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1 Introduction

The understanding of string theory on Anti-de Sitter (AdS) backgrounds is crucial in a
top-down approach to the AdS/CFT correspondence [1, 2]. Of these backgrounds, the three-
dimensional AdSs spacetime represents a particularly tractable option since string theory on
AdS;3 with pure NS-NS flux can be described by a WZW model on the non-compact group
SL(2,R) [3-5]. As such, string theory on AdSs in the absence of RR flux is largely dictated
by the affine s[(2,R) symmetry on the worldsheet.



Due to the non-compactness of the group SL(2,R), this WZW model is somewhat more
subtle than those based on compact groups like SU(2). Specifically, the spectrum of the
SL(2,R) WZW model consists of usual highest-weight representations of s[(2,R), as well as
novel spectrally-flowed representations. These spectrally-flowed representations are highest-
weight with respect to the worldsheet Virasoro algebra, but are not highest-weight with respect
to the affine s[(2, R); symmetry. As such, correlation functions of spectrally-flowed states are
notoriously difficult to compute (although there has been great progress in recent years [6-11]).

Spectrally-flowed states are labelled by three quantum numbers: their SL(2,R) spin j,
the eigenvalue h of the cartan J§ and the amount of spectral flow w € Z. For holographic
applications, it is desirable to include yet another auxiliary label x, which labels the location
of emission of the string on the boundary of AdSs. A vertex operator labelled by x is
holographically dual to a local operator in the boundary CFT placed at the position x. Thus,
the holographically interesting correlation functions in the SL(2,RR) model take the form

<V7;Lzull,j1(901, 21) V'rznu:,jn (1’m Zn>>2 ) (1.1)

where m = h — kw/2. Correlators of this form turn out to be surprisingly difficult to compute
for two reasons. First, since the states have nonzero spectral flow, they are not primary
with respect to the s[(2,R); current algebra (specifically they have higher-order poles in
the OPE with JT). Second, since the states are located at nonzero x, they are no longer
eigenstates with respect to the J§ Cartan of sl(2,R);. Both of these effects mean that the
local Ward identities associated to spectrally-flowed correlation functions become rather
complicated, and finding explicit solutions is a very difficult problem. A third difficulty arises
from the fact that, while vertex operators in unflowed sectors admit explicit construction in
terms of fundamental fields (see for example [3, 5, 12-14]), spectrally-flowed operators are
usually specified implicitly by their OPEs with the s[(2, R); currents, making a path integral
approach somewhat difficult (although not impossible, see for example [15-22]).

While, on the one hand, correlation functions in the SL(2,R) model are hard to compute,
there are hints of a subsector of the theory which radically simplifies. In [5], it was shown
that correlation functions of spectrally-flowed vertex operators diverge when certain linear
relations among the SL(2,R) spins are satisfied. These divergences were interpreted in terms
of strings which can approach the boundary of AdSs with finite energy cost, causing the path
integral to diverge. Such contributions were dubbed ‘worldsheet instantons’. Geometrically,
these instantons receive contributions from worldsheets which holomorphically cover the
boundary of AdSs, i.e. for which there exists a holomorphic map v : ¥ — JAdS3 such that

V(z) ~ i+ O((z — z)").- (1.2)

These covering maps represent, in turn, strings which wind the boundary of AdSs a certain
number of times with specific monodromies around the points x;.

This picture has recently been strengthened by the remarkable series of papers [6-8, 23, 24].
The authors were able to constrain the forms of SL(2,R) correlation functions almost entirely
on the grounds of affine symmetry and holomorphicity. They found that SL(2,R) correlators
contain an infinite series of divergences labeled by positive integers. One such class, and the



one we will be interested in, occurs when the SL(2,R) spins satisfy the relation

S k k—2
Zji—g(n+29—2)+(n+39—3):—Tm, (1.3)
i=1

for some integer m > 0.! Viewed as a function of 3, j;, the SL(2, R) correlation functions have
poles at these values, and the residues of these poles can be computed precisely. They can be
shown to arises at points in the moduli space M, , for which a holomorphic covering map of
the form (1.2) exists, and for which there are exactly m extra simple branch points [8, 25].

Recently an exact (perturbative) proposal for the CET dual of bosonic string theory on
AdS3 x X at generic level k was proposed [8, 25] which schematically takes the form of a
deformed symmetric orbifold. Explicitly, the proposed dual CFT is?

Sym (X x Rg) + u/ag,o, (1.4)

where Rg is a linear dilaton with slope Q, and o2, is a marginal operator in the twist-2
sector of the symmetric orbifold which breaks the orbifold structure. From the point of view
of this duality, the worldsheet instantons of [5] admit a natural interpretation: they are the
poles of correlation functions in the dual CFT which contribute at order u”* in conformal
perturbation theory. The role of the covering maps - then play the role of Feynman diagrams
in the theory [28-30], with the m extra branch points coming from the m insertions of the
twist-2 field. Thus, an understanding of the worldsheet instantons is fundamental to an
understanding of the perturbative structure of the dual CFT.

The goal of the present paper is to shed light on spectrally-flowed correlators in the
SL(2,R) WZW model in the path integral formalism. Our approach is to consider the
worldsheet theory in the limit near the boundary of AdSs, since this is the regime which
contributes to the divergences in SL(2,R) correlation functions. In this limit, we write
down explicit forms of spectrally-flowed vertex operators and compute the schematic form
of correlation functions of these operators. We find that the holomorphic covering maps
are naturally reproduced in the path integral language, and that the j-constraint (1.3)
follows from a straightforward charge-conservation argument of worldsheet correlators (as
was argued in [21, 23]).

Let us now be more specific about the results of this paper. In section 2, we work in the
Wakimoto representation, for which the SL(2,R) sigma model takes the form

5—1/d2 <18<I>6<I>+58 + Boy -S43 —Q¢—QR<1>> (1.5)

T 5P\ TPeY T ee 4 ’ ‘
where ® is a scalar representing the radial coordinate of AdSs, v, 4 are holomorphic coordinates
of the boundary, and 3, 8 are formal Lagrange multipliers which allow us to study the action
in the near boundary (® — oo) limit. In this limit, the above action reduces to that of

!This result was established in [23, 24] for m = 0 at arbitrary genus and number of insertion points. For
m > 0, it has so far only been proven for genus zero correlation functions with n < 4 [6-8].

2This proposal improved on the earlier work of [26, 27], which was based on the symmetric orbifold of
Liouville theory rather than a linear dilaton CFT. From the level of the one-loop long-string spectrum, these
proposals are indistinguishable.



a free theory, and thus the path integral can be computed exactly. In terms of these free
fields, we find closed-form expressions for spectrally-flowed highest-weight states of sl(2,R),
following a recent analysis of spectrally-flowed states in the tensionless worldsheet theory [31],
which can be written compactly in the z-basis:

w!

) W~ —m—j

where d,,(7 — ) is a formal delta-function operator which imposes that v — z has a zero
of order w at the insertion point (see section 2 for a precise definition). Given their simple
form, these states are can be employed in the path integral formalism.

We also argue in section 2 that, in order to study string theory correlators in Euclidean
AdS3, we need to introduce a screening operator of the form?

D= Ve=) — o 22/Q ( j{ v)_(k_l) 5(8), (1.7)

2772

which effectively compactifies the target of the field v from C to CP'.# We also note that
the same screening operator (and its w = 1 analogue) in a different coordinate has already
been introduced in [34] and its role has been studied in the case of 2— and 3-point functions.
This operator D can also be thought of as a screening operator for the field ®, so that
correlation functions are computed in a Coulomb gas formalism. This operator D is similar
to, yet distinct from, other screening operators which have previously been considered in the
literature [17, 18] and, as we will argue in section 2, plays a natural geometric role in the path
integral computation of correlation functions. Using the explicit forms of spectrally-flowed
vertex operators and the screening operator D, we find a straightforward explanation of
why the worldsheet theory is dominated by holomorphic covering maps, provided that the
constraint (1.3) is satisfied. We also show that these correlation functions schematically
reproduce the perturbative structure of the CFT dual (1.4).

In section 3 we provide a novel interpretation of spectral flow in terms of a nonlocal
operator wrapping an unflowed state. This nonlocal operator is built from a line integral of
s[(2,R); currents, and we interpret it as the inclusion of a nontrivial background gauge field
in the SL(2,R) WZW model which couples to the worldsheet currents. The inclusion of this
background modifies the classical equations of motion of the WZW model, and solutions to
these equations of motion are given precisely by holomorphic maps « from the worldsheet
to the AdS3 boundary. In this sense, we can think of the holomorphic covering maps as
instantons of the worldsheet theory in a nontrivial background, thus making concrete in what
sense the worldsheet instantons of [5] are classical saddles of the string path integral.’

