PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA
RECEIVED: March 15, 2006

ACCEPTED: May 26, 2006
PUBLISHED: June 21, 2006

Winding strings in AdS;

Estanislao Herscovich,’® Pablo Minces® and Carmen Nuiiez®

@ Instituto de Astronomia y Fisica del Espacio (IAFE)
C.C.67 - Suc. 28, 1428 Buenos Aires, Argentina
bCentro Brasileiro de Pesquisas Fisicas (CBPF)
Departamento de Teoria de Campos e Particulas (DCP)
Rua Dr. Xavier Sigaud 150, 22290-180, Rio de Janeiro, RJ, Brazil
¢ Physics Department, University of Buenos Aires
Ciudad Universitaria, Pab. I, 1428 Buenos Aires, Argentina
4 Mathematics Department, University of Buenos Aires
Ciudad Universitaria, Pab. I, 1428 Buenos Aires, Argentina
E-mail: pherscov@iafe.uba.ar, minces@iafe.uba.a, armen@iafe.uba.ay

ABSTRACT: Correlation functions of one-unit spectral flowed states in string theory on
AdS3 are considered. We present the modified Knizhnik-Zamolodchikov and null vector
equations to be satisfied by amplitudes containing states in winding sector one and study
their solution corresponding to the four point function including one w = 1 field. We
compute the three point function involving two one-unit spectral flowed operators and
find expressions for amplitudes of three w = 1 states satisfying certain particular relations
among the spins of the fields. Several consistency checks are performed.

KEYWORDS: [Bosonic Strings, Conformal Field Models in String Theory.

© SISSA 2006 http://jhep.sissa.it/archive/papers/jhep062006047 / jhep062006047 . pdf


mailto:eherscov@iafe.uba.ar
mailto:minces@iafe.uba.ar
mailto:carmen@iafe.uba.ar
http://jhep.sissa.it/stdsearch

Contents

. Introduction

1=

=~

2. Perturbative string theory on AdS;
E Notation and conventions
R.:3 Correlation functions of winding states

@0 ==

Three point function involving two w =1 fields

=

Ward identities, KZ and null vector equations
[ Ward identities
3 Modified KZ and null vector equations

El SEE

Four point function including one w =1 field

= @
&

Discussion and conclusions

&

. Correlators containing ®:
2

=l

Useful formulae

o)
=

Three point function including three w =1 fields

1. Introduction

Correlation functions of operators creating string states in three dimensional anti-de Sitter
space (AdSs) are essential ingredients to establish the consistency of string theory in this
geometry as well as to explore the AdS/CFT correspondence beyond the supergravity
approximation. However the non-rational structure of the SL(2,R) CFT describing the
worldsheet of strings propagating in AdSs presents some difficulties to the computation of
these correlators, since very little is known about non-compact conformal field theories in
general.

Nevertheless, amplitudes of some physical states were computed in reference [l. The
starting point in these calculations is the SL(2,C)/SU(2) WZW model which describes
the worldsheet of strings propagating in the hyperbolic space Hs. Two, three and four
point functions of primary fields in this coset model were derived in references [B, f.
The connection between these correlators and some amplitudes in the Lorentzian theory
described by the SL(2,R) WZW model was performed in [[ll] using the equivalence between
string theory on AdS3 and the dual two dimensional CFT on the boundary. Actually, the



interpretation of these amplitudes as correlation functions of the dual CFT is crucial to
determine the correlators and to establish the structure of the factorization of four point
functions. In this way the closure of the operator algebra on the Hilbert space of string
theory on AdSs [ll, f] was verified in [fl] for four point functions of primary fields related
to primaries of the SL(2,C)/SU(2) coset model through analytic continuation.

However not all the states in the physical spectrum of string theory on AdSs can
be obtained analytically continuing fields in Hs. Actually, the spectral flow symmetry of
the SL(2,R) WZW model establishes the occurrence of winding states created by spectral
flowed operators [f]. An important auxiliary tool to construct these states is the spectral
flow operator which allows to interpolate between objects in different winding sectors w.
Two and certain three point functions containing spectral flowed fields were computed
in [[] and used to verify both the factorization of four point functions of w = 0 fields into
products of three point functions summed over intermediate physical states and the pattern
of spectral flow number conservation of the correlators determined by the SL(2,R) current
algebra.

Two alternative methods were proposed in [l to evaluate N-point functions containing
states in winding sectors w # 0. Both procedures involve the insertion of one auxiliary
spectral flow operator for each winding unit. This implies the calculation of expectation
values of more than N vertex operators. The two approaches were applied to compute two
point functions in arbitrary winding sectors and three point functions involving one w =1
and two w = 0 states, but more general three and four point functions require the calcula-
tion of correlators with five or more operator insertions, with the consequent complications.
These general amplitudes are needed to definitely settle the question about the unitarity
of the theory. Indeed the structure of the factorization of four point functions should be
consistent with the physical Hilbert space of string theory, but four point functions involv-
ing spectral flowed states have not been computed so far. In this paper we give one step
forward towards this project by computing the three point function containing two w =1
states from the five point function involving two spectral flow operators. We also study
the four point function including one w = 1 state starting from the five point function
containing only one spectral flow operator. Besides we find expressions for amplitudes of
three w = 1 states satisfying certain particular relations among the spins of the fields.

As is well known expectation values of fields in WZW models must obey the Knizhnik-
Zamolodchikov (KZ) equations [fl], a system of linear differential equations which follow
from the Sugawara construction of the energy-momentum tensor. An important additional
property of WZW models for compact groups is the existence of null vectors in the Verma
modules of the primary fields. These give additional differential equations which allow to
determine the fusion rules and eventually solve the theory [[f]. Unfortunately the unitary
representations of SL(2,R) which give rise to the physical spectrum of string theory on
AdS3 do not contain singular vectors. Nevertheless the spectral flow operator has a null
current algebra descendant which plays a relevant role in this non-rational theory. Indeed
it adds one differential equation for each unit of spectral flow of the operators involved
in the amplitudes. Moreover this null state allows to simplify the KZ equations in the
coordinates labeling the position of the spectral flow operators [fl].



Despite all this information the differential equations to be obeyed by correlation func-
tions containing spectral flowed operators are difficult to solve because, as we will see, they
turn out to give iterative relations. Actually we shall show in the following sections that
the KZ and null vector equations for amplitudes of states in winding sectors w # 0 relate
two or more expectation values in which the spectral flowed fields at a given position have
different spins and conformal dimensions. Nonetheless we shall manipulate and solve the
system of iterative equations in certain particular cases needed to obtain correlators of
three w = 1 string states and four point functions involving one w = 1 state.

The organization of this paper is as follows. For completeness and in order to introduce
our notations and conventions, in the next section we briefly review the spectrum of string
theory on AdSs, recall the construction of one-unit spectral flowed operators and collect
the results of the amplitudes involving such fields which have been obtained so far. In
section [| we compute the three point function involving two w = 1 fields and study its
pole structure. As a consistency check, we verify that it correctly reproduces the two point
function of a w = 1 field when the third operator is the identity. In addition we find,
as a byproduct, the four point function including one w = 1 field along with a spectral
flow operator. In section [, we discuss the Ward identities to be satisfied by correlation
functions containing w = 1 fields and we deduce the modified KZ and null vector equations
that they must obey. The solution to these equations is analyzed in section [ for the case of
the four point function of one w = 1 field and three unflowed generic states. This is done
by first expanding the correlator in powers of the corresponding cross ratio coordinate.
We explicitly find the lowest order contribution and write an iterative differential equation
for the higher orders in terms of the lowest one. Two consistency checks are succesfully
performed. First we verify that, for appropriate choices of the spins, the correlator properly
reduces to the three point function involving one w = 1 field, as computed in [fl]. Then
we also verify that the functional form of the four point function including one w = 1 field
and a spectral flow operator computed in section fJ is correctly reproduced. Conclusions
and discussions are offered in section fi.

We have included three appendices. Some properties of five and six point functions
containing states with generic spin along with spectral flow operators are listed in ap-
pendix [A], whereas appendix [B presents some useful formulae which are used in the main
body of the article. In appendix [J we compute expressions of the three point function
involving three w = 1 operators for certain particular relations among the spins of the
fields. This is done by proposing an ansatz for the solution of the modified KZ and null
vector equations.

2. Perturbative string theory on AdS;

In this section we gather known results about the spectrum and correlation functions of
perturbative string theory on AdS3 in order to set up our conventions. We follow the same
notation as reference [[[] and so the expert reader can proceed directly to the next section.



