

The resulting formulae for the y-basis four-point functions are drastically simplified in the
above regime. We now study the factorization properties for the cases near the edge of the
range allowed by the selection rules (2.21) separately. For simplicity, we will focus on a
single flowed intermediate channel in each case.

Spectral flow conservation. We first consider the case wg = w1 + w2 + wy, where the total
spectral flow is conserved. After rescaling the y; variables by the appropriate factors of z
and z — 1 and changing y3 — —y; ' one gets [34]

kwqw. —kwow

<V;1";11 (O)VJT;%Q(1)‘/];155”13(00)‘/;1’%4(3» = |Zﬁ —— 4,w1m4*w4m1(1 . Z) 2 47w2m4*w4m2|2

4

i1 U
y /HdQ%H‘yz mily datma =Ly i —farts =ity S s tiay i —fatia 2042
i=1 i#3
00- 0(1. (Y 0 [ Y32Y41
< (V20 0VRV oorooy (L2L1 ) w5)

"One could also consider taking x4 — 0 but z2 — co. We will consider such configurations later on.
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We see that, in this limit, the y; variables effectively play the role of the traditional x; for the

unflowed correlator. The result is then simply the usual m-basis unflowed expression.®
The factorization analysis thus parallels the unflowed one. The selection rules for the

relevant three-point functions allow for a channel with w = wy + w4 = w3 — wo. Further taking

x9,x4 — 0, the relevant expressions for the factorization limit take the form
— C(j17j47j) (46)
I (L gry) T H e (L4 yay)dtie—in 2T

C(j, g2, 33) |y — y2)"s 77|
|(1 + yoys )72 tis=I (1 + ysy/)itis—iz|2’

(V2 (0,51, 0)V;24(0, ya, 1)V} (00, 9, 00))

<‘/}w(07yl’0)v';21)2(0,y27 1)‘/}?3(0073/3700» = (47>
again up to a few unimportant signs, and where j is the intermediate spin. By taking
y— —y
point functions take precisely the same form as the unflowed x-basis ones, but with z; — ;.

and y3 — —ys3 ! one finds that, in this regime, the spectral flow preserving three-

It follows that the integration over the intermediate y thus parallels the derivation of [§]
leading to the hypergeometric function appearing in eqs. (2.42)—(2.45). More explicitly,
proceeding in analogy to what was done in the previous section and using (2.15) and (A.26)
shows that we need to compute

/d2y|(y1 — )T (yy — ) I (g — 1) TR (yyg — 1)

which is of the hypergeometric type. Combined with the overall factor of y{ljl _j‘lygg 23
this precisely matches the factorization derived by inserting the small z expansion (at fixed y;)
of the unflowed correlator in eq. (4.5). Note that in this case the sum over the intermediate
values of h in eq. (3.49) trivializes as a consequence of charge conservation [33]. In other words,
given the values of the external m;, the intermediate state must have m = mq+my = ms—ms.
Of course, the overall power of z is consistent with our analysis: the factors coming from
the expansion of the unflowed correlator add up to those in eq. (4.5), giving

0 0 0) kwiwy
AW A© AP b

— W1My4 — wWqamq = A — Al — A4 . (48)
Spectral flow violation in one unit. We now consider the case ws = wj + wy + w4 + 1 (the
analysis for the case with w3 = w1 + we + wy — 1 is analogous). Even though spectral flow is
not a conserved quantity, non-vanishing m-basis n-point functions for which the total spectral
flow is non-zero are usually referred to as spectral flow violating correlators. Manipulations
similar to those of the previous section give

(Vi OV, (D5, (00) Vi, (2)) = [o= 35 movmamoams () =558 mwama

Jjima Jjame Jj3,—ms3 Jamy

4
X/HdZZ/i [Tl LT (g oy 4 yg) 2 I Iz I 2
i=1 i3

0(0: 0070 (1 1 (e oo p® (Y 43 = s,
x <Vj1(070)Vj2(17 DVE_, (00 00)Vy) < TS z)> . (4.9)

8This can be understood from parafermionic decomposition [1], which implies that in the m-basis one only
cares about the total spectral flow [11], which vanishes in this particular case.
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Taking the small z limit and using the expansion for the unflowed correlator, we find that
the y-integral becomes

4
. 2
/é+iRd]Hd Y H

i=1 i#3

Ji—mi—1_ jz+mz—1_ j—j1—ja E—j—jo—j
yi Y3 yid Mty tyg)2 TR

2
J=i i i+ tis— 5

) (4.10)

><2F1[

Y14
y1+y2+ys
The latter can be obtained directly by integrating over the product of y-basis three-point
functions involved in the exchange of a state with w = wy + wg = w3 — wy — 1 (times the
usual factor related to the corresponding reflection j — 1 — j) which, as before, is constrained
by charge conservation. The only element we have not discussed so far is the three-point
function on the r.h.s., which, up to signs, takes the form

N(J3)C (jaj?a % - .73)
<V]7”(O,y',O)VJ7;2(O,y2,1)‘/}1;3(00,(7;3,00)) - : (411>

E S S . 3 A
‘3/32+]3 2701 4 yays + ylys )i T2t )2

Indeed, the integral

/d2y|(y1y _ 1)]4-]1+J—1(y4y _ 1)]1—J4+J—1(1 + yous + ny)g—j—jz—jg‘Q’

P
and the overall factors of y1,7 r“yéJm 72 combine to give the integrand in (4.10). The
product of the unflowed structure constants C (41, ja, j) and N (j3)C <j, J2, g — j3), and the

overall powers of z then lead to the expected factorization.

Spectral flow violation in two units. Finally, we consider the case w3 = wi + ws + wy + 2.
Correlators with ws = w; + wo + wg — 2 can be treated similarly. This corresponds to the
situation where spectral flow violation is maximal [11, 18]. As discussed above, in this case,
the conjecture of [34] looks slightly different. We get

(Vs (V322 (1) V™, (00) Vi, (2)) = |22 7327 ms I (1 — zymiit=ms=is 2 f ()

1mi J2m2 J3,—ms3 Jama
o I | O e TR el IR CRE)
i=1,2,4

where f(z) is given in eq. (4.17) below.