A simplification at £k =1

The above discussion admits a drastic simplification in the case of the superstring on
AdS3 x S? x T* with one unit of pure NS-NS flux — known as the so-called “minimal tension’

3Near the end stages of writing this paper, we became aware of the work of Hikida and Schomerus [32],
which introduces the same screening operator to study correlation functions in the SL(2,R) WZW model.

“See [33] for an analogous construction in the large-radius limit of the topological A-model.

®A semiclassical justification for these solutions was also given in [23].



or ‘tensionless’ string. This theory is desribed in the hybrid formalism of Berkovits, Vafa and
Witten [35, 36] in terms of a sigma model on the supergroup PSU(1, 1]2) at level £k = 1. An
interesting feature of this sigma model is that the correlation functions analogous to (1.1)
always localise to holomorphic covering maps [37, 38|, and the j-constraint (1.3) for m =0
is always satisfied. The path integral of this theory can be shown to localise completely
onto holomorphic covering maps whose only critical points are at z = z;, and one has the
exact duality [11, 14, 21, 31, 37-44]

I1B strings on AdSs x S3 x T* with minimal (k = 1) units of NS-NS flux
= (1.8)
the symmetric orbifold (T4)X /S at large K

with no perturbation away from the orbifold point.

In section 4, we specialise the technology developed in sections 2 and 3 to this tensionless
AdS3 x S? x T* theory.5 The worldsheet theory of this background admits a free field
realisation which is exact. This free field realisation has been used recently to show that
the correlation functions of spectrally-flowed vertex operators localise onto holomorphic
covering maps [37, 38]. In the case of the k = 1 theory, we again find compact expressions
for spectrally-flowed vertex operators, and show that the localisation property is a direct
consequence of the forms of these operators in the path integral formalism. We also show
in this section how the idea of inducing a background gauge field works in this particular
model, and that the localised solutions can be directly read off from the zero-modes of the
twisted kinetic operator 0 + A acting on a particular holomorphic vector bundle.

As was noted in [37], the tensionless superstring on AdS3 x S® x T* is conceptually similar
to the Berkovits twistor string [45]. In section 5, we sharpen this analogy and interpret the
vertex operators found in section 4 as natural objects in twistor space. We briefly introduce
the relevant twistor space and explain why the S? twistor incidence relation appears in the
model. In the SL(2) invariant notation which we introduce, we find that the vertex operators
are related to S? twistor elementary states, a basis for meromorphic twistor functions [46].
Finally, we collect various technical results and discussions in appendices A and B.

2 Bosonic strings on AdS;

2.1 The worldsheet theory

String theory on AdS3 can be described in terms of a Wess-Zumino-Witten (WZW) model
on the universal cover of SL(2,R) [3-5]. The fundamental fields are maps g : ¥ — SL(2,R)
governed by the classical action

k ~ - k - - ~
Swzwzﬂszr[g Ydgng 1dg]+%/BTr[9 'dgng~tdg A g tdg]. (2.1)

Here, B is any 3-manifold with boundary 0B = ¥. We note that since SL(2, R) is non-compact,
the level k does not need to be integer in order to produce a well-defined path integral.”

A similar analysis was also considered recently in a Wakimoto-like representation [31].
"Concretely, since H*(SL(2,R),Z) = 0, the Wess-Zumino term is independent of the choice of the bulk
manifold B [47, 48].



The above action admits holomorphic and anti-holomorphic conserved currents

J=kglog, J=kdgg'. (2.2)
Given generators t* of sl(2,R), we can define
1
J = %Tr[taj] ) (2.3)

and similarly for .J. The currents J¢ satisfy the algebra s[(2, R);. Specifically, in a convenient
basis, we have

e P~ T
k B 2.3 (w)
(z—w)?2 z-—w

J3(2) ] (w) ~ —

JH(2)J " (w) ~

The Wakimoto representation

To study the SL(2,R) theory more explicitly, it is convenient to choose an explicit set
of coordinates on AdS3. A particularly convenient description is that of global AdS3 in
Poincaré coordinates:

qs? — dr? + dyd¥y ’

(r/L)?

where r € (0,00) is the radial coordinate, (y,7) are complex coordinates of the boundary
sphere, and L is the AdS radius.® The AdS3 boundary is identified with the limit r — 0.
In order for a string in this background to be anomaly-free, it must be supported by a

Kalb-Ramond B-field?

(2.5)

L2
B=-— <r2> dyAdy. (2.6)

The above metric and B-field give rise to the Polyakov action'’

1

2ra

2
L d?z l@rér + i%é’y (2.7)
= r?

2! r2

S — / 02 (G (X)DXPDX" + B, (X)OXTX")
by

k — _
_ / a2z (20059 + 2% 07 7y |
47 Jx
where k = L?/a/ measures the AdS radius in string units and we have defined r = e~®, so
that the boundary of AdSs lies at ® — oco. The above action can equivalently be recovered
from the SL(2,R) model by the identification

P [0V
g=<2 ¢67_¢>. (2.8)
ey e yy+te

8In Euclidean signature, «y, 7 are complex conjugates of one another, while in Lorenzian signature they are

independent and real.

90f course, we must also introduce compact directions X such that ¢(AdSs) + ¢(X) = 26.

'%We use the conventions of Polchinski [49] for complex coordinates, namely z = z + iy, Z = = — iy,
9 = (8, —10y)/2, and 0 = (0, + i0y) /2.



The constant k reproduces the level of the WZW model, and the path integral measure
is taken to be [50]

D& D (e%) D (e%) , (2.9)

which reproduces the Haar measure on SL(2,R).
In order to study strings near the boundary of AdSs, we pass to a first-order formulation.
We introduce a worldsheet (1, 0)-form 3 and an analogous (0, 1) form 3 and consider the action

1 — _ _ 2 _

S = Z/ d?z (Z(k — 2)000P + 230y + 2307 — %556*2‘1’ — R(I)) : (2.10)
T JY

The equations of motion for § (resp. B) fix 8 = ke?®0y (resp. B = ke?>®075). The shift in

the coefficient of the kinetic term for &, as well as the linear dilaton term —R®, come from

the change in the path integral measure upon integrating out S [12, 13, 51]. We should

emphasise that the equivalence of the first- and second-order actions is only valid if the

path integral is dominated by large values of ® [12]. For later convenience, we rescale the
radial field ® and define

' = /2(k —2)® (2.11)

so that the action becomes

1

" 2r

S /E d?z (;a@’ 0% + Oy + BOT — %BB@‘Q‘P/ — CjR@’) , (2.12)
where we have defined the background charge @ = \/2/(k — 2). From now on, we will drop
the ’ and simply refer to ® as ®.

It should be noted that the Wakimoto representation of the AdS3 worldsheet theory
described above is only a good approximation to the physics in the limit & — oo, i.e. near
the boundary of AdSs [13, 51]. However, since in this work we are only interested in the

near-boundary behaviour of the theory, this point will not be important.

Quantisation and OPEs

In the limit of large ®, we can treat the worldsheet theory as a free field theory consisting of

a chiral and anti-chiral 3 system and a linear dilaton ®. These fields satisfy the OPEs'!
1

Bz)y(w) ~ — , (2)@(w) ~ —log |z —wl?. (2.13)

zZ— W

These free fields give rise to the so-called Wakimoto representation of s((2,R); [52]:

+_ s__1 -__2

where parentheses denote normal-ordering. Indeed, it is readily checked that the above

(0@ 7) + (B(yy)) — ko, (2.14)

currents satisfy the current algebra sl(2,R)g.

" Throughout this paper we will focus exclusively on the left-moving sector of the worldsheet theory. All
formulae will have completely analogous forms in the right-moving sector.



Finally, we note that the stress tensor of the theory is given by

Q

T =——(09)% - 582@) — (Ba), (2.15)

1

2
which can be shown to coincide with the Sugawara stress tensor of sl(2,R);. Specifically,
the central charge of the theory is

c:c(ﬂ,7)+c(®):2+l+3Q2:m, (2.16)

which is the central charge of the SL(2,R) WZW model at level k.