2.1 Notation and conventions

The Hilbert space of the WZW model is a sum of products of representations of the SL(2,R)
current algebra given by

k

[Jr?;a ng] = D) NOn+m,0 5
[Jr?;’ Jnj;] = :l:‘]niqtm ?
[J;r’ J?;L] = _2J3+m + kn6n+m,0 )

and the same for J**. The Sugawara construction of the energy-momentum tensor
1
T(z) = 7—5 U7 ()T (2) = T (2) I (2))

determines the Virasoro generators

1 |1 .
L=+ §(JO+JO— 5 = U+ D (T T + T = 272 T38|
m=1
1 00
L — + - - + _ 973 3
n#0 k—29 le(Jnme + Jnfm‘]m Jn—me) )

which obey the following commutation relations
c
[Ln, Lm] = (’I’L — ’I’I’I,)Ln+m + ETL(TL2 — 1)5n+m70 .

The central charge is given by

with k£ > 2.

The physical states of string theory on AdSs are in unitary representations of the
universal cover of SL(2,R) [H]. These are generated from the continuous (C§) and the
lowest (D;r) and highest (D) weight discrete representations of the zero modes acting
with J%

2-,n > 0. In our conventions these are
Dy =A{ljim) :m=j, i+l 42},
with

1 1
_<'<—7 2.1
9 J 9 (2.1)

and
1
Ci={lj,asm) : m=a, axl, a+2,...,a€ R}, j:§+is, seR.

The conformal weight of the primary fields is given by

a =D (2.2)



and similarly for A;. The current algebra descendants of the primary operators contribute
an additional integer for each excitation level. In the string theory application one can
consider the spacetime to be a product of AdSs times an internal manifold. In this case
the conformal weight of the physical states may be supplemented with a contribution from
the internal CF'T, usually denoted h. Moreover the physical state conditions for string
states, namely Lo|¥) = |¥), L,|¥) = 0,n > 0 and Ly = Lo determine j = j.

The spectral flow automorphism

J3=J3 — 3 Wno JE=Jt,, Ly=L,+wJ>— 1 w3,

parametrized with w € Z, generates new representations defined by

J*E |7, m,w) =0, Jr?;\j,m,w>:0, (n>1),

ntw
30 k .
Jolg,m,w) = m—{—§w |7, m,w) .
The conformal weight of the primary fields (R.9) transforms consequently as
o361 ko

e S R

and similarly for A;D. Periodicity of the closed string under the worldsheet coordinate

(2.3)

transformation ¢ — o + 27 settles w = w. These spectral flowed states have to be added
to the unflowed fields of the full representations generated from D;E and Cj' in order to
describe the complete spectrum of the theory.

The primary states in the sector w = 0 can be represented by an operator ®;(z, Z;w, W)
which satisfies the following OPE with the currents

Da
JU(2)®;(z, T;w, w) ~ Q;(z,z;w,w) , (a=3,%),
z—w
where the differential operators
0 0 0
Dt = — D=2 +j D™ =2~ + 2j
or’ x@x—i_]’ x@x—i_‘m’

give a representation of the Lie algebra of SL(2). Here x, Z keep track of the SL(2) weights
of the fields and they are interpreted as the coordinates of the boundary in the AdS/CFT
context.

One can also consider operators in the m basis, obtained through the following trans-
formation from the x basis

(I)j;m,m :/—xjmxjm<1>j(m,m) , (2.4)

where m — m is an integer.
In the sector w = 1 the spectral flowed states are constructed by the fusion of ®; with
the spectral flow operator ®; through the following operation [i]
2

w=1,j ) — 13 m_m 2 j—m—1-—j—m—1
<I>J7j (x,x,z,z):elégloe € /d vy’ 7’

x@i(x+y,z+yz+ez2+6)Pr(r,T;2,2), (2.5)
2



where

k - k
J = -, J=m-+ -, 2.6
m + 5 m+ 5 (2.6)
denote the left and right spins of the w = 1 field. In the z basis, the winding number w
turns out to be always positive, unlike in the m basis where the sign of w is correlated with
the sign of m, thus distinguishing by convention incoming from outgoing spectral flowed

states in the correlation functions.

Alternatively @3”;1’j can be also defined by integrating over € as

=1 _ _ . S, — 1 —1m —1—m—
@l})j N, Ty2,2) = lim /Mg ™ [ d?e emlEm L x
’ y,§—0

XPj(x+y,z+yz+e6Z+6)Pr(r,T;2,2) . (2.7)
2

Both definitions (R.§) and (R.7) are equivalent and they are understood to hold inside
correlation functions. The first one is local in z,Z whereas the second one is local in x, Z.
As pointed out in [, the limit € — 0 in (R.§) — and similarly y — 0 in (R.7) — exists and it
verifies several important checks. For instance it has the right operator product expansions
with the currents, namely

I, )8, 2y = —(j —m— )T T gustiy 2.8)
2)% g \WhE = T T m (2 — 2)2 LI F (2
1 B k y
+z’—z (x—x/)z%—i-Q(m—i—ﬁ) (x—x’)} <I>J’j1’](x,z) ,

where
J(x,2) = —J 7 (2) + 22J3(2) — 22T (2) .

Furthermore the definition (P.F]) reproduces the expressions derived in [f[] for the two point
function of spectral flowed states and the three point function which includes in addition
two other operators in the sector w = 0.

Vertex operators for string states in higher winding sectors can be easily obtained in
the m basis where they are expressed in terms of SL(2) parafermions and one free boson [
(see [§] for the free field representation). However, as the winding number increases, they
become more complicated in the x basis.

2.2 Correlation functions of winding states

Correlation functions of unflowed states were computed in [l performing analytic contin-
uation on the results for the Euclidean SL(2,C)/SU(2) WZW model obtained in [g, f.
As discussed in [, correlators including spectral flowed states can be evaluated in the m
basis starting from expectation values of states in the w = 0 sector including spectral flow
operators. Alternatively one can perform the spectral flow operation directly in the x basis

using the definition (2.).



The two point function of spectral flowed states was computed in [fl] (see also [§] for a

derivation in the m basis using the free field theory approach) and it is the following

,J i’ 2] _—2] —2AW AW
<¢3}($1,21)¢JJ ($2,22)> - ,1712 T19 219 J 219 J (29)

B(G) TG+m) T(-m)
{“”+J‘1”+“ I ) T TG =)

where AY is given in (2.3) and

N k=2 v1=2 B r (%)
B(j) 77 <%> , V=T @ ; (2.10)
~v(x) = % . (2.11)

Recall that in the x basis the operators are labeled with positive w, so this two point
function conserves winding number as expected. As is well known an N point function
can violate winding number by N — 2 units [, §]." The three point function including one
operator in the w = 1 sector is the following?

<‘I)?;1’jl(ﬂ?1aZl)¢j2($2a22)‘1)js(ﬂ?3,23)> =
k 1
_sine (F i) L
) (2 g 33> Y(j1 + 2 + Jz — k/2)
P(i+J—5)  T(a+is—J)
T+ J—j2—33) T(1—j1 —J+5%)

ds—ja—J da—js—J . J j2—js Az—Ag—AP=! Ap—Ag—AP=H AP=I-As—Ag
X <5'321 31 ) <221 Z31 232

x (antiholomorphic part) , (2.12)

where J is given in (£.§) and AY=! is (see (£))

_ k
AVTL= A — T+ 1 (2.13)

B(j) is given in (R.10) and C(ji, j2, j3) is the coefficient corresponding to the amplitude of
three w = 0 fields, namely

G(1 —j1 — jo — j3)G(jz — j1 — j2)G(j2 — js — j1)G(j1 — j2 — j3)
2n2pintiztisty (1) G=D)G( - 2j)G( - 2)2)G(1 - 2js)
(2.14)

C(jl’j2aj3) = -

where

jk—1—j

G(j) = (k-2)’ S F2( JILk =2k =1+j[1,k—2),

1See appendix D of [EI] for a detailed analysis.
2 Actually this expression differs from the one in [EI] by an irrelevant factor (—1)7~7, as it can be verified
using the property J — J € Z together with the identity I'(z)['(1 — x) = —=%

sin(mx)



and I'2(x|1,w) is the Barnes double Gamma function which reads

o0 o0

log(Ta(z | 1,w)) = 12%% Z (x+n+mw) - Z (n+mw)™ ¢
n,m=0 n,m=0 ; (n,m)#(0,0)

This three point function was obtained in [[I] by first computing a four point function
including one spectral flow operator ®x. Such calculation is performed by explicitly solving
the corresponding K7 and null vector quuations. The four point function gives rise to (.19)
after spectral flowing as in the definition (R.§) or alternatively, after transforming to the
m basis, extracting the pole residue at m = —% and acting with the spectral flow operator
on the unflowed field ®;,.

This summarizes the already known explicit expressions for correlators including spec-
tral flowed fields. Note that, whereas the two point function is known for fields in unlimited
winding sectors, the situation gets more complicated in the case of the three point func-
tion, where only the case involving one w = 1 and two w = 0 operators has been computed
so far. The increasing difficulties to compute three point functions including additional
spectral flowed fields are due to the fact that one has to start from amplitudes containing
more spectral flow operators. In the following section we shall illustrate this statement by
going one step further and computing the amplitude of two w = 1 and one w = 0 states in
the z basis starting from the five point function which includes two spectral flow operators.