Only a single channel is allowed, for which the exchanged state has spectral flow charge
w=w +ws+1 = w3 —wy— 1. After changing variables to y3 — —ys 1 the relevant
integral can be written as

/de\(y yy A ya) 2 IR gy 4 yg) 2022 (4.13)
7(% -7 —j4+j)7(jl + jo + j3 + ja — k)

. % (g1 + Y2 + ys + ya) IR0 2
v (J +J2+ 73— 5)

=7

where j is the spin of the intermediate state. Comparing with (4.12) at leading order in z, by
means of (3.45) and (3.23), we obtain a consistent factorization limit.
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4.2 Edge cases beyond the collision limit

Of course, the analysis performed above is quite restrictive, as the m-basis limit only captures
a subset of four-point functions for which all spectral flows are, so to speak, along the same
direction in z-space [19]. We would now like to relax this constraint, and work directly in
the z-basis, i.e. for generic values of xo and x4.

As it turns out, from the three choices of spectral flow charges considered in the previous
section, the first two, namely those we have called spectral flow conserving and spectral flow
violating by one unit, can be analyzed along the same lines as those with generic values of
the w;, hence we will discuss them in the next section. Here we focus on the edge case

w3 = w1 +wo +wyq + 2, (4.14)

and set (x1,22,x3,24) = (0,1,00,x) as usual. For such configurations, the quantity X
appearing in the conjectured general formula (2.55) vanishes. However, one also finds that the
generalized cross-ratio behaves as X — z. It is therefore necessary to make use of the identity

(4.15)

to rewrite the y-basis correlator as

. _ k—ji—j2—j3—ja yv2j3—k y—j1+i2—J3+ja v i1—j2—Jj3+ja yi1+ie+iz—ja—k|2
fedge(%yuz) = ‘X1234 X15" " X435 X3 X34 ’ f(2),

(4.16)
where the function f(z) is defined as a limit of the unflowed correlator, namely

£(2) = lim | — 2200+t By, 2). (417)

As in the example considered in section 3.3, we will be able to carry out the integration
over the y; variables explicitly. In order to show this we need to specify the relevant X;
factors. For this choice of spectral flow charges, many of the polynomials P, (x, z) involved
in the definition of the X; either vanish or trivialize. We have

X12 == Pw+€1+62 ’ X13 = Pw+61—63y3 P X23 = Pw+62—€3y3 ) X34 - Pw—e3+e4y3 ’ (418)

and

X234

m = Lw+er+eatestes T y3(Pw+el+ez—63+e4 + Po—eites—estes¥1

+ Pw+61—62—63+e4y2 + Pw+e1+eg—e3—e4y4) . (419)

Here and in what follows we leave the dependence of the P, (z,z) in z and z implicit. By
rescaling the y;-variables appropriately we can express the exact z-basis four-point function

4 R

iR hi—1 g

fedge(l'a Z) = /dQZ/z H ’yi 2% ‘QFedgE(x7yi7 Z)v (42())
i=1
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as

ke h 1 4 k—j1—ja—js—ja |2
i+ swi—hi— —h3—
Fedge(xvz) _ h(x,z)/dei H yz 2 yg1+h2+h4 h3—1 (1 + Z%)
i#3 i=1
4 . k . k. . .
w*h(x, 2)y(h1 + ha + ha — h3)y (]3 + hg — §w3) [Lizs (]z + qw; — hz) (4.21)
N Y01+ ja+ s+ ja— k) ’ '
with
—Js—Jj1+Jj2+ja pj1—Jje—js+ia
h(x Z) — f(Z) Pw+€1—€3 Pw+62—63
9 1,. . - C_k k—2i
[Z(l - Z)] 2(]1+]2+]3+]4 )Pw+€‘17162P3161+62763+64
piitiztis—ja—k pit+iztis=hs+ 5 (ws=2) 2
% w—ez+eyq w-+ertez+ezteq (4 22)
po2 P Ph1+h2+h4—h3 ’
w+tej—ezx—e3tes” wteptex—ez—eq” wtertes—eztey

In order to analyze this result from the factorization perspective we consider the behaviour
of the relevant P, (z,z) in the z — 0 limit. This is done in appendix A.2, where we show
that they reduce to a numerical prefactor of the form N, = nw]sw(l, 0), together with a
number of powers of z and (1 — x). Further using eq. (3.45) leads to the following small

z behavior of the function h(z,z):
h(z,z) ~ ’ZA]'*A1*A4+IW1TW4+%(OJ3*M2)*%*(hS*hz)(w’a‘*wz*1)+w1h1+w4h4
)

Y(29)Y(j1 + j2 + g3+ Ja — k)
V(Ji +j4+j—§)7(j2+j3+j—§)

ha—h1—ho—ha |

X (Njt—s) (4.23)

The overall powers of x and z we have obtained show that we have picked up the contribution
coming from the exchange of an intermediate state with quantum numbers

w=w3—wr—1=w; +wg+1, h=hs— hsy. (4.24)

Recall that this value of w is the only one allowed by the selection rules (2.21). We conclude
that, as long as the external spins j; are in the range (3.36), the small z limit of four-point
functions saturating the bound on spectral flow can be written as

2 .k ko
C(J1,J4,2—J>C<2—J,32,Js>

Fuauelw.2) ~ [ djfedm 2o (N
1+iR

N ()2 (24)y (5 + hs — Bws) Tz v (i + Swi — o)
X : (4.25)
B(j)y (jl +ja+j— %) v (jz +i3+Jj— %)

This is consistent with the expected factorization structure. Indeed, for these values of w and
h we find that the constants in this expression precisely match the product of three-point
functions appearing in eq. (3.49), namely

C(W1 wa,w1+wa+1) (]’La hi)C(wg—wg—l,wg,wg) (.]Za h’l)

R0 ) , (4.26)
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thanks to the identity

Nyp—y = n(wl+1,w2+1,W3—1,w4+1)P(w1+1,w2+1,u.;3—1,w4+1)(17 0) = Q(W37w27w2+17w3*1)‘ (4.27)

This is a particular case of eq. (A.14). It corresponds to a non-trivial relation between the
(small z limit of the) polynomials P, (x, z) involved in the conjecture of [34] for flowed four-
point functions and the numerical factors @), appearing in the flowed three-point functions
of [31, 33].