2.2 Spectrally-flowed vertex operators

Highest-weight representations of s[(2, R) fall into several categories. In this paper, we will
be focused on the so-called continuous representations CJ’-\ [3]. The highest-weight states of
such representations consist of states of the form |m, j) with m € Z+ X and j = % +1is,s € R.
The action of the zero-mode algebra on these states is taken to be

I m,j) =m|m,j), Jg|m,j) = (m=+j)Im*1,5) . (2.17)
In terms of the Wakimoto fields, we equivalently have

Bolm,j) = (m+j)m+1,7), lmj)=Im—-17),

The worldsheet conformal dimension of the state |m, j) is read off from the stress tensor (2.15)

(2.18)

and is given by

j-i)

- (2.19)

LO |m7 ]> =
The current algebra s[(2, R); admits a nontrivial automorphism known as spectral flow,
which acts on the current algebra as

kw

o) = Ty 00 = T+

On,0 - (2.20)
The spectral flow operation ¢® is defined for any integer w. As shown in [3], the spectrum of
AdSs3 string theory consists of highest-weight representations of s[(2,R)g, as well as so-called
spectrally-flowed representations, obtained by composing highest-weight representations with
o". In terms of the Wakimoto variables, spectral flow can be realised by the automorphism

w

0¥ (Bn) = Bn-w, 0" (M) =Tntw, 0°((0P)n)=(0)n - a%,o (2.21)
of the free field OPE algebra (2.13).
Let |m, j >(w) denote the spectrally-flowed image of |m, 7). This state satisfies
A (w kw A (w
T im0 = (m o+ 50
(2.22)

JEm, N =0, n>4w.



Since, holographically, Jg is identified with L§TT in the spacetime CFT dual, the spacetime
dimension of a state will be its eigenvalue under J3. Thus, the conformal dimension of

m, )™ is
h=m+ %U (2.23)
The worldsheet conformal dimension of |m, j>(w) reads
Lo |m, j)™) = (‘](kl__zj) — hw + k4wQ> Im, 7)), (2.24)

which again can either be read off from the Sugawara stress tensor of s[(2,R); or from the
free field stress tensor (2.15).

Unflowed vertex operators

We want to write down expressions for the vertex operators of spectrally-flowed states. In
order to do this, let us first consider unflowed states. These are highest-weight with respect
to the free field algebra (2.13). We write anuj for the vertex operator associated to |m, j).
The zero-mode actions (2.18) then become the OPEs

m—+ 7
z—

00()V2(w) ~ VO ().

z—w ™

B(2) Vi j(w) ~ V0+1J( ) =)V (0) ~ Vi j(w)

(2.25)

A vertex operator satisfying these OPEs can easily be written down, and takes the form
Vi =e %y (2.26)

Indeed, these vertex operators have Jg eigenvalue m and worldsheet conformal dimension'?

Q%G -1 _ g
2 k—2

(2.27)

in agreement with (2.19). These vertex operators are not new, and have appeared in previous
literature (see specifically [13, 51]).

Flowed vertex operators

Now that we have expressions for unflowed vertex operators in the Wakimoto representation,

let us derive expressions for spectrally-flowed operators. We follow the strategy of [31].
Spectral flow acts on the Wakimoto free fields as (2.21). In the case of the S~ system, this

means that spectrally-flowed vertex operators corresponding to |m, j) ) must satisfy the OPEs

m—+7 w

BV W) ~ gt Ve (2.28)

V(z)V,iﬁj(y) ~(z—y)" %U—l,j(y) 4o

2The conformal dimension of e*® is given by —a(a + Q)/2.




In order to construct such states, we first ‘bosonise’ the S system in terms of free chiral
scalars ¢, k:

B=e?TrI(in), y=e 7", (2.29)
The current (87v) is nothing more than —d¢. The scalars ¢, k are taken to satisfy the OPEs

d(2)p(w) ~ —log(z —w), k(2)k(w) ~ —log(z —w). (2.30)

Furthermore, ¢ and x have background charges Q4 = @, = 1. In terms of the scalars ¢,
K, we can construct the state

e(w+m+j)¢+i(m+j)m (2'31)

which satisfies the OPEs (2.28). Demanding in addition that the eigenvalue of (0®) is
Qj —w/Q (as required by (2.18) and (2.21)), we arrive at the expression [18, 53]

VY (y) = e(w/Q=Qi)® (wmti)gtilm+i)e () (2.32)
Indeed, this state has J§ eigenvalue

1 W . k:iw
h——Q<Q]—Q>+w+m+j—m+ 5 (2.33)

and worldsheet conformal dimension!?

.1_. 2
A:H—hwﬂﬁ”, (2.34)

in agreement with eq. (2.24).

The x-basis

In Lorenzian signature, the vertex operators V), correspond to the emission of a string
produced from the asymptotic past of AdS3. In Euclidean signature, the asymptotic past
corresponds to the south pole of the boundary sphere of Euclidean AdSs, which we take to
be the point z = 0.4 In general, we want to consider vertex operators emitted at arbitrary
points on the AdS3 boundary in order to compare to correlation functions in the dual CFT.
This can be achieved by noting that, via the holographic dictionary, JJ = LglfT is the
translation operator in the spacetime CFT. Thus, we can use J(T to bring vertex operators
into the so-called x-basis via the similarity transformation

Vi@, 2) = e”CJJV;L”’j(z)e_””‘]O+ : (2.35)

3The worldsheet conformal dimension of e*¢T%#* is

_ afe—1) B(B-1)
I

14 A5 is standard in the literature, we will use z for worldsheet coordinates and z for spacetime coordinates
whenever possible.

,10,



In the bosonised form (2.32), explicitly constructing vertex operators in the z-basis is
rather subtle, since the action of Jar on ¢, x is not local. However, there is an alternative
representation of (2.32) which lends itself extremely well to being written in the z-basis.
Following the analysis of [31], we can write

p(wrmeg)si(m+g)n _ (‘M> 51, (2.36)

w!
where 0,,(7) is a formal delta function operator defined as
w—1 )
duw(v(2)) = I 6(9"(2)). (2.37)

=0

One should think of d,,(7(z)) as an operator which, in the path integral, demands that ~ is
taken to have a zero of order w at z. The conformal weight of the delta-function operator
can also be read off by the inverse of the classical scaling dimensions of its arguments, i.e.

w(w —1)

A(dw (7)) = —wz_: i = —(2. (2.38)
=0

In terms of delta function operators, we can write the spectrally-flowed vertex operators

in a compact form as

iy ov —-m—j
V= ow/Q-Qie ( w"Y) Suly). (2.39)

Now, using the OPEs (2.13), one can show that the Wakimoto fields obey the transfor-
mation rules

PP = @ PPoyeT — g (2.40)
and thus, we can immediately read off!®

9"(v(2) — x)
w!

V2 (2, 2) = (@ W/ () ( >_m_J Su(1(2) — ). (2.41)

The intuition of this vertex operator is that, in the path integral formalism, the delta function
restricts us to configurations of v such that

(y) ~x+0((y —2)"). (2.42)

This meshes well with the geometric understanding of a spectrally-flowed state as describing
a string which winds around x with winding number w near the boundary of AdSs.

15Since all factors in this expression have regular OPEs among each other, we do not need to be careful
about normal ordering.
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2.3 The ‘secret’ representation

In the above, we have treated the Wakimoto field v as a free scalar, i.e. a complex-valued field
on the worldsheet. However, as was pointed out in [31] (see also [54] for related discussions),
this description of the worldsheet theory is not complete. Specifically, in the Poincaré metric,
the pair (y,7) is meant to describe a set of complex coordinates on the boundary. In Euclidean
signature, the asymptotic boundary of AdSs is the Riemann sphere CP!, which does not
admit a global set of coordinates. Specifically, for any continuous map 7 : ¥ — CP!, there
will generically be points on the worldsheet for which v diverges. In the treatment of v as
a free field, however, v cannot have a pole unless it has a nontrivial OPE with a vertex
operator at some point on X.

In [31] (following the treatment of [33]), it was suggested that a natural way to implement
the compactification of the target space of v, 7 is to deform the worldsheet theory by
adding a term

p / DD (2.43)
b
to the action. Here, D is an operator satisfying the properties
e D lives in the w = —1 spectrally-flowed sector.
e D has trivial OPEs with J(z), up to a total derivative. Specifically, h(D) = 0.
e D has worldsheet conformal dimension A(D) = 1, so that it is classically marginal.

A natural candidate for such a field is the combination'®

D — o—22/Q (k=2)p+i(k—1)x

= e 20/Q (]{ ’Y)_(k_l) 3(8)

Here, the contour integral is taken around the insertion point of D. This state D is a singlet

(2.44)

with respect to sl[(2,R); up to a total derivative and has a simple pole with respect to 7,
so that inserting several copies of D into a correlation function allows « to have poles. We
should note that, while D is not exactly an sl(2,R); singlet, it effectively is since

J3(2)D(w) ~ J*(2)D(w) ~ regular, J~(2)D(w) ~ Oy <W> . (2.45)

In conformal perturbation theory, this deformation requires us to consider correlators

[ee]

N N N
(01 0p), =Y % 11 /dz,\a <(91...(9n H(DD)(AQ)> : (2.46)
N=0"""a=1 a=1

This effectively requires us to consider, in the path integral, field configurations for which ~
is allowed to have an arbitrary number of poles, labeled by the positions A,. In the language

—(k=1)

'"*The contour integral (§ ) can be interpreted as the action of the mode (71)'~* on the state

associated to §(3).
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of [33], the introduction of this deformation effectively acts to compactify the target space
from C to CP!. The addition of [ DD is similar to the addition of screening fields in the
Coulomb gas formalism of AdSs string theory [17]. Specifically, the operator S_ of [17, 18]
shares many similarities to our deformation, but is not equivalent.