3. Three point function involving two w = 1 fields

We want to compute the following three point function including two w = 1 fields

_1 _1
<<1>f;hjlﬁ(x1,zl)q>j2(x2,ZQ)q>§3’j313(x3,z3)> . (3.1)

The starting point is the five point function with two spectral flow operators, namely
As = (P (w1, 20) P (2, 22) Py (1, C1) Py (Y2, (2) P (93, G3)) - (3.2)

Due to the spectral flow operators inserted at (z1,21) and (x2, 22), A5 must obey the null

vector equations

Tr; — 1 6 .
0= T — X +25;| As, 3.3
iz_; 21— 2 |:( ) 1)({91'2 Ji 5 ( )
at (r1,21) and a similar one at (x3, z2), where we have renamed the insertion points y; =

Tit2,(; = ziro. Moreover the singular state condition allows to simplify the action of the
Sugawara construction on ®; as
2

Loilj = k/2) = —J3]j = k/2). (3.4)

Therefore the insertion of the spectral flow operators implies the following reduced form of
the corresponding KZ equation

0As5 1 0 .
o -y o [(%’ - 961)3% +Ji| A5, (3.5)

and similarly for (z9, 22).



The z; dependence of the solution to the null vector equations was found in [{] (see
also []). Here we give the complete solution including the dependence on the worldsheet
coordinates z;, which is determined from the Ward identities and the reduced KZ equa-

tions (B.H), namely

) ) S 0y iy iy
As = B(j1)B(j3)C <§ — L2 5 —J3> | 212|213 | 721 | 214|722 | 215|722

X | 293 | T2 204 |22 | 295|723 | 25y [HASTALTA) | g | AB2 A= A) 1 2A(B1— A2 As)

X |x1o ’2(j1+12+13*k‘) |1 ‘2(11 —j2—33) |12 ’2(j2—j1—j3) |13 ’2(J’3*11*j2) , (3.6)

with

_ T14T25 L1524
M1 = - )
214225 215224
_ 15723  X13725
Mo = - )
215223 213%25
T13T24 14723
Hn3 = — . (37)
Z13%24 214223

The way to determine the coefficient

Cs(j1,J2,J3) = B(j1)B(j3)C <§ — L g —33> , (3.8)

is reviewed in appendix [A] where we also list some properties of B(j) and C(j1, jo, j3) which
are useful for the calculations below.

It can be verified that this result reduces to the four point function involving one
spectral flow operator computed in reference [[l] when one of the generic spins vanishes.
Indeed taking for instance jo = 0 in the five point function (B.§), the coefficient C5 gives
B(j1)6(j1—7j3) and the x;, z; dependence reproduces the correlation function (®;, @g D, 05,)
(with the obvious change in labels) given in equation (5.25) of reference [[l] when another
field has spin g Actually taking j; = g in the equation computed by J. Maldacena
and H. Ooguri, the j; dependent coefficient reduces to B(j3)d(j3 — j4) and the coordinate
dependence in both expressions matches, with the obvious renaming of spins and points.

As an intermediate step before computing the three point function we spectral flow

once to obtain the following four point function

- =1,j
AT = (@7 (1, 21) @k (2, 22) B, (2, C2) g (y3, G3)) - (3.9)
This auxiliary result will also be useful for the computation of the four point function
involving one spectral flowed and three unflowed generic states which we perform in sec-
tion . Applying the prescription (2.§) to A5 and setting y1 = 1 +t,(; = 21 + € we have
to compute

AY=! = lim ™me™ /tjlmllfjlmllAs(CUth,Cﬂz,Zz,ﬁﬁ +t, 21 + €,92, (2, Y3, G3) d*t

€,e—0
. 3 . . . . S . = s _1=91—mm1 _1
= Cs(j1, ja, ja 1o PV HI2 470 |y [PUL=72738) El;riloemleml/d% -l

2(j2—j1—343) tros (221 — )71 2(jz—j1—42)

€224 (221 - 6)'214

» z15(T — 1) tws
215(221 — €) €225




where we have omitted the overall dependence on the worldsheet coordinates z;. The
integrand can be easily taken to the form tP#|at 4 b|%d|ct + d|?" and we can then use an
identity found in reference [[[(] which we recall in appendix [B, equation (B.1), to perform
the integration. Taking next the limit €,€ — 0 the ¢,€ dependence cancels and we finally
obtain

we . T . k. k. o
AY=H = 2ir(—=1)™ ™ B(j1)B(j3)C <§ — Iy —J3> Y(je —j1 —jz +1)

TG = W+ 50— 2+ 1 = 5)
F(1—ji+J1— 52 —js—Ji+5+1)

X[2F1 <31+J2—13731—J1+§7J2—j3—J1+§+1;U>
e S -
Xo I ]1+J2—]3aJ1—J1+§,]2—]3—J1+§—|—1;u

, , s k k
N T P 0 <11+j3— Jpgt =gt s a5 1;u>

) ) o -k . = ) k i
X2F1(31+33—32711+J1—5733+J1—32—54‘1;“)]

j2+j3*J1*§£.j2+j3*j1**

. . k- . Tk
5 —4jo J2*J3*J1+§ _J2—Jjs—Ji+3
T12 12 |14 225 x

15

J1***]2 _73 J17*7]2 _73 Ag A AQ Ak/2 Ag A AQ Ak/2 AQ A A3+Ak/2
XTos Lo Z14 214

_Ap—AY—Az+Ap o Ak/2+A —A3—As Ak/2+A —Az—As k
XZ)s |225|
oy ZJl‘l uf2U1=d2=is)|] — | =22 (3.10)
T12%45 __ 212245 _1-=x

Here x = ez = S u = and

Y1+ = j2)T(G2 —js = i+ § + DI + 1 — §)
70 +j2—j3)P(j3+j1—j2——+1) (s + 1 —j2 — §)
(i —5—ji+DGa—js— L+ 5)
Ti—h+5T(—h—h+5+1)

A:

(3.11)

Now, the three point function (B.1]) can be obtained either spectral flowing once more
from this four point function or fusing two physical fields in the five point function (B.4),
say ®;, (y1,¢1) and @j,(y2,(2), with the spectral flow operators through the prescription
(E.5). The first procedure is useful to determine the coordinate dependence of the three
point function whereas the second one is more convenient to obtain the spin dependent
coefficient. Therefore we present both.

Let us first start from the four point function (B.1(J). It is convenient to rename
To, 29 — x3,23 and set x5 = y3 = x3 + s and z5 = (3 = 23 + £. By definition we have

Ag=he=t = (¢1;1,}{]1($1,21) D, (y2,(2) P, J’Ja(gc?”z?’)>
e —J1+E)F(j3—j2+j1_k)

= C5(j1,J2,73)7(je — j1 — js + 1)
I'(l—j+.h ——)F(h —33—J1+ +1)

,10,



. . k- . Tk
. my . J2tiz—Ji—5 _jetiz—J1—5 —45
x2i(—1)™ My 2z 2 |x14] 4j2

13 13
A3—AY—-Ax—Ay Ag*A?*AQ*Ak
X214 2 ?
. ko 1k Ag—A3—AVY+A, — Ag—A3—AP4+A
x lim £m2ted™ e (g — &) N E(mg &) 0 T E
£,6—0
—Ag—A3+AY+A — —Ag—A3+AY+A 7 o
X(Z43 . g) 2 3 1 %(243 . é-) 2 3 1 %ZJIEJl‘l o Z‘ 279

% /dQS 8j3—m3—1§j3—ﬁ3—18J1—§—j2—j3§j1—§—j2—j3

x (213 — S)j27j37J1+§(j13 _ g)jzfjgfjﬂr%u — |21 —d2=ds)
L E .. k —
X [2F1 <Jl tiR—jpn-Ntg gt g+ 1;U> 2 F1(u)

L\ et ik gist -k (3.12)

. . o k . ) k —_
X9 (]1 +33—J2,]1+J1—5,]3+J1—J2—§+1;u> 2F1(U)} ;

where o F| denotes the hypergeometric function in the previous factor with the replacement
Ji — Ji in the arguments. It is convenient to change variables as suggested by the following

definition
T13 — S)T z 13— S
. (z13 — s)w93 219 L1385 (3.13)
T128  z93(213 — §) 5
Namely, taking s = Zgﬁrlg it can be shown that the exponents of &, £ cancel and the integral

can be rewritten as

T(ji—Ji+5)00s—jo+Ji— %)
Fl—ji+h-5TGa—js— T +5+1)
X21'7.((_1)M1+ﬁ1mlJS—Jl—jéa—c{S—jé—jlleg—h—Jajjz—jl—js J1—j2—J3£‘27§—j2—j3

A=E=E = O (i, oy G3) Y (o — 1 — ja + 1)

13 Log
AY AW Aoy ,Aw—Aw—Ag — Ao —AYHAY ,—AQ—AU)-{-AU) Ao — AV AV ,Ag—Aw—Aw
3 1 3 1 3 1 3 1 1 3 1 3
XZ19 219 %93 %93 Z13 213

. . k- . T ok
x lim [ d*u w2 3Nt giemdsm ity
£,6—0
N o0 i
X (u + e)312 1 (g @) T3ti2 I — g 201 —7208)

. . . k . . k —
X [2F1 (]1 +J2 —J3,J1 — J1+ 50 J2 = J3 — J1 + B + 1;”) 2 Fy ()
+)\uj3+J1—j2—§aj3+j1—j2—§

XoF <j1 +J3 —Jo, i+ J1 — g,j:s +J1—j2 — g + 1;u> E(ﬂ)] )
so that we can safely take the limit &, — 0 inside the integral.