5 Correlators with arbitrary spectral flow charges

We now discuss the general case, namely, four-point correlators with arbitrary assignments of
spectral flow charges. We first show that, whenever it is allowed by the AdSs selection rules,
the formula put forward in [34] for flowed four-point functions in terms of their unflowed
counterparts consistently accounts for the exchange of unflowed states. We then move to
arbitrary insertions and show that, in the small z limit, the properties of correlation functions
in the unflowed sector of the model lead to consistent contributions coming from the exchange
of states with a non-zero spectral flow charge. The precise agreement with the structure
anticipated in eq. (3.49) we derive involves the full set of highly non-trivial spectrally flowed
three-point functions obtained in [31, 33].

5.1 Contributions from the exchange of unflowed states

As it follows from (2.21), only four-point functions for which the external spectral flow
charges satisfy

lwr —wy| <1, lwg —ws| <1, (5.1)

can contain contributions from the exchange of unflowed states along the 14 — 23 channel.
For concreteness, we first focus on the cases where w; = wy = wy, and wys = w3y = wg, and
then briefly discuss other situations. Consequently, the original four-point function and both
three-point functions involved in the following discussion will be of the even-parity type.

The relevant expression for the four-point function under consideration is given in
eq. (2.55). The analysis of section A.2 implies that, after the following rescaling

xr A
Y1 — (—1)WLZTL91, i Y2 — (—1)“Eys, (5.2)

the relevant factors Xy, at leading order in z, take the form

7(“’L+1>2 1
X4 — 2 Tt (1 o),

w2

Xoz — Z_TLﬁwL(l + y2y3),
wp(wp 1)

Xio %z_%x‘%ﬂ(l—kmﬁ-yl(l — T+ y2)), (5.3)
wr, (wr,+1)

X3 — z_%x“’”l(l —y3 +y1(1+ (x —1)y3)),

wplwp+1)

X34 — 2~ 2 x“’L+1(1—y4+y3(:c—1+y4)).
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In particular, this shows that for the generalized cross-ratio we have

X14X03 . (1 + y194) (1 + y2y3)

. 54
XioXor A5+ —2+ )0 —ya + @15 0) (54

Therefore, after using (2.45) under the assumption that the j; are in the range (2.47), we
obtain a contribution to the factorized expansion of the form

.]’L+ Wi — h—l

0)
fw(x,z)~/1+Rde( N ha—ha A=A A4|2/d2yl (5.5)
E 1.

x (Ltye+ =z +y) (1 -y +ys(r -1+ y4))j1’j’j“
x (1 —ys+y(1+(x— 1)y3))—j1+j2—j3+j4(1 + y1y4)j—j1—j4(1 + y2y3)j—j2—j3

(14 y1ya) (1 + yoy3) ]
I+ye+y(l—2+y2)(1 —ya+ys(z — 1+ y4))

2
J—a+Ja J— I3+t J2

25

XF[

Here we have written the leading order expression for the unflowed correlator as in eq. (2.44)
and used the shorthand C(j) = C(j1,j4,7)C(J, j2, J3)/B(j). The overall powers of z and z
we have obtained in (5.5) show that we have indeed isolated the contribution associated
with the exchange of an unflowed state of spin j.

In order to show that this expression is consistent with the expectation set up in section 3.4
we proceed by reverse engineering. For the case at hand, the relevant contribution to the
r.h.s. of (3.49) reads

.C(wL,wL,O)(ji7h )C(O WR,WR) (Jh )
Fawr)~ [, 50 S (2, 2) 2, (56)

where, at leading order in z,

J—hi+hg, j—hg+h

(0)
FQh(x,z) ZAJ —A1— A4x3 hi— h42F 5
J

J

x} . (5.7)

This can be re-written in terms of an integral over two auxiliary variables ' and x”, interpreted
as the locations of the intermediate vertex operators. This is analogous to (2.46), but with
the replacements j; — h; for the external spins. On the other hand, inserting the integral
expressions for the flowed structure constants obtained from the y-basis analysis, we have

C(wL,wL,O)(jiyh)C(OwR,wR)(]zv 2 —h;— J—j1—ja
50 ci) [ & H T ) (538)

% (1 + y2y3)j—j2—j3 (y4 + 1)]1 —Ja— ](yl _ 1)]4 Ji J(y3 _ 1)j2—j3—j(y2 + 1)]’3—]’2—”2‘

with hY = j; + %wi. Plugging this back into eq. (5.6), we see that the full dependence on the
h; quantum numbers coming from the hypergeometric integral can be eliminated by rescaling

/ /

r—2x Y2 " T
1_ 2 ys = (1 —a")ys, Ya = Y- (5.9)

y1 — Tyl’ Y2 —

Indeed, as could have been anticipated from the global Ward identity (2.28), this effectively
replaces the h; appearing in the powers of 2/, (x — z’) and (1 — 2”") by the corresponding hY.
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Moreover, for the spectral flow charges under consideration we have that hY — hY = j; — j4
and hY — hY = jo2 — j3, hence the resulting factors nicely combine with those involving the
y; variables, thus leading to

4
0_ 1. S
Folw,z) ~ / djic ;) / Py o Ty ™" (g + /(1 — ) (5.10)
5 TR i=1
% (m . x/(_y4 + 1))j1—j4—j (y3 11— y3$//)j2—j3—j (y2 +1— :E//)j:a—jz—j (1:/ . x”)Qj_2 ’2.

We have landed on an integral over ’ and x” which is again of the hypergeometric type,
with all powers written in terms of the unflowed spins j;. This showcases how the presence of
the integrals over the y; associated to the external states allows one to perform changes of
variables that, roughly speaking, end up rewriting flowed quantities in terms of the unflowed
ones. After integrating out 2’ and z”, we finally re-obtain the expression derived from the
conjectured formula for the flowed four-point function, namely eq. (5.5).