In [21, 23, 55], a similar idea was presented, for which a field (which they called the ‘secret
representation’) was considered. This field is meant to have worldsheet conformal weight A =0
and be a true singlet with respect to s[(2, R), but be non-trivial with respect to the Wakimoto
representation. Specifically, their state was identified with the lift of the sl(2, R) state

E k\GD
=|-, = 2.47
) =|5:3) (247
to a state in the Wakimoto representation. The state |p) is indeed the vacuum with respect
to sl(2,R)g, but is nontrivial with respect to the Wakimoto fields (specifically, v; does not
annihilate it). Our state, on the other hand, is

(2.48)

k k—2\CY
202 > ‘

D) =|

While |D) shares many properties with |p) (it has spacetime conformal dimension h = 0
and has a pole with 7), they are crucially different in that Lo |D) = |D) while Ly |¢) =
0. This difference is due to the fact that |D) should be integrated over the worldsheet,
while |¢) was proposed in [23] to be inserted by hand at specific points where « has poles.
Despite the difference between |D) and |p), we will continue to refer to |D) as the ‘secret
representation’ field.!”

2.4 Correlators and covering maps

We can now finally turn to the main problem of this section: the computation of correlation
functions of spectrally-flowed vertex operators. We consider the correlator

< ﬁ Vﬁ:’ji (a:i, ZZ)> y (2.49)

i=1

where, as discussed above, we have included the deformation by the secret representation
field D in the definition of the action. In conformal perturbation theory, we have

00 pN N N o n
. (H / d2)\a> <H(DD)()\Q) v (a:i,zi)> . (2.50)

N=0 " \a=1 a=1 i=1
Note, however, since any correlation function which does not satisfy the (anomalous) con-
servation of —9® must vanish, we do not need to consider all values of N, only the one

which satisfies the conservation law

2N " W
— + (Q] _
g "=\ g

17As noted in the introduction, this screening operator was independently discovered by Hikida and

)=Qu-g. (2.51)

Schomerus in their recent work [32].
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We will find it useful in the following to rewrite this conservation law as

Lw -1 Q[ k
N:l—g+zw2 _ @ <Z]l—n+29 2) + (n+39—3)>, (2.52)
i=1

2

where we recall that Q% = 2/(k — 2).

Let us now consider the path integral of this correlator. As mentioned above, by the
anomalous charge conservation of 0®, we can restrict NV to be given by (2.52). Let us also for
the moment ignore the factor of p” /N! and the integration over the points \,’s. Since all of
the vertex operators factor into operators depending on ® and operators depending on 5, we
can factorise the correlator into a ® correlator and a S+ correlator. The ® correlator is simply

< ﬁ 672<I>/Q()\a) ﬁ e(wi/Qsz‘)CI’(Zi)> , (2.53)
a=1

=1
which can be computed by Wick contractions. This correlator will be proportional to an
overall momentum-conserving delta-function:

s (Q + ; (jS — Q) -Q(1 - 9)) ) (2.54)

such that when the conservation law (2.52) is satisfied, the correlation functions of the
near-boundary theory will diverge. Fundamentally, this divergence comes from the integral
over the zero mode of ®, and explains the divergences in the correlators SL(2,R) WZW
model for certain values of the spins j;.

In addition to the ® correlator, the (chiral half of the) S~ correlator is given by

[P I TL(f )" soan T (20 =) b e -2,

i=1 w;!
(2.55)
We can rewrite the delta functions of 8 using the formal identity
d¢,
5(B0N)) = [ Soacisen (2.56)

2
This amounts to modifying the action of the g system to be

1 _
N %/25 (a»y - %:27”{@5(2)(2, Aa)> (2.57)

and integrating over the points &,’s. Integrating out 5 then effectively amounts to imposing
the constraint that ~ is holomorphic with poles of residue £, at A,. Integrating over A,
then amounts to restricting v to the space

Fn = {7y meromorphic with N poles} . (2.58)

This is a space of complex dimension dim(Fy) = 2N + 1 — g. Since the poles are taken to be
unordered, we can remove the 1/N! in the path integral, and we are left with

(2) [ (Tmge)

ﬁ (M)mj Ouw; (v(2i) — zi) . (2.59)

=1
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Note that since Fy is a finite-dimensional space, we can actually define a measure dvy in
the path integral.'®

The delta functions in the integral over Fy restrict us further to the subspace Gy of
maps in Fy satisfying

v(z)~ i+ 0z —2)"), z— 2. (2.60)

This is a space of dimension

dim(Gy) =2N+1—g— Zwi
= (2.61)

=—Q? (f:ji—];:(n+2g—2)+(n+39—3)> —(n+39-3),

=1

where we have used the conservation law (2.52). Thus, the path integral reduces to

/gN dy <1];V[12fi§i(7)> 1 (31"(’7(2)—90)> B 262)

i=1 w;!
Note that we have dropped the factor of (p/27). Again, we have not been careful about the

~(k=1)

measure of Gy, which will contain nontrivial Jacobian factors coming from the integration
of the delta functions.

In full string theory, we will want to multiply the above integral by the ® correlator and
integrate over the moduli space M, , of curves. For a fixed surface 3, we can think of the
space Gn(X) as defining the fibre of a bundle Hy — M, ,, whose total space is

Hy = {(7, ¥) |7 : £ — CP! holomorphic, degree N, with v(2) ~ z; + O((z — zi)wi)} .

(2.63)
The total space Hy has dimension
5 (& k (2.64)
=-Q Zji—§(n+2g—2)+(n+3g—3) )
i=1

and the string amplitudes will schematically be given as an integral over Hy:

) it (W)_x)> e (2.65)

|
i=1 Wi

—(k—1

N
L A f(2,) (1}1 Res (7))

Here, f(3,7) is some function on Hy which will come from the ® correlator as well as
any Jacobians we have ignored.

8There is a natural measure on Fy induced from the measures on 3 and CP' [56, 57]. However, one
has to be careful about the Jacobian factors taken from integrating out 5 in the path integral to define the
measure d-y.
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As a consequence, we see that if the SL(2,R) spins are chosen such that
- k
D Ji=5n+29-2)—(n+3g-3), (2.66)
i=1

the dimension of Hy vanishes, and the integral (2.65) becomes a discrete sum, that is, a
zero dimensional integral. This discrete sum is precisely over the set of branched covering
maps I' — CP' which are branched over x; with order w;, and with no other ramification
points. Let us denote the local behaviour of such maps as

D(2) ~x +ak(z—2)% 4. (2.67)

Furthermore, let us write £, as the residues of I at \,. Then the worldsheet correlation

function becomes

N n
ST ) I E) " * D (al)m (2.68)
a=1 =1

r

where, again, f(3,I") is some function depending on the covering map data which we have
not determined.

The above form of the string correlation functions was found in [23] as a consistent
solution to the Ward identities of the SL(2,R) WZW model. Specifically, they were able to
show that the worldsheet correlator can only localise to holomorphic covering maps when
the constraint (2.66) was satisfied. Furthermore, when the correlators do localise, it was
found in [23] that the correlators depend on m; via the combination [[;(al )~™. The above
discussion then should be taken as an independent path integral derivation of the results
of [23] in the Wakimoto representation.

Note that while we have not fixed the overall function f(3,T'), it should in principle

be possible to do so (see the discussion in section 6).1

2.5 Reading off the dual CFT

What happens when the constraint (2.66) is not satisfied?