Thus we have found the functional form of the three point function but we still have
to determine the j;, J; dependence. One way to do it is to solve the integral above. This
can be done using results that have been found in reference [[[0], but it is very tedious.
Therefore we will proceed along the alternative path, i.e. spectral flowing twice directly
from the five point function.
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Since the coordinate dependence of the three point function has been determined we
can use conformal invariance to fix three of the insertion points of the fields in As whereas
the other two get fixed from the spectral flow operation. In this way we find an integral
which can be explicitly computed following [[L1], [[].

Letusfixzi =21 =029 =20 =1,y3 =3 =ocoandset y; = x1+1t1,(1 = 21 +€1,y2 =
Ty + to and (2 = 22 + € in (B.€). Then the three point function takes the following form

=1,j w=1,j . mi1—=mi _ma—=m
YT, 0)DYT72(1,1)D; oooo>: lim "€ e) %€
< J1,J1 (0,0) J2,J2 ( ’ ) j?’( ) erenen,ea—0 1L 2 2

X/d2t1d2752 tf(jl7m171)f§(j17%71)tg(j27m271)t_§(j27m271)145(tl,51,61,€1;t2,t_2,62,52)

= g [ e VRO gy

€1,€2,€1,62—0

y € —t 2(j2—j1—Js) €y — 1o 2(j1—Jj2—Js) t1ts - (1 + tl)(l — 1) 2(j3—Jj1—J2)
61(1+61) 62(1+62) €1€9 (1+€1)(1—62)
xler (14 €1)| 2 ea(1 4 €2)| 722 (1 + ¢ — eg2A3—A1—A2) (3.14)

Performing the change of variables t; = wuey, to = veg, the exponents of €; and es cancel

and the integral becomes

/d2u dQ,U ujlfml71,&_]'17m171,r)j27m271,0j27m271
X |u — 1|20271738) |y — 1|20 —I2708) gy — 1|20 =51 —72)
Defining v' = v~! this takes the form of the integral computed in reference [[L1] (see also [[[]])

which we review in appendix [B for completeness. Reinserting the coordinate dependence,

the final result is

=1 —1j . ‘ ko k.
<‘I’§1,}1’]1(9€1, 287 (0, 22) js (w3, 23)> = B(j1)B(j2)C <— —Ji5 — 12,33>

2 2
" L(js — Ji+ J2)T(js + 1 — J2)I'(2 — J1—Ja = j3)2W
F(1—j3—Ji+ )1 -4+ J1 —J2)
]'3—J1—J2jj3—j1—jzx(J2—J1—j3)
13

(J1: 42,33, J1, J2, J1, J2)

—Jo—J1—j3 Ji—J2—j3 ~J1—J2—j3
L13 z La3

X T 12 23
Az—APTL_AY=L Az AVTI_AW=L AW=1_AW=I_A5 AV=I_AP=1_Ay
X219 %12 %13 %13
AW=1_AW=1_Ag Aw=1_Aw=1_Aq4
X293 %23 , (3.15)

where

ks 1.1 — _
W (i Jiy Ji) = s(jo — j1 — j3)G | 72 thonRonst bl gt h oA

Jo—ji+d—Ji+1,2—j1—js+Jo— 4

j1—jz—j3+1,7j1+j1—%J-Zs%—@—jz
2—jo—js+ - —jo+i—J+1

}

X {S(j1 —J2—J3)G

Gt 5 —g1 =3+ 11— s+~ Jo

“s(1—2)G | 2T J S C
O )G T =+ 12— ji—js— Jot &
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fi—j—jds+la—J+51—j45—Ji+ D

+s(j1 —J2 — J3)G L T
Ut =g = d )G i B+ 5ty — ot Jo—

Ji—de—ds+La+h—51—g3+J1—J

. . = . . = = 3.16
2—jo—jst+h—Eji—jat i —Jo+1 (3.16)

b

with G[ae’f’}c] = %3172(@, b,c;e, f;1) and s(a) = sin(ma). The expression for

W (ji, Ji, J;) can be rewritten using standard properties of the generalized hypergeometric

X {—5(1 —2j1)G

Jo—Jo+ 5 jo—gi—ds+ 1,1 —js+J1— o

+s(ja — g1 — js)G | 2 2T 22T
(2 = 51 = s) Jo—gi+ i —Ja+1,2—j1—js—Jo+ &

function listed in appendix |B to show that, since m; —m; € Z, it is symmetric with respect
to J; and J;.

As a consistency check on the result (B.1), we verify that it reduces to the two point
function of one unit spectral flowed states when j3 = 0. Indeed we obtain

w=1,51 w=1,j2 , 202 2AY=l_—2Ap=!
<(I>J,j (xl’zl)q)J,J (xg,z2)®j3:0(x3,23)>_x12 Tig " 219 212

L(1—251) T +m)T(G —ma)
'(2j1) T(A—j+m)I(1 -5 —m)

xB(j1)6(j1 — j2)T'(0)

in agreement with the results in [ll. Here we have used the properties of B(j) and
C(j1, jo,j3) which are listed in appendix [, We can identify the factor I'(0) in this ex-
pression with the volume of the conformal group of S? with two fixed points, namely
Veont = [ d?z|z|72. Actually, as discussed in reference [, in general a divergence arises
when computing correlators which include spectral flowed fields. The definition (R.5) of
these fields already contains a rescaling ® — ® = V., ®, thus in this case there is a factor
V2 . whose product with chéf in the expression (5.13) of reference [[[], computed in the
m basis, explains the factor Vions ~ I'(0) which we have found here.

Let us analyze the properties of our result. The function W (j;, J;, J;) is analytic in
its arguments for states belonging to the continuous representation or their spectral flow
images. Therefore the three point function (B.17) is perfectly well behaved and finite for
normalizable operators with j = % + is, as expected. If one of the original unflowed
states, say ®;,, belongs to a lowest weight representation, i.e.,m; = ji +n1,m1 = j1 + M1
with ny,7; = 0,1,2,..., then it can be shown that W (j;, J;,J;) greatly simplifies, and
taking further ni,n; = 0 the hypergeometric functions become unity. The analysis of
W (ji, Ji, J;) completely agrees with that of reference [[[J] (taking into account the change
in notation). However notice that we are dealing with a winding conserving three point
function which includes two one unit spectral flowed states whereas [ considers unflowed
states. Moreover (B.19) is an z basis correlator unlike the m basis expression analyzed
in [[7).

The three point function () has various poles which come from the poles in Cs,
in the I'—functions and in the unrenormalized hypergeometric functions. C5 has the same

poles as the unflowed three point function, namely at

j=n+mk-2), —n+1)—m+1)(k-2), nm=012..., (3.17)
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with
J=l1—=jgi1—Je—Js, J1—J2—Js Je—Js—J1, Js—J2—J1- (3.18)
The I'—functions add the following poles
Ji=Jr2+j3+n, Jo=Ji+j+n, (3.19)

and similar ones for Ji, Jo. The poles of G[a bfc] are at a,b,c,u = —n, withu =e+ f—a—

b— ¢, and thus they are all contained in the previous ones except for the poles signaling the
presence of spectral flowed images of the discrete representations, e.g. m1 = j1 +n1,m1 =
J1 + m1. Therefore the pole structure is as discussed in reference [f[] in the unflowed case

with the addition of (B.I9), which are analogous to poles in the S matrix of string theory
in Minkowski space.

4. Ward identities, KZ and null vector equations

The computation of more complicated correlation functions along the lines of the previous
section would require to start from higher point amplitudes. Actually the cases following
in complexity, namely the three point function including three one-unit spectral flowed
operators or the four point function involving one w = 1 field require the knowledge of
the six point function with three spectral flow operators and three physical states or the
five point function with one ®; and four generic unflowed fields respectively. In this
section we discuss general propérties of correlation functions containing w = 1 spectral
flowed operators in the z basis in order to find an alternative method to compute such
more complicated amplitudes. More specifically, we will derive the Ward identities and
the modified KZ and null vector equations to be satisfied by generic correlators including
w = 1 fields. We begin by giving an account of the already known results on the subject
and the difficulties we expect to find in order to make further progress.