For completeness, let us provide an additional example involving an odd three-point
function. We set w; = wyq + 1 =wr + 1 and we = w3 = wr. After taking y; — (—z) “lzy;
and y4 — 27 “4xy,, the corresponding generalized cross-ratio behaves at small 2 as

XoXiae 2(1+y2) (I —y3+y1(1 —ya +y3(x — 14+ wa)))
X1 Xq93 zy1(1+ y2u3) '

Therefore, after using the expansion (2.51), the relevant contribution to the four-point becomes

(5.11)

0 _

4
s “Ay —hy— RO—hi—1 j+ja—ji—%
Fo(z,2) N/lJr-RdJC(]”ZA] Ar=Bagj—h h4|2/Hd2yi (I yi T
3 (2

i=1
> (1 + y2y3)j—j2—j3(1 + y2)j3—j2—j(1 _ yg)j1+j2—j3+j4—§ (5'12)
E_A_. 3
X(1=ys+yi(1 —wya+ys(x—14yy)))2 7700
2
JHitia—% J—js+ie zy1 (1 + yo2ys)
X o Fq :
2j (1+y2)(1—ys +y1(1 —ya +ys(x — 1+ y4)))
where C(j) now stands for
N(G)C (5 = 1,41, 5) C(, j2, Js)
c(j) = ( ) (5.13)

B(j)
As before, the overall dependence in z and x matches with the desired unflowed intermediate
channel.

In order to re-derive this expression from the expected factorized form (3.49) we pro-
ceed analogously to the previous case. In other words, we combine the hypergeometric
integral (2.46) with all external j; replaced by h; with the y-basis expression

Clon+1,01,0)Fir 1) C10 w5 wr) (is 1) L RO—hi—1 ik i
— — = C(j)/ dyily;t "y (L4 y) 72
B(j) H !

(1—y(1+ y4))§_jl_‘j4_j(1 — y3) 2T (1 4 yay3) 27932 (5.14)

perform the appropriate rescalings, use that h — h$ = j; — j4 + %, and finally compute the
integral over 2/ and z”. The rest of the combinations allowed by (5.1) can be analyzed similarly.
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5.2 Contributions from the exchange of spectrally flowed states

We now move to the exchange of states with non-zero spectral flow charges, which allows
us to work with arbitrary values of the external w;. For concreteness, we first focus on
four-point functions of odd-parity type, i.e. those described by eq. (2.56), and assume that
the w; satisfy the following inequalities:

W1 — Wy > |w2 — ’u}3‘ . (5.15)

This is the first option considered in eq. (A.13), which showcases how the corresponding
polynomials P, (x,z) behave at small z. The identity (A.14) then allows us to derive the
leading order expressions for each of the terms in the relevant X, see eq. (2.59). Roughly
speaking, we find that all X7 reduce to one of the Z; factors appearing in the flowed three-
point functions (2.23) that are expected to appear in a given contribution to the factorization
limit. Indeed, at small z, we get

_ (w1t+l)wy wa

X1~z T [Q(w1—w4+1,w27w3) + Q(w1—w4—17W2,w3)(_Z)Myl] ’

wiwq

X2 ~z Tz g {Q(wl—w4,w2+1,w3) + Q(wl—w4,w2—1,w3)y2} ; (516)

_wiwq w
X3 ~z Tt {Q(w17w4,w2,w3+1) + Q(w17w4,w2,w371)y3} ’

_ wy(wgtl)
2

wq+1 w1 .—2
Xyr~z x [Q(W17W471,WQ,W3) - Q(W17W4+1,wg,wg)z Zz y4} )

with the @, defined in (2.26), while

_ (wpt1)wy
X123 ~ Z 2 T

w4 w4

[Q(wl—w4+1,w2+1,w3+1) + Q(wl—w4—1,w2+l,w3+l)(*z) Y1

+ Q(wl—w4+l,w2—l,w3+1)y2 + Q(w1—w4+1,w2+1,w3—1)y3 + Q(wl—w4—1,w2—1,w3+1)(_Z)w4y1y2
+ Q(W17W4+1,WQ71,W371)y2y3 + Q(w17w471,w2+1,w371)(_Z)W4y1y3
+ Q(W17W4+1,WQ+1,W3+1)(_Z)W4y1y2y3] 9 (517>

and

_ (w141)(wg+1)
2

X34 ~ 2 gatt [ (1 + (_Z)W4ylzw1xi2y4> (Q(wl—w4,w2,w3+1)

+ Q(wlfw4,w2’w3*1)y3) + Zw1+1x72y4 (Q(wl 7&)44»2,&}2,&)34»1) + Q(w17w4+2,w2,w371)y3)
— (—Z)w4+1y1 (Q(W17W472,wg,wg+1) + Q(W17W472,WQ,W371):U3) } (518>

In what follows we will show that, as anticipated in section 3.4, from this expansion we can
read off contributions to the factorized expansion of the flowed four-point functions associated
with the exchange of flowed states with charges w = w; — w4 + § with 6 = —1,0,+1.

Let us start with the case where the three-point function on the left of figure 1 is, in
the language of [31, 33|, of the even edge type, namely when the intermediate state has
w = w; — wyq. Importantly, the three-point function on the r.h.s. remains unconstrained,
except for the fact that it must be an odd-parity one. We will make use of the notation in
eq. (2.23) for the y;-dependent factors involved in the latter three-point function. By rescaling

y1 = (=2) "y, oy 2y, (5.19)
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and working at first non-trivial order in z, we find that the above expressions give

wiwq

(X1, Xo, X3, Xy = 27 72 a4 [2_7421(2/1),Zz(yQ),Z3(y3),—$2_71y4z1(—y4;1)} ., (5.20)

while o
Xz > 27 2 2 Zis(y1, y2,y3) s (5.21)

and (w1 +1)(wy+1)
Xiga =2 2 a1+ yiya) Zs(ys) - (5.22)

The overall powers of x and z cancel out in the generalized cross-ratio, giving

XoX134 R (—1)wr@2tt (1 4 yyyy) Zo(y2) Z3(ys3)
X4 X123 yaZ1(—yg ") Z123(y1, v2, y3)

. (5.23)

Here, the Z; functions are those corresponding to a spectrally flowed three-point function
with charges (w,ws,ws). Note that, somewhat surprisingly, either y; or y; ' seem to play
a role analogous to a putative y-variable associated to the intermediate state. Finally,
combining these results with the leading order expression for the unflowed correlator appearing
in (2.56), we get

kR
]:w(% Z) ~ ‘$—2h4zh1w4+h4w1—§w1w4|2/Hd2yi’yi’z+zwz hi 1|2g(y¢,2), (524)
%

where, at small z and for external spins in the range (3.7), we have

o A0 A0 _A0) 4
G(yi, z) N/l - diC(j)|2% 2 TR Gy, (5.25)
2
with
gA<yl) =7 (yl)—j1+j2+j3+j4—§ZQ(y2)j—j2+j3—§Zg(y3)j+j2—j3—§
ki - J1—j—Ja L
X Z123(y1,Y2,y3)2 72T [y4Zl(—y4 1)} ' (14 y1yq)? 771 (5.26)
¥ oI =it da e t+ds— 5| (1) (1 + yiya) Za(y2)Z3(ys)
2j vaZr(—yrY)  Zias(yi,y2,u3) |
and

cli) = C(hJ%j)/\/’(j};ii (jaj%g _ j3>

As it happened in the sample cases studied in section 3, the overall power of = shows that