The moduli space Hpy is the moduli space of all holomorphic covering maps with a
fixed degree N and which branch over z; with degree w;. If m := dim Hy is positive, then
generically there will exist m points &, on CP! such that v has a simple branch point over
&q, i.e. such that

Y(2) ~ &+ O((2 = G)°) (2.69)

near some point ¢; on Y,. The degree of the covering map will be

n

N=1-g+>

=1

wi—1+@
2 2

(2.70)

190ne such method of computing these Jacobians was found in [32], based on the computational techniques
of [19-21] We thank the Volker Schomerus and Yasuaki Hikida for pointing this out to us.
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and for each fixed choice of §;, the number of such covering maps is finite. Thus, we can
locally parametrise the space Hy by the locations &; of the m ‘extra’ branch points. This
implies the following schematic form for the correlation function of spectrally-flowed states

/HdZ&O(xl,...,xn,fl,...,fr)
- (2.71)

=1

x5<m+Q2 (ﬁ:ji—I;(n+29—2)+(n+3g—3)>> ,

where O is a function on Hy which depends on the insertion points z;, & on CP!, as well as
some data of the covering maps . Here, we have introduced the delta-function imposing
the 0® conservation law, which we have previously ignored.

In [25], a perturbative CFT dual to bosonic string theory on AdSs x X was proposed.
This CFT is given by the symmetric product orbifold, which is then perturbed by a certain
twist-2 operator:

@mWXxR@+M/@@. (2.72)

Here, Rg denotes a linear dilaton CFT with action

11 - 9
5_2W/(éa¢&m—43¢). (2.73)

The deformation operator o2, is defined in the twist-2 twisted sector of the symmetric
orbifold,?° and has linear dilaton momentum

1 k—2
=5=\"7 (2.74)

In this CFT, we can compute correlation functions of the form

<Howww» , (2.75)
=1

In

a

where Oy, o, lives in the w;-twisted sector of the symmetric orbifold theory and has ¢-
momentum ¢;. In naive perturbation theory, one drops down m copies of the perturbing
field o2, and computes integrals of the form

/H (_M)m <H sz‘7ai($i) H027ai(§i)> (2.76)
i=1 i=1

|
m: =1 =0

computed in the undeformed symmetric orbifold. As is standard in symmetric orbifold
theories [28, 29], in order to compute the above correlation function, one sums over all
branched covering maps satisfying

L(z) ~z; + Oz — z)"), z =z,
L(z) ~ &+ 0((z— G)?), z = G,

208ee [58] for a pedagogical introduction to symmetric orbifolds and their twist fields.

(2.77)
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for points z;, (; on some auxiliary covering surface 3. The number m of perturbing fields is
found by demanding that, upon lifting to the covering surface, the linear dilaton momenta
«; satisfy the charge conservation law

Z a;+ma=9(g—1), (2.78)
i=1

where ¢ is the genus of the covering surface. Amazingly, if one solves for m, the result is
given precisely by (2.64) if we identify the linear dilaton momenta to the SL(2,R) spins via

1
a; = QJ; ok (2.79)
and with Q@ = v/2(k —3)/vk — 2. This is in fact precisely the dictionary proposed by [25, 26]
for relating linear dilaton momenta to SL(2,R) spins, and so m indeed is the dimension of
the worldsheet path integral, if one assumes this dictionary. We shall note here that our
linear dilaton conventions differ from those of [25, 26].%!

We thus conclude, since the number of extra branch points &; in both the worldsheet
computation (2.71) and the dual CFT computation (2.76) are the same, that the worldsheet
path integral naturally reproduces the naive perturbative structure of the dual CFT of
Eberhardt.?? Of course, an exact matching of both sides would require a careful study
of the various Jacobians arising in the worldsheet path integral. We will return to this

point in section 6.

3 Spectral flow as a background gauge field

In this section, we will explore spectral flow from a different perspective to that considered in
the previous section. We will argue that spectral flow can be thought of as the result of the
insertion of a non-local operator wrapping unflowed vertex operators on the worldsheet. As
we will explain, this non-local operator can be thought of as a constant background gauge
field in the SL(2,R) WZW model whose curvature is concentrated at the insertion points
of the spectrally-flowed vertex operators. This background gauge field couples to the sl(2)
currents and is a constant nondynamical (0, 1)-form partial connection on the worldsheet,
whose form is wholly determined by the spectrally-flowed vertex operator insertions. The
introduction of this gauge field modifies the equations of motion in the worldsheet sigma
model, and we show that the solutions to these equations of motion naturally reproduce
holomorphic covering maps from the worldsheet to the boundary of AdSs.

21Speciﬁcally, the two conventions of linear dilaton charges and momenta are related by Qtheirs = Qours/ V2
and heirs = (Qours + Qours)/V/2, the latter difference being a combination of reflection symmetry j — 1 — 5
and a minus sign.

22G8¢trictly speaking, the naive perturbative answer (2.76) is not correct, but rather reads off the residues of
poles in the configuration space of the momenta «;. This is similar to the case of Liouville theory [59, 60].
One would expect that a careful treatment of AdSs string theory would find that, as one moves away from the
boundary, the delta functions of (2.71) would be smoothed out into poles. This is indeed the result of the
Ward identity analysis of [6-8].

,18,



PO

Figure 1. The keyhole contour P is contracted to a circular contour P° and a contour P! along the
branch cut.

3.1 Spectral flow as a non-local operator

Consider an operator O which lives in the unflowed sector of the SL(2,R) model. Now,
assume that this operator is placed at the location y on the worldsheet. We can consider a
keyhole contour P wrapping around O(y), whose shape is chosen to skirt around the branch
cut of the function log(z — y), see figure 1. Let us define the operator

O™ (y) = exp ( / — log(z — )J?’(z)) O(y) . (3.1)

We claim that O™) lives in the w'™® spectrally-flowed sector.

This definition is justified as follows. Let us consider the OPE between, say, J* and
O®@)_ In order to find the short-distance behaviour, we need to ‘push’ the insertion point
of J* through the contour P. As shown in figure 2, the result is that the OPE between
J*T(¢) and O™)(y) is given by

exp( / —log z— )J3(z)> <e_w3§<;fzilog(z_y)ﬁ(z)fr({)(’)(y)) , (3.2)

where the integral around ( is taken to lie entirely inside the contour P and runs counter-
clockwise. We can evaluate the given expression (recall the JJ OPEs given in (2.4)) and we find

exp (= f 2108z = 9)7() THQ) = (€= )T (). (33
so that
THOOW) ~ (¢~ ) e (w [ SZ10g(z 1)) (71Q0W) - (34)

If we write the OPE between Jt and O as
(J7O)(y)

JT(Q)Oy) = ; (€ =gyl (3.5)

then we can read off

THOOMW) =2 (7wt = 2 (= gy

Thus, we see that JT acts on @) in the same way as it would act on the spectrally-flowed

(3.6)

image of O. A completely analogous argument shows

(w)
oWy = 3 YrnO ) ¥ ((72+ ’“"5 )O) (v)

n n

(3.7)
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¢

Figure 2. Pushing an operator located at ¢ through the integration contour P. The result is that
the operator located at ¢ is wrapped by a closed contour upon being pushed through.

Thus, we can identify O™) as the spectrally-flowed image of ©. We emphasise that this
contour prescription for spectral flow is purely based on the existence of an s[(2,R); affine
symmetry, and thus does not rely on taking the near-boundary limit as in section 2.

Now, we can deform the contour P by bringing its tails infinitesimally close to the branch
cut of the logarithm. Let P, and P_ represent the parts of the contour directly above and
below the branch cut. Since the logarithm jumps by a factor of 2wi above and below a
branch cut, the contributions of Py, P_ to the contour integral limit onto the following
integral along the branch cut

P, 2mi 2mi pl

d d
w ( ° / Z) log(z — y)J3(2) = —w [ dzJ3(2), (3.8)
P_
where P! is the contour shown on the right of figure 1. Thus, we have

d d
w | £ log(z —y)J3(2) = w el log(z —y)J3(2) —w | dzJ3(2), (3.9)
p 271 po 271 p1

where P is a closed contour which wraps around y, as shown in figure 1. Now, we note that

e fprdz THE) exp (w /Pl dz (65) - ﬁv)) = ¢ ®W)/Q5, (v(y), (3.10)

where 9/ is the position where P? and P! meet. Hence, we can write the spectrally-flowed
operator O™) in the form

O (y) = e*W)/Q5,,(7(y)) exp (w § 5 o8l - y>J3<z>) o).  (311)

0 271

As an example, if we take O = anhj = e~ @I%ym=J  we have

O)(y) = e“*WV/C5, ((y')) exp (wﬁ L Jog(z - y)J3(2)> O(y), (3.12)

0 271

The OPE between J* and V)9 ; is J?(2)V,y i(y) = mV,) :(y)/(z — y). The contour integral
around P° then gives

exp <w f}o ZdT:Z log(z — y)J3(2)> Vfg,j(y) ~exXp (wm?}{ ;;bgf—;JZJ)) Tg’j(y)’ (3.13)

~ exp(wmlog(e))V = eme,%j (y),
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where € = |y — ¢/| is the radius of the contour P°. This approximation holds in the limit of
small e. Collecting everything, we can plug in the expression (2.26), and we get

O (y) ~ e IR, (3 e By () (314

In the end, we would like to shrink the contour around y. To do this, we need to know
the various short-distance behaviours of our fields in the limit y — ¢’. This can be read
off by the OPEs

wh(y)/Q,-QiP(y) -, i y(w/Q-iQ)P(y)

T, —m—j (3.15)
G () e (S T ).
Thus, upon taking € — 0 (i.e. y — ¥’) the operator O becomes
. w —m—j
O () = W/Q=wi)®w) (87‘(3/)) Suw(Y(y)), (3.16)
w!

which coincides with the result (2.39) for the spectrally-flowed vertex operator in the Wakimoto
representation.