4.1 Ward identities

We investigate first the form of the Ward identities when the definitions (B.5) or (2.7) are
used for the w = 1 field. This can also be understood as an additional consistency check
on such definition.

Let us start by considering N point functions of primary w = 0 fields,

Ay = <(I)j1 (ml, 21)¢j2($2, Z2) T (ij(xNa ZN)> .

It is well known that the global SL(2) symmetry of the WZW model determines the Ward
identities to be satisfied by the correlation functions, namely

N
0AN
= 4.1
et (1)

< > Ay (4.2)
( :

i Mz \\Mz 1§

> Ay . (4.3)
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Now suppose we consider an N + 1 point function including one spectral flow operator

® ;. at position (x2, z9),
2

A1 = (P (21, 20) Pk (22, 22) -+ Ry (EN415 2N +1)) (4.4)

and take
T =20+, 21 =29 +€. (4.5)

In order to obtain the differential equations determined by the Ward identities one has
to be careful that the derivatives act only once on each of the points where the fields are
inserted. Therefore it is convenient to perform the following transformation

0 0 0 0 0

ot TR e v v o)

so that the derivatives with respect to x5 act only on the field in the second position and not
on the first one. The Ward identities transform accordingly, so for instance equation ([£.J)
reads

N+1 P
0= ZZ1 (l“za—x +]i> ANt1

(2

N+1
0 0 0 ) k 0 )
= ($2+y)a—y+x2 (5—332 - 8_y> +0 +§ + ZZ; (l“za—xl +]i> AN+1
9 9 R
_ y3_y+x25—962 +31+5+; <xla—xz +]i> ANyt - (4.7)

We want to derive the Ward identities for amplitudes containing w = 1 spectral flowed
operators. Equation (B.F) suggests to apply the following operation on ([.7)

lim emEm/d2y yirmm-lgn-m=1 (4.8)

€,6—

Integrating by parts, it can be seen that the Ward identity ([.7) turns into

P k N+1
0= [_(Jl—m)+$2a—x2+]1+§+§(xz‘a—xi—FJi) N
N+1
3} k 3}
= |T25— 5 it N 4.9
[xzax2+<m+2>+;<xaxi+3> v (4.9)
where from the definition (R.5) we identify

A% = <CI)Z+1§7{1m+§ (1‘2, ZQ)CI)]‘3(.%'3, 2’3) e (I)jN+1 (.%'N_H, ZN+1)> . (4.10)

Notice that equation ([.9) is precisely of the same form as (f.J) with the identifica-
tion (R.6) for the spin of the spectral flowed field. It can be shown that the same procedure
gives an equivalent result for the two other Ward identities (f.1) and (E.3).

,15,



Now we focus on global conformal invariance, which determines the following differen-
tial equations for the correlators

N
AN
0=>" 7 (4.11)
=1
N0
0=>" CFm +A;) Ay, (4.12)
=1
al 0
0= Z <Zi28_2’i + 2Aizi> Ay, (4.13)

i=1
where the factors A; are the conformal dimensions of the fields (see (2.2)). In order to derive
the corresponding Ward identities for correlation functions containing one w = 1 state we

repeat the steps discussed above with the change of variables ([L.§) and the corresponding
transformation for the derivatives

0 0 0 0 0
G—zl—>a’ 0_@%0_@_& (4.14)

Then for instance eq. (4.12)) becomes

N+1

0
0= Z (Zza—zl +Ai> AN+

i=1

= (22-1-6)%4-22((%2—%)+A1—§+§<21%+Ai> ANt
= 6%+22%+A1_§+]§ <zia%i+Ai> ANyt - (4.15)
Applying to this equation the operation
yggoyﬁ*mgﬁ*m / d?e emleml (4.16)

which is suggested by eq. (R.7), and performing an integration by parts, we can see that
A% satisfies the spectral flowed Ward identity

N+1
0 k 0
= [226—22—{— <A1—m—z> + E (Zza—zz—FAZ)

1=3

w
N »

which is of the same form as ({.19) with the following identification for the conformal
dimension of the w =1 field

_ k k
A?*lel—m—Z:Al—J—i—Z, (4.17)
in agreement with (R.J). A similar expression can be found for AY=! in terms of J. Again,

all this goes through for the two other equations ([L.11)) and ({.13).

,16,



Therefore we conclude that the Ward identities to be satisfied by correlation functions
including the operator @?;Lj coincide with those of the unflowed case with the modifica-
tions (R.) and (J.17) for the spin and conformal weight of the w = 1 field respectively.
This analysis can be generalized to correlation functions including an arbitrary number of
w = 1 states. From here the general form of the two and three point functions containing
w = 1 fields is completely determined, whereas the four point functions depend, as usual,

on the anharmonic ratios.

4.2 Modified KZ and null vector equations

Now we want to determine the form that the KZ and null vector equations take for cor-
relators including w = 1 fields. In order to do this, let us consider again the N 4 1-point
function ([.4). Consider e.g. any point z; with ¢ > 3. The correlator Ay satisfies the
standard KZ equation of the form

N+1 2
k—2 = n — T 4.1
(k—2) =5~ n:;:# —— |-+ (4.18)
o0 ) .
+2(xp, — x5) <Jn—axi —Ji—axn> — 2Jijn| AN+1 -

In addition, since the spectral flow operator at (z2,z2) has a null descendant, namely
Jl7 =k/2;m = k/2) =0, then An41 must also obey the following null vector equation

ol Tp — X 0
0= > n_ 2 — 29)—— 4 25| ANt 4.19
o [(ﬂﬁn xz)axn + jn] N+1 (4.19)
n=1, n#2

Our aim here is to perform similar manipulations to those in the previous subsection, in
order to investigate the form of the equations to be satisfied by the N point function
including one w = 1 field, namely A% in (4.1(). The general idea is that ({.10) can be
obtained from ([£4) by performing the fusion of ®;, (1, 21) with ®y/5(x2, 22) through the
prescription (R.§). In that way, the equations to be satisfied by An1, namely ({.1§)
and ([L.19), are expected to turn into those to be obeyed by A¥%.

In order to do this, let us start by performing the change of variables ([L.§) in the KZ

equation (f.1§) which can then be rewritten as

OAN 11 , 02
k—2 = )
( ) 0z; Zi— 29 — € (2 +y — ) 0x;0y
.0 .0 .
+2 (22 +y— 1) <]18—xi - Jza—y> —2jij1| ANt

L1 (23— 2:)? *
2y — 29 2 i a$28$2 &nlay

k 0 0 0
+ 2 (22 — ;) ( 'z‘—+jz'—> — kji

20z Van, Tligy Anst
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N+1 62

— )2

* Z [ ) Bxiaxn—i_
n=3, n;ﬁl

0 0 .
+ 2(xn — ;) <Jn o7 —Jimg— B > — 2jiJn

Now acting with the operator (f.§) and integrating by parts in y, we obtain the modified
KZ equation for A%, namely

Ansr . (4.20)

(k — )8%1(‘]) :—(jl—J+§—1> % [(xg—xi)aixi—%} AY(J +1)

2
— . 27
+Zi — 22 [<x2 CC@) 8:::18332 *
0 0 w
+ 2(zg — xy) < . ]Za 2> 25 J | AN(J)
N+1 ) 62
+n ;L#Z Tn — i) Or;0ry, *

.0 ) .
+ 2(~’Un - l“z) <]n% _Ji%> — 2JiJn

where J is the spin of the w =1 field, given by (B.6).

The notation Ay (J + 1) indicates that we must replace J — J + 1 in AY. Thus,
eq. (), which is interpreted as the KZ equation for an N point function including one
w = 1 field, differs from the standard KZ equation for correlators of unflowed fields. In
fact, notice that ([.21]) is an iterative relation in the spin of the spectral flowed field. As
we will see, the property of being iterative in the spins of the spectral flowed fields will be

AY(T),  (4.21)

common to all the equations to be satisfied by correlators including fields in w # 0 sectors.
In fact, such a novel feature is not surprising, since it is inherited from the primary state
condition (R.§). We also point out that an equation analogous to ([.21)) holds for the
antiholomorphic part, where the iterative variable is J (see (2.6)).

Now, following a similar procedure with the null vector equation (f.19) we obtain an
additional iterative equation, namely

k T~ 0
. w o n - 2 . w
(h+7-5-1) axu-n=3 (0 = 2000+ 20| A, (122

29 — Z
n—=3 2 n

which is understood as the modified null vector equation to be satisfied by correlators
containing one w = 1 field. It supplements ({.21]), so that both equations must be solved
in order to find the explicit expression of A%. As before, an analogous equation holds for
the antiholomorphic part, with J as the iterative variable. The procedure detailed here
can be extended to the case of correlators including any number of w = 1 fields, where the
spins of all the spectral flowed fields turn out to be iterative variables. In the following

section we will consider some specific calculations.
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5. Four point function including one w =1 field

The purpose of this section is to explicitly solve the modified KZ and null vector equations
corresponding to the four point function involving one w = 1 field, namely

Q= <‘I>j1(961721)‘1>j2(902a22)‘1’ﬁ1’j3($3723)¢j4(964724)> , (5.1)

which, according to the prior discussions, can be obtained from the five point function
<‘I>j1(l“1,21)‘1)]'2(562,22)‘1)]‘3(?/, C)¢§($3,23)¢j4($4,24)> ; (5.2)

through the prescription (R.F).