(5.27)

the z — 0 limit has fixed the spacetime spin of the exchanged state to be
h="hy —hy. (5.28)

Moreover, the remaining integral is independent of x, which is consistent with the fact that
the hypergeometric function in (3.49) trivializes for this particular value of h. This is also
consistent with the power of z in eq. (5.24) since,

AD = AL A oy + hawr — e = AT A A (5.29)
2 h=h1—h4
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In order to argue that this is consistent with the expected factorization structure in
eq. (3.49) we need to show that it matches the relevant product of three-point functions.
As before, we proceed by reverse engineering. In the present context, the starting point
corresponds to

C(wl,w4,w1 —wy) (]u hz)C(wl —w4,w2,w3) (]27 hz)
R(j,h1 — ha,w1 — wy)

(5.30)

Following the analysis of section 3.4, and by means of the identity given in eq. (A.26), it
suffices to show that

Toqq = /dZy‘(l + yy4)j1+j—j4—1(y . yl)j4+j—j1—1(1 + y1y4)1—j1—j4—j (5_31)

) 2 (g yasu) 28R () 25 () 2R B )|
integrates to QA(yl) up to the appropriate multiplicative factor depending only on the unflowed
spins. Roughly speaking, in eq. (5.31) we have included the y-variable of the intermediate
state. As discussed in section (3.4), the Z; do not take the form of the usual differences y;;
and contain complicated numerical factors coming from the relevant holomorphic covering
maps [31, 33|, but they remain at most linear functions of each of the y;. Since their powers
involve the usual combinations of the external spins j; and of the intermediate spin j (up to
shifts of the form j — % —7j), this allows us to carry out the integral over y as in appendix A.1,
leading once again to a result that can be expressed in terms of hypergeometric functions
of the 9F7 type. More precisely, denoting

Z123(y, y2,y3) = AT (y2,93) + A™ (y2,93)y Zi(y) = BT + BTy, (5.32)
we find that the resulting hypergeometric function is evaluated at

(1 +v1ya) [A (y2,y3)BT — AT (12, y3) B~ '

5.33
yaZs <_y4—1) Z123 (Y1, Y2, Y3) (5.33)

Finally, from the explicit expressions for A% (y2,%3) and B* one can check that
A7 (y2,43) BT — AT (y2,y3) B~ = (=1)°7*2Z5 (y2) Z3 (y3) , (5.34)

hence reproducing the (small z limit of the) generalized cross-ratio appearing in (5.26). The
precise matching is given by

..k
C(]7]2>

5~ 2 ) NG i1 = ) oaa = C)IG w0 (53)

We have thus recovered the expected factorization structure. Moreover, one of the relevant
three-point functions, namely that on the r.h.s. of figure 1, involves the full complexity of
the exact odd-parity spectrally flowed three-point functions of the SL(2,R) WZW model,
derived recently in [31-33].

For the four-point function under consideration, we can also isolate the contribution
coming from the exchange of a flowed state with w = w; — w4 — 1. Indeed, by rescaling

y1 = (=2)" Ty, g = ey (5.36)
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we find that generalized cross-ratio goes to

Xo Xz ZA+(yz) (14 y1y4) BT (y3) — y1B~ (y3)]
X4Xi93 (—1)wtwatly Zy Zos(ya, y3)

where now the Z; are those corresponding to an even spectrally flowed three-point function

(5.37)

with charges (w,ws,ws). The factors AT and B* are defined accordingly by

Z1o(y,y2) = AT (y2) + A" (v2)y,  Zus(y,ys) = BY(y3) + B~ (y3)y. (5.38)

This time the leading order cross-ratio is proportional to z, hence the factorization limit is
governed by eq. (2.51) whenever the external spins are in the range (3.16). Therefore the
corresponding contribution to the factorized form of the four-point function is given by

j—"w(x,z) ~ ‘x72h4zh1(w471)+h4(w1+1)7%(w1w4+w17w4)7j17j4|2/Hd2yi‘yjz‘+§wifh¢71’29(yi,z),
i
(5.39)

where

G(yi, 2) N/1

2

O)_ANO)_AO)_ - kA
e AT e gy 2 (540
with
g(yz) :Z23(y2,y3)j J2 ]3A+(y2)J3 J2 ]B+(y3)J1+J4+J2 J3 QZéJrJer]s k
_ b j—ii—is a1k
X [(14 y19) B (ys) — 1B~ ()] yy T (5.41)

(=)@ r2 iy Zy Zo3(y2, y3)
At (y2) [(1 4+ y1ya) B (y3) — y1 B~ (y3)]

J+ii+tja—E j—js+o
2j

X o

and
ey Ve - j;,(?),j) C(j. o Js)

The overall z-power again shows that we have picked up an intermediate spacetime spin

(5.42)

h = hy — hy4, and the remaining z-dependence is also consistent since

w=wi—w4—1

k k
Ag-o)—AgO)—Aio)+h1(W4—1)+h4(w1+1)—§(w1w4+w1—w4)+z = Aj’h . —A1—Ay.
=h1—hy
(5.43)

As in the previous case, it is possible to show that the entire function matches the product

C(wl,w4,w1 —wg—1) (]Za hz)C(wl —wq—1,wa,w3) (.]zv hz)
R(j,h1 — ha,w1 —wyq — 1)

(5.44)

by integrating an expression analogous to eq. (5.31). Since the four-point function spectral
flow parity has not changed, the three-point function on the r.h.s. must now be of the
even-parity type. The corresponding integral takes the form

k

odd =/d2yﬂy‘i PR (U yuya + gy) 2T de g (5.45)

X Z/2J—2Z23(3/27y3)1_3_”_]3213(y_1,y3)32+3_J3_IZ12(y_1,y2)]3+]_32_1' ~
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Indeed, this leads exactly to the G(y;) in eq. (5.41) by means of the identity
(D)=t 2y Za3(y2, y3) = AT (y2) B~ (y3) — A™ (y2) B (v3) - (5.46)