The above discussion tells us that we can view spectral flow as the inclusion of a non-local
operator on the worldsheet. For holographic applications, however, we would like to consider
vertex operators in the z-basis. As discussed in section 2, such operators are defined by

0 (z,y) = 1o O (y)e=27 . (3.17)
Using the relation
™o J3(2)e ™0 = J3(2) — 2 J T (2), (3.18)

we have

OW)(z,y) = e® Ty exp ( / —log(z — )Js(z)) e_g”“fgrex‘]gr(’)(g/)e_“‘]gr
(3.19)

—exp (0 [ 32 log(z — )(1*(2) — 2" (2)) Oy, ).

That is, we can obtain spectrally-flowed vertex operators in the z-basis by wrapping the
unflowed operator O(y, x) with the non-local operator constructed using J> —2.J* as opposed
to simply J3.

For completeness, we also include the expression for the secret representation operator D.

-1
As we mentioned in section 2.3, the operator D can be obtained from the state 7, %>( ),
i.e. as a state in the w = —1 spectrally-flowed sector. Thus, we can write it as
D) =exp (= [ 5% loglz = ) 1(2) ) e 202 ()11
(3.20)

= exp ( - dz J3(z)) exp (— f} dz log(z — )J?’(z)> e~ W/ @y () TR+

0 271
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Analogously to the above calculations, we have

dz _ T _ _ (e
em(—ﬁ)bﬁz—wJ%@>€@”@7@)“])ka”e“”@v@)@1%

0 271
(3.21)
o ( [, 427'()) = 265,
P
where again we have taken P! to end at 3. Using the OPEs
e~ 2W)/Qe—2W)/Q  —(k=2)/2,-22()/Q
(3.22)

—(k-1)
5By (y)~ D ~ 1 ( f v) 5(5(4)).

we find

D:eQWQ(%Wyﬂ%DMm. (3.23)

This agrees precisely with the form (2.44), as expected.

Locality

The non-local behaviour of the spectrally-flowed states constructed in this fashion is somewhat
surprising from the worldsheet perspective. Let us expand on this a bit. Let us consider an
operator V' in the SL(2,R) model. If we consider the OPE of V' with the spectrally-flowed
operator O™ we will find that this OPE has a branch cut. Specifically,

V(e2™2) 00)(0) = e 2"wh () 0®)(0) | (3.24)

where h is the J§ charge of V. The phase comes from pushing V' through P;.
In a full non-chiral analysis, the spectrally-flowed state O®) will be defined with respect
to both J§ and J3, and the analogous statement will be

V(') 0 (0) = e v (2) 00 (0), (3:25)

where h is the jg eigenvalue of V. This relation suggests that states in the SL(2,R) WZW
model which have local OPEs with spectrally-flowed states must obey the relation

h—h€Z/w. (3.26)

Indeed, this will be the case for all states we will consider. Specifically, we will always take
the left- and right-moving components of vertex operators in the SL(2,R) model to lie in
the same representation of s[(2,R);. Specifically, this means that h and h will have the
same fractional part, and so in particular®

h—heZ. (3.27)

Thus, all states we will consider will have a local OPE with @), and all correlators we
consider will be free of branch cuts.

ZMore precisely, we consider the charge conjugation modular invariant spectrum, and thus j = j for the
discrete representations D; ® 253 and a = & for the continuous representations C§* ® C_f. In both cases the J§
and J§ eigenvalues therefore differ by an integer.
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3.2 Interpretation of the non-local term

The above discussion suggests that we can consider the correlation function of spectrally-
flowed states in the SL(2,R) WZW model in terms of unflowed states in the presence of
the extended operator

Hexp( / —log z—)\a)J?’(z)>

dz

exp | w; —10 z— % J3(2 —x; JJT (2 ,
121 b (w0 [, 5 Torz = (1) — 2. (2)) )

(3.28)

where P, and P; are keyhole contours like those in figure 1 which wrap around A, and z;,
respectively, while avoiding the branch cuts of the logarithms.
Now, we can deform the various contours in the above operator as follows. First, we pick
a point p on the worldsheet where all of the branch cuts are chosen to meet. We then deform
the contours P; and P, as in the right side of figure 1, so that we are left with circular contours
wrapping z; and A4, as well as operators localised on the branch cuts of the logarithms.
The spectrally-flowed correlator can now be written in the form

n /
<H6 S UCIIINY | PRt S G xl)>

272 :
=1

(3.29)
where prime indicates that we evaluate the above correlator with the inclusion of the operator

exp( / J3 — Zwl/ J3— 2 J7h) ) (3.30)

represented by the ‘tails’ of the contours. Here, p is some basepoint where we have chosen to
end the contour integrals. For the sphere, it is convenient to pick the branch cuts to end at
the north pole, i.e. at p = co as in figure 3. However, in the following, we will be agnostic
about the basepoint p, since we are mainly interested in the local behaviour near z = z; and
z = Ag. We also recall that the number N of secret representation fields D is dictated by
the SL(2,R) spins via 9® charge conservation as in equation (2.52).

We can understand this operator as a kind of modification of the action of the worldsheet
theory. Indeed, one can equivalently view the insertion of this operator as a deformation
of the action of the WZW model:

N Aa, n A
=9 Z/ I3+ Zwi/ (J2 =z JT). (3.31)
a=1"P i=1 p
We can now trade the integration over the various contours for an integration over the full

worldsheet by introducing a (0, 1)-form valued distribution A(z — y) which has support on
a curve connecting the points = to y. Its defining property is

/Zw/\A(x—MJ)—/:w (3.32)
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Figure 3. The support of the gauge field A1) is localised to paths connecting the insertion points
z; and A\, to a base point p, taken to be the north pole of the Riemann sphere.

for any (1,0)-form w. In terms of this distribution, we have

S'=8 +/E (Zn:wi(J?’ —z JJY)YANA(p = z) — i\’: TN A(p — )\a)> . (3.33)
i=1

a=1

So far, we have simply defined a modified action with which spectrally-flowed correlation
functions are to be computed. We can now give this action a nice physical interpretation.
Let us write

1
S'=5+ —/ Te[J A AOD], (3.34)
2r Jx
Here, AOY is the s(2,R)-valued (0,1)-form distribution

n N
AOD =27 N i (8 — 2t D) A(p — z) — 21 Y BA(D = Ao, (3.35)

i=1 a=1

where t* are the generators of sl(2,R) and we have defined J so that
J = Tr[J t%]. (3.36)

Choosing the basis

* = <1é2 —f/2> 1= (8 (1)> b= (—01 8) ’ (3.37)

we can write AL in the form

AOD = 97 S (“’10/2 _w%/;) Ap—z) -2y <1é2 _f/2> Alp = Aa). (3:38)
i=1 v a=1

In this notation, the action (3.34) has the form of a WZW model with background gauge
field AV, Thus, we propose that:
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the computation of a spectrally-flowed correlation function in the SL(2,R) WZW
model can be rewritten as the computation of an unflowed correlation function in
a background gauge field AL,

We should note that the notion of spectral flow as a background gauge field is not a new one
(see [61, 62]). However, as far as we know, this is the first time the idea has been used in the
AdSs literature. As we will see below, this background gauge field modifies the equations of
motion of the Wakimoto fields such that the solutions to the classical equations of motion
impose v to be a holomorphic covering map branched at z; with poles at A,.

3.3 Equations of motion and covering maps

Given a function f on the worldsheet, we have

Lorna@—y = ["or = 1) - ). (3.39)
P T

Integrating the first integral by parts, we see that the distribution A(x — y) must satisfy
the differential equation

Az —y) = =@ (2,9) + 0P (2, ) . (3.40)

On the sphere, the solution to this equation is simply?*

Alp = ) = —5- 9 (1og(= — y) ~ Tog(z ~ ) - (341)

If we specify the basepoint to be p = oo, then we simply have
1 _
A(co = y) = —2—8log(z —y). (3.42)
T

Thus, picking p = oo, we can write the deformed action of the s[(2,R); WZW model as

1 n o N o
§=85- o /d% (Zwi(Js(z) — 2T (2)Dlog(z — z) — 3 I3 (2) Dlog(z — m) .