From the results of the previous section, we expect that A} had the same functional
form as an unflowed four point function, but with the spin and conformal dimension of the
w = 1 field given by J = m + %, AY=L = A3 — J + %. Thus, we consider the following
expression for AY

2

XDl(j17j27j37J7j47j) DZ(j17j27j37j7j47j) .7:(2'7.%') f(§7.f')

Jja—ji—jo—J
T3] >

- / 4 B(3)Cir, jaj) BG)-'C (J,——yg,M)

J1tje—jga—J . —2j2 J+j2—ja—j1
X <3543 Ly " Ty

A1+ D2 —Ay =AY _on, AYTILAG—A4—A] Ay—A1—Ay—AY=!
X <Z43 242 TRq1 231
X (antiholomorphic part) , (5.3)

where the dependence in the coefficients B and C is inherited from the five point func-
tion (.9) (see details in appendix [A]). Notice that, due to the presence of the spectral
flow operator, we are left with only one state in one of the two intermediate channels. The
other one contributes the integral in j which has to be performed over % +iR.

In addition, Dy and D5 are the parts of the coefficient of the four point function
depending respectively on the right and left spins of the string states, whereas F and F
are functions of the cross ratios

221743 T21T43
p= 208 p T (5.4)
231742 31042

Now plugging (F-J) into the modified KZ and null vector equations (which, up to the
obvious change in labels, are given by (4.21) and (i.29)) we find respectively the following

iterative expressions®

. k 0 ‘ . .
(JS—J+§ —1> [(1—90)%4411 +J4—32—J—1)] zDi(J+ 1) Fj =

0 0? . . .
—{ - =20 = )L ol =)~ )y — [l - T = 1)
—2(ja — jo — Dz +2(j1 + j2)z + (Ja — 1 — 3j2 — J — 1)352] 9z

3This is the modified KZ equation at (z1,21)-
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+[2j20a —J2) =3z =)+ J(J = 1) = (k = 2)J + k(k — 2)/4] 2

—2j2(ja—j1—Jo — J)x — 2j1j2}D1(J) Frs

and

<j3 +J - g — 1) (1 — Z)Dl(J — 1).7::]_1 (5.6)

= [Ga = s = 1= 2) = 2021 = )+ (1= 2)e = ) | DA

Here Dy(J £ 1) (Fj11) indicates that we must replace J — J £ 1 in D; (F). Analogous
expressions can be found for the antiholomorphic part Da(J) (F7).

Now we follow a similar route to that in the unflowed case [fl, fi] and expand F in
powers of z as follows

F(z,x) = 22~ Bin=Riz i =i an(m)z” . (5.7)
n=0

We then focus on the lowest order of this expansion. We consider first the KZ equa-
tion (5.5). The crucial result is that, to the lowest order in z, the iterative term in the Lh.s.
does not contribute, whereas the r.h.s. reduces to an expression of precisely the same form
as that of the lowest order of the standard (unflowed) KZ equation, as computed in [g],
with the only difference that jz is replaced by J. Thus we have the following solution?

Jfo=2F1(j —j1+Jj2,J +J —ja,2j;2) , (5.8)

where 5 F is the standard hypergeometric function.
Now we turn to the modified null vector equation (f.4). Keeping the lowest order in z
and using (b.§) we find that the coefficient D; must satisfy the following iterative relation

(j3+J—§—1) DUT—1) = (J—j—js) Di(]), (5.9)

with an analogous expression for Dy. This allows to cancel the coefficient D; in (B.§)
and (p.6) and we can write equations for all higher order terms in (.7) starting from the
lowest order (@), i.e. we are able to find iterative equations for f,, in terms of f,_1 (for

n > 1). This is done by plugging (5.7) into (5.5) and (b.6) and using (5.9). For instance
the modified KZ equation (f.5) gives

2

) ) d . . ) . . d
(Ja—J+J —1){x2(1—$)@+[(h —Jot+ja—J =25 —1)9C+23]95%

4Actually the solution is a linear combination of the functions 2 F1(j — j1 + ja2,5 + J — ja, 2j; ) and
2 7THo P (1 —§ —j1 42,1 — 5 +J — ja, 2 — 25; ). However, analogously as in the unflowed case [[l], we may
use the fact that, when inserted in (@)7 the two solutions are related to each other through the symmetry
j — 1 — j which allows to keep only the first solution provided that in (@) we now integrate j over the
entire imaginary axis, i.e. % +iR.
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F(G1 + g2 — )22 — ja+ T+ §) — 25201 + Jo — ja + D)z + (k — 2)n} £ =

k k
_ . _ K _ P
<]3+J 2><]3 J-|—2 >

d . . 1—=x . . .
X [(1—9C)d— — (1 +Je—J)—— +Jj1—Jo +J4—J—1} £
X X
d2
+(a—J+3j - 1){33(1 — )75

+201+ja—J—-Dz—(h +J2+J4+J—2J—1)]%

+(+de—J)a+J —j)i — 25144 — J3(Js — 1)
12 +ja— )+ JT =D+ (k=2)(n—1—J+ /<:/4)} 00 (5.10)

An interesting thing about this equation is that, even when it is also iterative in J, as
expected, such iterative terms are all related to the (n — 1)-order factor, f,—1, whereas
there is no iterative term for f,,. This allows to write an equation for fnJ in terms of the
data f,(i)l and f,gf{l)

A similar procedure can be followed with the modified null vector equation (5.6) and

we obtain
d ) . . ) ) . _
[w(l —z) -t (=2 = )T et - J] D+ (T =5 —ga) £V (5.11)
d . . . . 1 . -
= [(1 —5'3)% +ja+21—j—J+ G — g1 j2) ;} f,if’l +(J =37 —Ja) fr(zill) .

The calculations we have performed so far are similar in spirit to those considered in the
unflowed case [B (see also [[l]). Notice, however, that we have not completely determined
the coefficient D; yet. Even though the functional dependence on the coordinates is fixed,
all the information we have to fully determine the spin dependent coefficient is the iterative
expression (5.9). This means that the modified KZ and null vector equations do not
completely specify the spin dependence of the four point function. This is not surprising
since a similar situation is found in the unflowed case. Nevertheless, we are still able to
find a proper expression for the coefficient by requiring the following two conditions: 1)
that it satisfies (5.9) (and a similar expression for Dy), and ii) that AY in (F.J) correctly
reduces to (-19), the three point function involving one spectral flowed field, when one of
the unflowed operators is the identity.

It can be shown that a solution to i) and ) is given by

1 T(s+J—=%)  T@i+j—J)

DD ~ . . —
T it it —5) TU+JT—ja—3) T(1—js—J+5)

, (5.12)

up to a k dependent coefficient. Requirement i) can be verified using standard properties of
I-functions, whereas 74) is also satisfied since, using the expression above together with (p.§)
and some of the identities in appendix [A], it can be shown that (f.3) reduces to (2.19) for
J2=0.
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We should point out however that the solution (5.19) is not unique. For instance, the
coefficient in (B.1() verifies both requirements 7) and i) but it does not match (5.12).°
Such residual uncertainties might be removed studying the factorization properties of the
four point function (p.3), following a similar path to that of section 4 in reference [l]] for
the unflowed case. However here the pole structure of the four point function presents
additional difficulties since there are poles in the integral in the complex j plane crossing
the integration contour even before performing the analytic continuation. Therefore we
leave this analysis for future work.

6. Discussion and conclusions

The purpose of this work was to study correlation functions involving one unit spectral
flowed string states in AdS;. We have computed the three point function including one
unflowed and two w = 1 states in the WZW model in SL(2,R), and performed the analysis
of the corresponding pole structure. We have also considered the four point function with
one w = 1 and three generic w = 0 states.

We performed various checks on our results. In particular, the Ward identities pre-
scribing the general form of correlation functions containing spectral flowed fields were
discussed and we then verified that the three and four point functions computed indeed
have the form dictated by conformal and global SL(2) invariance. In addition, we also
verified that the three point function including two w = 1 operators reproduces the corre-
sponding two point function of w = 1 spectral flowed fields when the third operator is the
identity.