The necessary steps to isolate the w = w; — wy + 1 intermediate channel also follow
analogously by rescaling
yr = (=2) "y, o 2 ey, (5.47)

In the small z limit, the generalized cross-ratio now gives

XoXiza ZA‘(yz) (1 + y1y4) B~ (y3) + yaB ™ (y3)]
Xa4X123 YaZyZ23(y2, y3)

, (5.48)

where the Z; corresponds to the factors involved in the three-point function with charges
w = (w; — wg + 1,we,ws), and with

Zio(ysy2) AT (y2) + A (w2)y,  Zis(y,ys3) = BT (ys) + B~ (y3)y. (5.49)

The four-point function limit then becomes

hO—h;—1
fw('xa Z) = / Y

4
djC(j)]2% S ST 2 / IER%
1+iR 1

« Zé+j2+j3—kzg3—j2—j3A— (y2)j3—j—j2 B~ <y3)j1+j2—j3+j4—§ (5.50)

ik B A j1—ja—j

xyy ((1+y1y4)3 (yz)+y43+(y3))2

2
G+t da— 55— ds+ i

x oF7 T

)

Y12y Z3(y2, y3) ]
A~ (y2) (1 + y194) B~ (y3) + yaB* (y3))

w=w1—w4+1
where A; = Aj‘h o Again, the normalization matches the product
=h1—hs

C(wl ,wa,w1—wq+1) (]7,7 hl)C(wl —wa+1,wa,w3) (]u hz)
R(j,h1 — hg,w1 —wyq + 1) ’

(5.51)
which is now computed from the integral

TR SN o o
Iodd :/de’yi+j1 J4 Qy]1+]4*]*§(y4+(1+y1y4)y)%*]*Jl*ﬂzé—ﬁ—m-i—]a—k (5.52>
X Y272 Zoa (yo, y3) I8 2y (y L s )2 I 70 (L, y2)33+3—32—1’ _

Let us stress that the matchings we have obtained for w = w; — wy £ 1 involves all the
even-parity spectrally flowed three-point functions. This ends our analysis of four-point
functions satisfying (5.15).

For completeness, let us now consider spectral flow charges satisfying

Wy — W3z > |w1 — W4‘ . (5.53)

— 38 —



Following a similar path as in the previous cases and using the rescalings

Y1 yws (L= 2)2%y0 4
gy e SR A (D)%, (5.54)
Y3 z(1 = )y
% s — % A
y3 (1—x)2v’ oy 2ws

now leads to a small z expression of the form

j':w (z,2) N|$h*h1*h4(1 _ x)hl*h4*hzj1+j4—%—hw+h1w1+h4w4+§(wz—wf—wi) |2
it o —hi—1
X/Hdeilyf 2 *G(yi, 2) - (5.55)
7

The overall powers of = and z now correspond to the exchange of an intermediate state with
W =w2 —ws3, h:hg—hg. (5.56)

Note that one important difference is that there is also a factor of (1 — x)M =4~ This is
consistent with the fact that for h = hg — h3 the hypergeometric function analogous to (2.45)
but with the external j; replaced by h; simplifies, but it does not trivialize completely.
Moreover, in this case the generalized cross-ratio becomes

XX Zs(y2) Z .
24134 2(—1)te Y3Z3(y2) Z123(Y1, Y4, Y3 )7 (5.57)
X4X193 Z2(ya)Z1(y1)(1 — y2y3)

with Z;(y;) the factors involved in the Lh.s. three-point function with w = (w1, wy,w). For
spins in the range (3.16) we can thus use eq. (2.51) to provide the leading order expression
for the relevant unflowed correlator, leading to

k
4

(0) (0) 0)_ . . A
G(yi, 2) ~/1 djC(j)|z% A TR TGy 2 (5.58)
2

+iR
which gives the expected power of z, where

R o g _ [ -
G(yi) = (1 — yays)? 772772 Zy(yy )41 72 (y32123(y1ay47y3 1)) ’

f14j—ja—k s —jo—j _1\\ 12—z tia—5
X Za(ys) 5 Zy ()P (yaZs (v5 ) ’ (5.59)

(—1)ter Z2(ya) Z1(y1) (1 — y2y3) ]
Y3Z3(y2) Z123(y1, Y4, y3 )

Jitjati—% j—js+7o

x oF 9

and
ey Y0C (5- JBé)J) CUdaods) 5.0

After taking yo — —y, Vand y3 — Ys L the G (y;) we have obtained takes exactly the same

form as in eq. (5.26), hence it can be obtained from the product of the y-basis three-point
functions in an analogous way. As before, one can also derive the contributions associated
with exchanged states of winding w = wy —ws 1 (and h = hy — h3) in a similar manner.
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This completes our study of the small z behavior and factorization properties of spectrally
flowed four-point functions of the odd-parity type.

The even-parity cases, i.e. the four-point functions described by (2.55), can be studied in
the same way. Let us briefly discuss one example for completeness. We assume that

w3 — Wy > \wl — LU4‘ . (5.61)

After taking
x w T z¥ x
= oyt e (CUY 5y, g s, g (5.62)

the relevant small z contribution describes the exchange of a state with
W= w3 — wa, h=nhs—hsy. (5.63)

More explicitly, this takes the form

. o AL . it Ew,—h;—1 4
Folwz)~ [ dilat ezt sasaizeq) [Tlaly! ™ owr, .60

LR
with
. o o _1\1J3—d2—J
Gy:) = Zy o (1 4 yoys) 2 {ZUQZlS (yh —Ys 1)}
X ZTIVIN (g1 ys) Zog (ya, ys ) I 2 (yn, ya )Y IO (5.65)
x o Fy [j — 14 Ja J— g3+ g2 | (1)U (1 + y2y3)20212(y17y4)]
2j Y2 Z13(y1, —v5 ) Zos(y1, y3)
and

) = C(j1,j4,é)g)(j,j2,j3) '

As usual, this can be obtained from the integral associated to the relevant product of