=1 a=1

(3.43)

Now, let us consider the Wakimoto representation (2.12) in the near-boundary limit
® — oco. The modified worldsheet action has the form

= [ (Loed ST S PN
§'= o (28¢8¢+;Q8®810g(z ) (;Qf)cbf)log(z Aa)

(3.44)
1 — L _ N _
+ %/ (587 - szﬂ (v — ;) 0log(z — z;) + Z By 0log(z — /\a)> .
i=1

a=1

24The complex function dlog(z) does not vanish everywhere, but rather has a delta-function singularity
along the branch cut of the logarithm.
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The top integral can be computed via integration by parts, and has the effect of introducing
the operator

ﬂ e i®Q () ﬂ e®/Q(\,) . (3.45)
=1 a=1

into the path integral. Meanwhile, the bottom line of (3.44) has the effect of changing the
equations of motion for «. Specifically, integrating out 3 restricts the path integral to an
integral over fields ~ satisfying

n N
I(2) =Y wiy(2) — x;) Blog(z — z;) — > ~(2) Dlog(z — Aa) - (3.46)
=1

a=1

The solutions to this differential equation are precisely those for which ~ has the local behavior
V(2) ~ 2+ O((z — 2)"), 2=,

’y(z)~(9<z_1)\a) , Z—= Ag - (347)

As noted in section 2, the number N of poles is determined uniquely by the SL(2,R)
spins j; by (2.52). If the value of N determined by (2.52) is an integer, then the unique
solutions to the equations of motion for + are branched covering maps with branch points
at z = z;, as well as m extra branch points, where?®

n . k

m:—Q2<Z]i—2(n—|—29—2)+(n+3g—3) . (3.48)
i=1

Thus, we see from another perspective the conclusion of section 2 — if the above constraint

on j; is chosen, then the correlation functions of the near-boundary (® — oo) sector of the

5[(2,R)x, WZW model localise to holomorphic covering maps.

4 The k = 1 string on AdS3 x S3 x T4

We begin this section with an overview of the k = 1 string theory on AdSz x S* x T4, written
in the hybrid formalism. The string theory can be described using the level k£ = 1 current
algebra psu(1,1|2);. At this level, the current algebra admits a free field realisation and
we use essentially the same free field realisation as in [36, 37] but with a slightly different
notation which hopefully will make the connection to twistor variables more apparent as
we will discuss in the next section. We will again focus mainly on the AdS3 part of the
string theory as we did in the previous section. This amounts to focusing on the s((2,R);
subalgebra of the psu(1,1|2); superalgebra. A good set of references for the interested reader
includes, but is not restricted to, [3, 35-37, 39, 40]. We then write down an explicit form of
the spectrally-flowed vertex operators. We will give multiple forms of the vertex operators,
each will have its own advantages that will be discussed in this section.

Z5Strictly speaking, our analysis in this section has only been for genus g = 0. However, since the
conditions (3.47) are entirely local, it is natural to assume that this analysis will extend to higher-genus
surfaces as well.
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4.1 Review of the kK = 1 theory

Strings propagating in AdSz x S x T* background with one unit of NS-NS flux and zero
units of RR flux can be conveniently described by the hybrid formalism. In this formalism,
the worldsheet theory is described by a WZW model of the supergroup PSU(1, 1|2) and a
topologically twisted T* [35]. The level k, which also represents the amount of NS-NS flux, in
the WZW action is chosen to be 1. Additionally, as is usual in the superstring, the worldsheet
theory has ghosts which in this case are bosonised and are denoted by p, 0.2 Furthermore,
the level one algebra possesses a free field description in terms of two pairs of symplectic
bosons (u, ), (A, w),2" as well as two pairs of complex fermions (¢, 7;), with i = 1,2 [36, 37].
For reasons that will become clear in the next section, we will package the free fields as follows

i
z4 A

74 = (Z[> = w1 y Ya= (YAvY}) = (ﬂ-’w’nlvn2)v (4'1)
wZ

where A = (A|I) and A,I = 0,1. The worldsheet action is then a sum of three indepen-
dent parts

S = Smatter[ZAa YB] + Sghosts[p7 U] + S’JT4 . (4'2>

For the purposes of this paper, the (p,o) ghosts and the T* can be neglected since they
decouple from all computations. Indeed, the usual ansatz [63] for a full vertex operator reads

Vian = V(Z4Y YV (2!, Y )27V, (4.3)

Since the vertex operators and the action functional factorise, computations of any corre-
lators will also factorise into uncoupled pieces and one can focus on each of the factors
in equation (4.3).

The ‘matter’ fields Yy, Z4 are taken to satisfy the free field OPEs

5t

V()74 (w) ~ ——E—

(4.4)

and have worldsheet conformal dimension A(Y4) = A(Z4) = 3. Note that the order of
the indices matters, i.e.

6BA = dlag(lv 17 17 1) )

4.5
645 = diag(1,1, -1, 1) (4.5)

26The o ghost is the bosonising field of the b, ¢ ghost, however, the definition of p is more complicated,
see [35].
2"The symplectic bosons notation used in [11, 36, 37] is related to our notation here by the identification

O
p~ =6,  m~qh
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because of the Grassmann statistics of the complex fermions. Bilinears in these fields have
conformal weight A = 1, and thus define worldsheet currents. The algebra generated by these
currents is gl(2]|2);. In order to restrict to psu(1,1|2), we gauge the current

1
Z= §YAZA, (4.6)

which generates simultaneous scalings Y — oY, Z — a~1Z. See [37] and [36] for more details.
The matter action is a first-order action in the fields Y4 and Z4, namely

1 _
Smatter = % /E YA(a + a)ZA . (4'7>

Here, we are only considering the chiral half of the theory, although everything we discuss
will extend to the full non-chiral theory. Here, a is (0, 1)-form which acts as a u(1) connection
gauging the symmetry Z. In the path integral of the theory, we will be instructed to integrate
over all such connections, parametrised by the Jacobian Jac(X). For the moment, however,
we will consider the theory with the gauge fixing a = 0 (such a choice is always possible on
the sphere), and return to the discussion of nonzero a in section 4.6.

From the free fields above, we can write down the sl(2,R); currents as bilinears of such
fields. Writing again Z4, Y4 as the bosonic parts of Z4, Y, we can write the s[(2,R);
currents as

J* = Te[yteZ], (4.8)
where t% are the sl(2,R) generators given in eq. (3.37). Explicitly, this reads

J3 = % (T — wA)
Jt =1 (4.9)
JT = —pw.

One can check that they satisfy the correct OPEs for the current algebra s[(2, R);, namely,

1 1
3 3 L
PRI W) ~ 5
30\ 7+ J*
~ £ 4.10
JH(2) 7 (w) ~ £ (4.10)
2.J3(w) 1
+ - ~
JT(2)J (w) T w +(z—w)2'
Furthermore, the current Z can be written as U + V with
1 1 1 2
U= gwrtmp), V=g(mi'+my). (4.11)

Highest-weight states in the s[(2,R); model are obtained from highest-weight Ramond-
sector states in the free field algebra. Specifically, we can introduce a basis of quantum
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numbers m, j and define the Ramond-sector highest-weight representation via the actions

| 2 +1 . 1>
m,jy=m+-,j— =
Ho ) 27] 2

. 1 1
)‘O|ma]> = ‘m_ 57] - 2>
(4.12)

mog) = (= m) |m = 5.5+ 5)
mo|m,j) = (G —m)|m— < =
0 yJ J 27] 2

. . 1.1
o lm, 3y = G+ m) [m+ 5.5+ 5 )

Note that the above definition of ground states induces exactly the same action of sl(2, R) zero
modes as in equation (2.17). Indeed, using the definitions of J¢ in terms of p, A, 7, w, we find

Jg Im, gy =mlm,j) ., J§ |Im,j) = (m+j)|m+1,5) . (4.13)
Note furthermore that

. o1 . .

so that the Zy = 0 constraint enforces j = 1/2 for these states.