Our results represent one step forward towards establishing the consistency of string
theory on AdSs. This would require the analysis of the factorization properties of the four
point function (f.3). Actually the structure of the factorization of the unflowed four point
function contains several differences with the flat case and it would be interesting to see
how they generalize when winding is considered. Indeed, it was argued in reference [[I] that
the four point functions do not factorize as expected into sums of products of three point
functions with physical intermediate states unless the quantum numbers of the external
k+1 k+1

==,J3 + ja < F5=. The interpretation of these constraints pre-

sented in [fl] indicates that correlation functions violating these bounds do not represent

states verify j; + jo <

well defined computations in the dual CFT description of the theory on the boundary. This
explanation is similar to the interpretation of the upper bound on the spin of the phys-
ical states (i.e.,j < %) as the condition that only local operators be considered in the
boundary CFT. However in the later case one has a clear understanding of the constraint
from the representations of SL(2,R) which define the theory in the bulk. Similarly one
would like to better understand this unusual feature of the correlation functions from the
worldsheet viewpoint. Moreover the factorization structure of the four point function (f.3)

®When checking these last statements it must be taken into account that (B.1()) involves, apart from the
obvious changes in labels and the presence of a spectral flow operator, a result which is expressed in cross
ratios other than those in @), so that appropriate transformations must be performed on () before
comparing it to the expressions in this section.
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would also be important to unambiguously determine the spin dependent coefficient D1 Ds.
However, as discussed in section [, the factorization of AY presents additional difficulties to
those encountered in the unflowed case since there are poles in the integral in the complex
j plane crossing the integration contour even before performing the analytic continuation.
Therefore we postpone the analysis of the consistency of string theory when spectral flowed
correlators are considered for future work.

Correlation functions involving states in higher winding sectors have not been consid-
ered so far. This is an important ingredient for the complete determination of string theory
on AdSs. However this would require, along the lines we have presented here, first of all a
proper definition of such fields in the x basis, which is not known yet.

We have obtained the modified KZ and null vector equations to be satisfied by cor-
relation functions containing w = 1 spectral flowed fields.® We have shown that these
are iterative equations relating amplitudes generically involving spectral flowed fields with
spins J, J + 1 and J — 1. We managed to manipulate these expressions and analyze the
four point function containing one w = 1 field. The modified KZ and null vector equations
also allowed us to obtain certain three point functions involving three w = 1 fields for
particular combinations of spins (see appendix [(J). A similar analysis for the three point
function containing two w = 1 states shows, when comparing with the procedure followed
in section [, that the specific spin relations found correspond to simplified integrals in the
spectral flowing procedure of the original higher point unflowed function involving the op-
erators @, and therefore they seem to have no physical relevance. A more general ansatz
than the éne we proposed in ([C.19), possibly involving hypergeometric functions, would
be required in order to obtain the full three point function.

Finally let us observe that, according to the well known relation between correlation
functions in the SL(2,R) WZW model and Liouville theory [f, [[4], our results can also be
used to obtain amplitudes in this later theory.”
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A. Correlators containing CID%

In this appendix we obtain the j; dependent coefficients for the five and six point functions
respectively containing two and three spectral flow operators ®x as well as three operators
2

6See [E] for a different approach to the construction of the KZ equations for correlation functions
containing spectral flowed fields.
"See [B, E] for more recent work on this connection.
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of generic spins ji,j2,73, in the limit where each ®: fuses with a ®; to give a spectral
2
flowed operator. That is, starting from

(D Px®)j,®r Dy (A1)

and
(P @i Py Pr Py Pr) (A.2)
we would like to respectively obtain the j; dependent coefficient of the following three point

functions
w=Lj1 gw=1j2 g

<(I)J17j1 (I)J2,j2 <I)]3> ’ (A3)

and
A T T (A1)

Ji, i T JaJa T J3,Jd3

In addition, we will perform analogous calculations for the five point function including
only one @, namely
2

<(I)j1 ‘1>j2(1)j3‘1>%‘1>]4> ) (A'5)
in order to obtain the j; dependent coefficient of the four point function
:17 1
<q)j1(1)j2q);},j ]3(I)j4> : (A.6)

The following properties of the B and C coefficients of the two and three point functions
will be useful, namely [fl]

C <j17j2, g) ~ 4 <j1 + 2 — g) : (A.8)
c<§—j,§—j,1>~$, (A.9)
C(j1,52,0) = B(j1)o(j1 — j2) , (A.10)

¢ (g _jl,g —J'2,j3> ~ B <§ —j1> B <§ —j2> C(j1:J2,J3) » (A.11)

where ~ indicates that the identity holds up to a k dependent (5 independent) factor.
We start from the following formal expression for the OPE (see [J] for a detailed
definition of the OPE in the SL(2,C)/SU(2) WZW model)

Dy (x1,21) P, (w2, 22) ~ /dji Q(j1, J2, Ji) @y, (w2, 22) (A.12)

where from now on we drop the x;, z; dependent factors. The coefficient ) can be deter-

mined multiplying both sides of eq. (A.1J) by ®,,, namely

J39

D (21, 21)Pj, (22, 22)Pjy (w3, 23) ~ /dji Qj1, J2, Ji)®j, (w2, 22) P, (w3, 23) (A.13)
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and taking the expectation values as

(@), (71, 21) @y, (02, 22) Py (23, 23)) ~ /dj Qi1: J2, (P (w2, 22)Pjy (23, 23)) . (A.14)

The two point function (®;®;,) in the right hand side gives two possible contributions
which are proportional to 6(j — j3) and §(j + js — 1) (see eq. (R.9)). As discussed in
reference [1] they both give the same result for @, namely

C(j1,72,73)
=y (A.15)

Let us now repeat this procedure for the four point function. Starting from eq. (A.13)

Q(jl’j2aj3) =

we multiply both sides by ®;, (x4, 24) and take the expectation value. One thus obtains
(@, Dy P Pja) ~ /dj Q41, g2, J)(P; (2, 22) s (w3, 23) Py (4, 24))
1
~ | & C(j1,J2,5) 57~ C U, 33, Ja) - A.16

Suppose one of the fields is a spectral flow operator, for instance jo = % The prop-
erties (A7) and (A.§) allow to perform the integral over j and obtain the coefficient
B(j1)C(& — j1,j3, ja) for the three point function (@3;1’j1<1>j3<1>j4> -

Similarly, if one starts from a five point function, the OPE ([A.12) can be used twice,
say for ®; ®,, and ®;,®;,, with the result

Ja>

(@, D, Py Pjy Pjs) ~ /dj/dj/ Q1. 72,7)Q (3, Ja, 5 ) (P (w2, 22)Pjr (w4, 24) P (w5, 25)) -

(A.17)

Again, if there are spectral flow operators, the result simplifies. For instance consider
Jo=Ja= g In this case one can perform the double integral above and obtain

(‘1)]»1(I)§(I)j3<1)§(1)j5> NB(]I)B(]B)C 5 _]1,5 — 73,05 | » (A'18)

for the coefficient of the three point function (qu}}fl’j 1@3”3:1’j3 D).
In the more complicated case where we have only one ®x, say j;, = %, the double
2

integral turns into a single one of the form

. B(j3) . . . ko
d C Clj,=— , A19
/ B0 (71,72,9) € Jy 5 = 3.7 (A.19)
. . . :1, 1

which corresponds to the four point function <<I>j1<I>j2 P J3¢j5>.

Finally if one starts from the six point function containing three spectral flow operators
and wants to obtain the coefficient for (@1}}1:1’]1@)3”3:1’]3 @1}}6:1’]6>, the OPE can be used three
times and the properties (A.7) and (A.§) determine the following corresponding coefficient

<‘I)jl‘1>gq>j3‘1’§‘1>g¢je> ~ B(j1)B(j3)B(js)C <§ LG sy _]6> : (A.20)
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B. Useful formulae

In this appendix we collect some useful formulae that have been used in the main body of
the article.

The following integral was found in [L0] and it was used in section [J in order to compute
the four point function AY=! involving one w = 1 state, one spectral flow operator and
two generic unflowed states

Fp+)I(g+DI'(-p—qg—1)
L(=p)I'(=¢)T'(p+q+2)

L/}fttpﬁwat+-m2qk¢4-dﬁr::2u-4up+pw \d)?

bp+q+1l_)ﬁ+q+1 ch - - 55
X il [QFl <—T,1+P72+p+%@> 2F1 <—r,1+p,2+p+q, @)
b\ P fap\ TP ch
il had} Folog -1—p—_g—r —p—qg —
+/\<ad> <ad> 2 1< q, p—q—r1,—D q,ad>
cb
X o Fy (—q,—l—p—q—n—p—q; —>] , (B.1)
ad

where
Tp+qg+2)T(—q—p—r—1y(=g)I'(=p)L(p+q+1)
D(—g=p)T(=¢—=p—1y(=r)T(+ Dl(p+qg+r+2)

We now write the general result for the integral used in section f] which was computed

A= (B.2)

in reference [[LT]| (see also [[J] for various equivalent expressions), namely

I= /d2ud2vu°‘(1 —w)Pa®(1—a) v (1 —0)" o (1 - @)Bl\u — |t
1

= (C¥2[ay, ) P2 (a, &) + C* ey, | PP [a, &) (B.3)
where
Clag, 0] = F'l+ag+a, —K)T'(14+ap + o — k)
v Lk —a.—al)
/ o RV
e oza/—|—1,ozb—|—1,k: oz,c o, (B.4)
oy —ac+ 1o —a,+1
Here
a,b,c ['(a)T(b)(c)
G| | = ———"3F(a,b,ce, f;1), B.5
e f ] o) ) (55)
a1 = a, as = f3, ag =1, a+fB+y+1=K=-20-1,
/ / / / / / / / / / (B6)
o] =ao, oy =3, ag =7, d+0+4+1=K=-20—-1,
and similarly for &; and &;. P12 and P?! are given by
p12 023 et
p2| — Ap c32| = Aq o | (B.7)
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with
(B.8)

and s(z) = sin(wx).