(5.66)

three-point functions, namely

Teven = / d2y| (1 + yyo) > HT792 71y — )T (L gyt 2B (5.67)
j1—j—ja ja—j1—i j—i1—ja jitia—k|?
X Za3 (ya,y) Zi3 (y1.y) Z1y (y1,v4)Z ’ .
The matching holds thanks to the identity
A7 (y)BF (y1) — AT (ya) B~ (1) = (1)1 ZpZ1a (1. ya) (5.68)
where

Zo3(ya,y) = AT () + A" (ya)y,  Zis(y1,y) = BT (y1) + B~ (n1)y - (5.69)

The remaining contributions for these spectral flow charges and the rest of the cases in
eq. (A.13) can be studied similarly.
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6 Concluding remarks and outlook

Let us briefly recapitulate what we have achieved in this paper. The WZW model based on
the universal cover of SL(2,R) at level k describes string propagation in an AdS3 background
of radius vk in string units. The importance of spectral flow in this context was established
a long time ago in [1] by solving a number of puzzles regarding the spectrum of the theory.
Despite the fact that its role at the level of correlation functions was initially discussed shortly
after in [6], structure constants involving states in the flowed sectors were derived in full
generality only recently [31-33]. Four-point functions are even harder to study due to the
intricate dependence on the worldsheet and boundary cross-ratios, usually denoted as z and
x, respectively. In [34] the authors conjectured a formula relating flowed four-point functions
with arbitrary spectral flow charges with their unflowed counterparts [6, 8] by means of a
complicated integral transform, see eqs. (2.55) and (2.56).

Unflowed four-point functions are not known in closed form, but only in a formal expansion
in powers of z. This is the so-called factorization expansion, which accounts for the exchange
of unflowed states along the 14 — 23 channel in the language of figure 1. It thus makes
sense to ask whether this can be used to show that the proposal of [34] leads to a consistent
factorization picture in the flowed sectors of the theory, where the structure of the OPE has
not been explored so far. This paper constitutes a first approach to this important question,
which, if answered positively, would lend conclusive support to the above conjecture.

On general grounds, the factorization structure is expected to be of the form discussed
in section (3.4), see egs. (3.49) and (3.50). The difficulties we have encountered so far can be
understood as follows. Flowed vertex operators have worldsheet conformal dimensions A that
depend not only on their unflowed spin j but also on the spacetime spin i and the spectral
flow charge. It follows that, for a given value of the intermediate w, the small z limit we have
used to study the flowed four-point functions interacts non-trivially with the sum over the
quantum number h associated to the exchanged state. In terms of the integral transform
from the y-basis to the z-basis which captures the effect of spectral flow, the consequence is
that different scalings of the integration variables y; with respect to z correspond to different
channels in the conformal block decomposition.

Nevertheless, we have been able to consider four-point functions with arbitrary values
of the external w; and study in detail all exchanges of unflowed states, together with an
important number of flowed channels. We have shown that, at small z, in all cases one
can isolate several contributions to the factorization expansion that are precisely consistent
with the structure anticipated in eq. (3.49). Let us stress that this matching involves the
full complexity of the spectrally flowed three-point functions of the model. We see this as
providing substantial evidence for the general formulae in egs. (2.55) and (2.56).

Of course, this is not the full story. We leave for the near future the possibility of
computing the total sum over all allowed intermediate states. Further integrating over z,
at least at small x, would allow us to study the problem at hand from the point of view
of the OPE structure and conformal block decomposition of the holographic CFT. This
could help establishing the duality proposed in [24, 25] beyond the perturbative analysis
developed recently in [26, 27, 29].It would also be interesting to extend the present analysis
to the supersymmetric AdS3 x S% x T model [2-5, 42, 46, 47]. Finally, let us highlight the
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fact that the ability to compute the worldsheet correlators in the SL(2,R) model also leads
to applications for black hole phenomenology [48-50], most notably in the context of the
Fuzzball program and holography beyond AdS [51-69].
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A Useful identities

A.1 Complex integrals

Here we record some identities related to complex integrals. We start with

[ g = T, (A1)
where
) = s (A.2)

Along the paper, we also make use of the following generalized version of this formula:

b—1 b—1
5 A2y L0 _ S , _ S _ _ "y (b) TTis, V(Gi)‘ A
/g yyz yz (1 jz::ly]) (1 ]zzzlyj) ’7(b—|— Z?:l ai) ( 3)

Another useful identity is given by [6]

2 2
x} + A

1-— 1- b
xl_chl[ c+a, c+ ’4

a, b
F )
21[0 2—c

10 O R - M A
_V(b)v(c—b)/dﬂt (1-1) (1 —=t)™*7, (A.4)

where
y(e)*y(a—c+1)y(b—c+1)
(1 = c)?y(a)y(b)

Fora = j+a, b= j+ 5 and ¢ = 2j, the above expression becomes symmetric under j — 1—j,

A=—

(A.5)

hence for any function ¢(j) invariant under this reflection we can write

/1 dig()
§+1R

_ . my(2)) 2 (] B (] _ a2
RO e v B K L U (U RN

2
j+a,j+5‘ H
) X
27

o Iy [
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A related identity is the Appell function-type integral, given by

[ttt (= w1 qu) P (1 )

2
_ -B
(1—p |2a/d2 (11 — 1)+ a1<1_q pt) ’ (A7)
L=p
which follows by taking
u= _ (A.8)
14t —1) '
Assuming ¢g(j) = g(1 — j) as before, this implies
i+ '+5 ’
. JTa, ] q—p

/1+']Rdjg(]) 21 [ . ‘] (A.9)

y(25)|(1=p)|2U+P)
/—HR : Jj+(ﬁ) f” /dzu\uﬁﬁ =) P (1= qu) U (L pu) U2,

A.2 The behaviour of P,(x,z) near z =0

Here we discuss the small z behaviour of the polynomials P, (z, z) involved in the integral
formulas for spectrally flowed four-point functions (2.55) and (2.56). The corresponding
definitions, provided in eq. (2.60), show that, at small z, there is an overall power-law
dependence, accompanied by a factor P, (z,z) which is regular at z = 0,

P, (x,0) = 2" P, (1,0), (A.10)
with A, as in (2.63). More explicitly, we find

Pw(x,z) ~ n( )p (1 O) ( _ )%8(w2+w4—m—w3) x%s(w1+w4fwzfuJ3)+Aw

% Z4s((w1+w2 w3—wy)(watws— W1—w3))—*w1w4 (A.11)
The overall z power is completely determined in terms of max [|w; — wy|, |ws — wal] since

s((w1 +wo —wg —wy)(wa +wg —w1 —ws)) =s ((w2 —ws)? = (wy — w4)2) . (A.12)

Once this is fixed, one further condition is necessary in order to fix the z-dependence. This
can be written as follows:

z7 T2 g4 if w) —wy > |ws —wal,
wiwy wg—w3z—wytwy
2772 ¥ (l—2z 2 if wg— w1 > |wg—ws

P,(x,z) ( ) 4 |ws |,
(w)P,(1,0) - wa=wp)? @] @] wp—wyhwtwg ,

nw)reld, z 4 i ag 2 if w1 —wy| < w3z —wa,
(wa=w3)? @] @] wy—wotwitwy wy—wz—witwy

zo 1 iy P (1—x) 2 if w1 —wa| <wz —ws.