The following identities among 3F5(a, b, c;e, ;1) = F [ae’f}}c} or G [ae{’}c} have been used

in section [J to obtain the two point function of spectral flowed states,

G a,bc| _ L'()I(e) e—a,f—au
e, f I'le—a)l'(f —a) u+bu+c
_ L) (e)(u) alaee— be —c
I'(f —a)l(e—b)I'(e—c) e, u+a ’
G )

e, s(a)s(c — b) 1+b—c,1+b—a

a,b,c] _ s(e=b)s(f—b G

a1+b—a1+b—f]

s(e—c)s(f —¢)

+ s(a)s(b —c)

l+c—bl4+c—a

c,l—i—c—e,l—l—c—f]

(B.9)

whereu=e¢+ f—a—b—c.

C. Three point function including three w =1 fields

In this appendix we aim at computing a three point function involving three w = 1 fields
following the procedure introduced in section f]. Namely we want to compute

<¢2Jf%$hZﬂ@zjf%$%zﬁ¢ijf%x&zy>, (C.1)

which should be obtained from the six point function including three spectral flow operators

<‘1>j1(y1,Cl)q)g(m,zl)q)jz(yz,Cz)q)g(m,Z2)‘1>§(333,Z3)‘1>j3(y3,§3)> : (C.2)

The fusion of the spectral flow operators with the remaining fields is expected to give rise
to the w = 1 fields in (C.1). Here we propose an approach which is alternative to the
exhaustive one in section [J, and will allow us to compute ([C.1) for specific relations among
the spins of the fields. In fact, this will be done for the following cases

i) J1tjetiz= 5 (C.3)
.. . . . k—2 )
i) J1+J2—J3= 5 and permutations , (C.4)
and
. . . 4—k .
i) j1+j2—J3 = — and permutations . (C.5)

The procedure exemplified here may be useful in order to compute particular expressions
for correlators involving many units of spectral flow, where exhaustive calculations imply
increasing difficulties.
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Our strategy is as follows. We will first perform an intermediate step in which we
will spectral flow only two operators in (C.9) in order to obtain the modified KZ and
null vector equations to be satisfied by the following four point function (after redefining

(y3,¢3) — (w4, 24))
f = <(I)?17}’]1 (xl, 1)‘1)J2’}’J2 (CEQ, 22)(I)§ (563, 23)¢j3($4, Z4)> . (CG)
Then we will propose an appropriate ansatz for the solution, and finally spectral flow one
last time in order to find ([C.1)).
So, by performing calculations analogous to those in the previous sections, we find that
the above four point function obeys the following modified KZ equation which arises from
the spectral flow operator inserted at (3, z3) in ([C.2)

k k
n—-J+=--1 x—glAZf(Jl—i-l,JQ)—i- Jo—Jo+=—1 @A4(J1,J2+1)
2 %31 2 %32

0 1 0 1 0
= [_8—23,+z_;ﬂ <:c31a—xl—J1> +Z—32 <x326—m2_J2> (C.7)
1 0 w
o (mga +33>} AY(J1, J2) -

In addition, due to the three spectral flow operators in ([C.4) we accordingly get three
modified null vector equations for A}. They read

k 2 k
<j1 AR 1) % AV +1,.05) + (jz AR 1) T g+l (C8)

2 31 2 23y
31 0 32 0 43 0 .
_ _ 9] Zo2 — o), | == — 42 V(J1, J
[231 (ﬂfznaxl 1) - 232 <x325$2 2> 243 <x433~"34 - JB>} AL )
) k w k 9521 w
— ]1—|—J1—§—1 A4(J1—1,J2)— ]2—J2—|———1 A(J1,J2—|—1) (Cg)
23

_ |2 9 31 0 Ty ) w
= [2—21 <x21a +2J2> 2—31 (:r:31(9 + k‘) Z <x41(9 +233>] AY (J1, Jo)

and

. k , k "
<31—J1+§—1> 22U AV +1,00) + <32+J2—§—1> AY(Jy, Jo — 1) (C.10)
21

21 0 32 0 42 0 .
S e RN A - B w .
[221 (9621 Ry J1> o <9632 B3 + k) s <9642 By + 33> ] AY (J1, J2)

From the results of section [, we expect that AY had the same functional form as an
unflowed four point function, but with appropriate modified expressions for the spins and
conformal dimensions of the w =1 fields. So we look for a solution of the following form

AY = Di(j1, J1, J2, J2, j3) Da(jr, Ju, 2, Ja, j3) F(z,x) F(Z,T)

(j
J1+J2 k/2—j3 72J2 J2+k/2 J1—j3_js—J1—J2—k/2
X 3331

Aw 1+Aw 1+k/4 A3272Aw 1 Aw 1 k/4 Aw 1 AS AS Aw 1 Aw 1+k/4)

X 42

(antlholomorphlc part) . (C.11)
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Here we are assuming that there is only one state in each intermediate channel, similarly as
in the construction of [l. We have shown in appendix [A| how the spins of the intermediate
states are fixed due to the presence of the spectral flow operators, thus avoiding the integral
introduced in [f]. Notice that D; and Dq are the coefficients of the four point function
depending on the right and left spins of the string states. The cross ratios z,x are as
in (5.

Now we make the following ansatz for the functions F, F
F =20 -2)Pz"1 —2)"(z — 2)°, F = Z@(l—Z)B:Eﬂ(l—:E)D(Z—i“)ﬁ ,  (C.12)

where the factors of 2,1 — z,2 and 1 — x are suggested by the standard structure of
singularities in conformal field theory and string theory, namely those appearing at the
boundary of the moduli space when two or more vertex operator insertions collide on the
worldsheet. The dependence on z — z was found in reference [fl] where it was shown to
be required by monodromy invariance of the four point amplitude when the holomorphic
and antiholomorphic parts are combined. The singularity at z = x was interpreted there
as due to instanton effects.

In principle, no further poles arise in presence of spectral flowed states, as noticed
e.g. from direct inspection of (B.F). In fact, plugging ([C.11) and (C.13) into (C.7)—(C-10)
we find that the ansatz (C.13) is the solution for relations (IC.3)-(C.H) among the spins.
Calculations involve a last step in which we spectral flow the field ®;, in (C.6) in order
to get the three point function ({C.1]). This is done using the prescription (R.5) and the
integration procedure is similar as in section [J. Since instead of computing ([C.6) we could
also find the three point function ([C.1) starting from correlators

B N L
= (0 (1, @ (w1, 20) Y7 (w2, 22) @Y~ P (3, 23) ) (C.13)
or
=1,j =1,j
AI/:LU = <q)3017j1]1 (:Cla Zl)(I)Jé (y’ C)(I)g (:C2a Z2)(I)?37j3]3 (:C?n Z3)> ) (014)

we must also require that the final result does not depend on the intermediate path we
follow to compute it, which imposes further restrictions.

Following all the prescriptions above, using also the results in appendix [A] and after
performing some algebra, we arrive at the following three point functions for spins related

as in (C3)-(C.3)

(5 o, )@ )@, )

~ B(j1)B(j2)B(js)C (g —J1 g — J2, g —j3>
I'(ji+ J1—k/2) Ly — Ji+ k/2)
Pl —gi+J1—k/2) T(1 —j1 — J1 + k/2)
I'(jo + J2 — k/2) L(jo — Jo+ k/2)
M1 —jo+Ja—k/2) T(1—jo— Jo+k/2)
['(js + J3 — k/2) L(jz — J3 +k/2)
(1 —js+J3—k/2) (1 —js—Js+k/2)

xm (1 —2j1)

xm (1 = 2j2)

xm (1 = 2j3)
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J1—J2—=J3, Jo—J1—J3,  J3—J1—J2
x (9”32 T3] Zo1 )
A%}:l_A’éU:l_A’éU:l A’él):l_Aiﬂ:l_A’éU:l Aé”zl—Aiuzl—Aéuzl
X (z32 231 21
x (antiholomorphic part) , (C.15)

up to some k dependent coefficient.

Explicit results for other relations among the spins could in principle be obtained
using a more involved ansatz than the one in ([C.13), possibly involving an hypergeometric
function.
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