(A.13)
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Moreover, we have checked numerically with the help of the ancillary Mathematica file

provided in [34] that, up to an unimportant overall sign, the normalization n(w)P,(1,0)
can be expressed as

’n(w)pw(lao)’ = |Qmax[|w1—W4|,|w3—oJ2|],w2,W3QmaxHw1—w4|,|w;3—w2H,w1,w4’ ) (A14>

where @), are the numbers involved in the y-basis flowed three-point functions [31, 33],
see eq. (2.26). This relation is crucial when considering the factorization properties of the
spectrally flowed four-point functions.

A.3 Useful properties of flowed three-point functions

Here we will derive an integral representation of the product of three-point functions given by

(Vi 0,00V (24, 1)V, (00, 00)) (V35,(0,0) V%, (1, DV, (00,00))

<th(0» O)th(oo, 00)) ’

(A.15)

when one of the involved correlators is in the so-called collision limit, namely z4 — O.

Let us consider three-point functions satisfying either w3 = wy + we or wy = wy + wo £ 1.
For such correlators taking xo — 21 leads to the conservation equation hg = hy + ho. In the
even-parity case one then gets structure constants of the form [31, 33]

(Vi i 0,00V, (0, DV, (00, 00)) (A.16)

3
= C(j1, J2,J3) / TT yi 1y (1 = y2)7> 92 (1 — yaya) 72733 (1 — yyyg) 2771732
=1

up to an overall sign, and where we have introduced the shorthand a; = j; — h; + %wi.
By defining the function

wo(y1) = /d2y2d2y3|y§2_1y§3_1(y1 — yo)PTITIR (1L — yoyg) 1T (1 — yryp) 2B,
(A.17)
one immediately notices that

—ji+hz—ha—%
polyr) =l T Peo(1) (A.18)
It follows that the structure constant can be expressed as

(Viih, (0,0)V55, (0, 1)V (00,00)) = i(2m)2C(j1, g2, j3)0@ (hs — hy — ha)po(1). (A.19)

Jjiha

vVen

Similarly, in the odd-parity case we have

w w w, . k L o —
(Vi (0,0)V5%, (0, 1)V 5, (00, 00)) g = N (G1)C < 31,32,J3> /d2y1 y T Pox(y),

2
with
_ — i1+jo—js—& ks
o+(y1) :/"Zz?hdzyzalz/g‘2 Lyga Tty TR (L — yrys — yays) 2 R PR (A.20)
o (y1) :/d2y2d2y3’y32 1y§z3 1y%1 Js—J2 zy{Q Js—J1 2 (yg + (1 + ygyo)y1)2 9172 33’2_

(A.21)
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Since 4 (y1) satisfy (A.18) as well, we get

(Ve (0,0)V:22 (0,1)V3 (00, 00))

Jiha Joha jahs (A~22>

odd

k
— (20PN GC (5 e davds) 62y = by = h)ps (1)

From this we derive a useful identity involving the normalization of certain z-basis
spectrally flowed conformal blocks. This reads

w w w,
<V;11h1 VJ4 h4VJ hg— h2> <VJ€:Jh3 ‘/;22h2‘/;3?h3>
<Vj7h3—h2 V}:Jh?,—h2>

:B(l_j)/d29d2y/|(1_ y )RR (VL Ve ViZ(y)) (Vi (y NVEL yes Y

(A.23)

Jish1 7 jasha J2,he " j3,hs

where on both sides the three-point function on the left is evaluated at (z1, x4, z) = (21, 24, 2) =
(0,0, 00) while the one on the right one is evaluated at (z,x2,z3) = (0,1, 00) and (z, 22, 23) =
(0,1,00). Indeed, by using the reflection properties in eqs. (2.7) and (2.15) we get

w1 w wy w3
<V;1 ha V74 h4v; hg— h2> <Vj7h3 VJ2 h2vj3 h3>

£ (A.24)
<Vj,h3—h2 V}Jla—h2>

<V]1 h1 ‘/;4 h4VJ hs— h2> <V1—j7h3—h2vjz7h2 ‘/}37/13)

= [ Vi Vi Vi) (VS Vi, Vi)
= B 1—-y /d2 d2y/|ya QJ(y 9)2] 2|2 <Vj1,h1VJj,h4V; hs— h2> <ij(y/)v;:,2h2vjth3>
= B(1—j) / Pyd®y' |y~ (1= yy' ) 2PV, Vi Via—na) (Vi WV, Vi)

where a = 5 + gw — h, and in the last step we have inverted y — y~!. The final expression
in (A.24) reduces to the r.h.s. of eq. (A.23) by virtue of (A.18). Eq. (A.23) can also be
expressed as

j— w 1 w w
[ ol Wi Vi i (3 ) 0 Vi, Vi) (A.25)

w1 w w2 w3
_ <V11 hi ‘/;4 h4VJ h3— h2> <V}7h3—h2Vj2,h2 ‘/}3,h3>

)

<Vj}h3*h2 VJ'(:}hsfhz>

or, equivalently, as

1
2 2 w1 W w w w w3
J Bl Wi Vi v () V00V, Vi) (A.20)

w1 w4 w w w2 w3
<V]1 ha VJ4 h4‘/; hs— h2> <‘/j7h3—h2‘/}2,h2 ‘/;'3,h3>

<Vj,h3 —hso ‘/}:}hs —ha >

These identities are used multiple times along the paper while studying the factorization
properties of different examples of spectrally flowed four-point functions.
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