4.2 Spectral flow

Spectral flow in the sl(2,R); theory can be similarly defined as in section 2, that is, as an
automorphism of the mode algebra of the worldsheet free fields. Specifically, it acts on the
bosonic fields Z4, Y4 as [37, 40]

(4.15)

One can check easily that this definition reproduces equation (2.20) when k& = 1. Furthermore,
this action also preserves the commutation relations between the symplectic bosons and
hence, is indeed an automorphism at the level of symplectic bosons. The action of spectral
flow on the modes then induces the action on the states. Let us again denote by |m, j >(w)
the image of a state |m, j) under the action of spectral flow o*. These states must satisfy
the following property

A I, 5) =(0" (Am) Im, )™, (4.16)

where A,, is the mth mode of an operator A(z). Applying eq. (4.16) to the modes of
symplectic bosons, we deduce that
Aplm, ) =0, m>Z
(4.17)

Bm|m7j>(w):0> m>_§7

where A € {\,7} and B € {u,w}.
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4.3 Bosonisation

Shortly, we will write down an explicit form of spectrally-flowed vertex operators. It turns
out that the crucial ingredient in doing so is the bosonisation of the symplectic bosons. Note
that a pair of symplectic bosons has exactly the same OPE as a g7 system. Since the g~
system admits a bosonisation, so do the symplectic bosons. Let

¢i(2)pj(w) ~ =i In(z — w) ~ Ki(2)rj(w) (4.18)

where 7 = 1,2. The bosonisation of the symplectic bosons reads

A= e 2Rz, w = eP? M2 90k,
Iu = efqﬁlf'hﬂl7 T = e¢1+il€1 a'i/il . (419)
In this bosonisation, the s[(2,R); currents become
1
I = —50(¢1 = ¢2)
J+ = e¢1+iﬁl_¢2_i5287;ﬁ1 (4.20)

J = —eb2tire—¢1—im Diky .

To facilitate interchanging between the bosonised and the rebosonised forms, we include here
some identities of the exponentials of the bosonising fields [64]

w =l w -t
e(l+’w)¢1+ll}i1 — <a /-'L> 5w(ﬂ), e(l+w)¢2+lll‘i2 — <a)\> 5’111()\)7
w! w!
N o (4.21)
w: w:

where w is a positive integer and [ is a real number. The notation J,,(f) is the same as
defined in section 2. Finally, we put the radial ordering symbol R[---] in the second line of
equation (4.21) to emphasise that the last line is really a radial ordering between the two
terms. However, in the following we will largely ignore this subtlety since we are going to
work with path integrals and radial ordering becomes a normal product.

4.4 Spectrally-flowed vertex operators

Our goal in this section is to find closed-form expressions for spectrally-flowed vertex operators,
but now in the free field realisation of the psu(1,1|2); theory. We will make use of the idea of
wrapping a non-local operator to create spectrally-flowed vertex operators. Firstly, observe
that the operator

W AT (2) (4.22)

satisfies the OPE version of eq. (4.13). However, this vertex operator is in the NS sector
but the vertex operator we want is in the R sector. In order to obtain the R sector vertex
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operator, we wrap it with a non-local operator constructed by using the current —%Y . 728
The R sector vertex operator is

Vﬁﬂ%x=0)=6m<—;Lﬁ$]Z Yﬂ@bﬁz—m>uﬂﬂwwxﬁﬂww. (4.23)

Using the bosonisation we introduced and repeating the manipulation in section 3.1, this
operator can be written as

Vst =0) = exp ((7+m— 3) 01(0) + (G + myisa (v

H(imm=3) e+ G-miraw).  @21)

To obtain a w spectrally-flowed vertex operator, we then wrap by the non-local operator (3.1)
around the vertex operator in eq. (4.24). The final result reads®’

w . w—1 . .

Vimj=exp | (j+m+———)é1+ (j+m)ir

2 (4.25)

+O—m—w;>@+0—)mﬁ-

This expression holds for generic w. In the case in which w is odd, using eq. (4.21) we can
rebosonise the vertex operator (4.25) and write it in terms of the free fields as

o4t —j—m Ut 1 j—m

w o _ > 1 gz A 4.26

Ving = ((wl)') 5%1(#) X ( (LH)' ) 5wT+1<w)~ (4.26)
2 ) 2 )

Note that this vertex operator bears a strong resemblance to the Wakimoto vertex operators

in section 2.

There is another form of egs. (4.25) and (4.26) that will be useful later when considering
the localisation property. Substituting the relations d¢1 = —um, dpa = —wA into eq. (4.26),

we have
8“’7*1 —j—m 1
2 — z
(=) (4.27)
w41 —1 j_m
X 9= Mz) exp (212 1/Zw)\
(w 1)' p
= )!
The x basis

Just as in the case of general k, we are ultimately interested in computing correlation
functions of the form

<HV7§L”:h i, %) > , (4.28)

Z8Note that this current has a trivial OPEs with respect to the 5[(2,R)1 currents and hence, does not change
the s[(2,R); zero mode action in (2.17).

2This is the same as equation (2.16) of [14], with the identification @2 here = —@2,there and K2 here = —H2,there
and with ¢1, k1 unchanged.
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where x; are coordinates on the boundary sphere. As described in section 2, we define
the coordinate dependence of z by taking a vertex operator V and conjugating it with the
:L"JaL

boundary translation operator e*”o . Specifically, we define
eIV (2)e 0 = V(x, 2). (4.29)

Since we can write JT in terms of the symplectic bosons as J™ = w\, we can compute
the effect of x-translation on the free fields very easily. Specifically, we have

gt gt
ewJO e xJg —_ )\7 exJO Te zJ; =7, (4 )
.30
+ ot + g+
™o pe ™0 = i — z, "o we ™0 = w+ .

From these relations, we can immediately read off the form of the vertex operator V7', in
the z-basis. Specifically, equations (4.26), (4.27) become

w—1

w1 —i-m
VY (2,2) = (82(/1—33)0) St (11— )

(=)

whl g j—m
X (M) 5wT+1(w+:L‘7r),

(4.31)

et A NP Ry
() o ).

Let us briefly comment on the form of these vertex operators. First, the first line is only
valid for w odd. For w even, the vertex operators live in the Ramond sector and need to be
treated somewhat more carefully. Second, the above vertex operators, when inserted into the
path integral at z;, restrict the integration to field configurations which satisfy

w—1 w—+1

w(z) —axA(z) ~ O ((z - zZ)T) , w(z)t+ar(z)~0O ((z —2z;) 2 ) . (4.32)

This tells us that spectrally-flowed vertex operators in the k£ = 1 theory are to be interpreted as
operators which apply constraints on the space of allowed field configurations of fundamental
fields, analogously to the condition that spectral flow places on the Wakimoto fields for
s[(2,R); discussed in section 2.

The W field

In order to calculate correlators of spectrally-flowed states, there is one more subtlety that
needs to be addressed in k = 1 theory. In the hybrid formalism, one must dress n 4+ 2g — 2
of the fields in any correlation function with operators Q_; analogous to picture-changing
operators in the RNS formalism. However, as pointed out in [37], the effect of introducing
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these operators is to lower the value of j; by one unit. Thus, the overall sum of the charges
Ji is modified to
=~/ 1 /1
;(ﬁ—2>%;(ji—2)—(n+29—2). (4.33)
However, the physical state conditions in the symplectic boson theory restricts states to have
s[(2,R) spin j = 1/2, see section 4.1. Thus, after acting with the n 4+ 2g — 2 copies of Q_1,
the total sum on the right-hand side of (4.33) becomes —(n + 2g — 2).
However, such a correlator must vanish identically, since j; — 1/2 is the eigenvalue of
the current

1
U= 5(&))\ + ), (4.34)

and therefore the sum of j; — 1/2 must vanish in any nonvanishing correlator by charge
conservation of Uj.

The resolution, as was explained in [37] is to insert a certain number (n + 2g — 2) of
so-called ‘W fields’ These fields live in the vacuum representation with respect to sl(2,R);,
but are non-trivial with respect to the free fields. In order to account for the nonvanishing
Up charge, W must satisfy [Uy, W] = 1. One can construct W as the unique state satisfying

HW ~ 0 () W) ~ Oy,
Y X (4.35)
W) ~OG=9),  wEWH) ~0 ().
with [J3,W] = 0. This identifies W with
W =192 = 5(u)d(N). (4.36)

in the bosonised language. Equivalently, we can write

W = exp (— /(w)\ + 7w)> . (4.37)

Therefore, as was proposed in [37], the correct correlators to calculate take the form

n—+2g—2 n
< II <W“Ua)II‘ﬁ$JJ$mZD> ) (4.38)

a=1 i=1
where the locations u, of the W fields are taken to be arbitrary, and should drop out of
any final calculation.

Readers may notice a parallel between the W field of [37] discussed in this section and
the ‘secret’ representation D of [23] discussed in section 2. Both are singlets with respect
to sl(2,IR); but nontrivial with respect to the free field algebras which generate s((2,R)q,
and both are required to define nonvanishing correlation functions. However, both operators
should be thought of as signalling a quirk in their respective free field theories. In the
Wakimoto construction of section 2, the D field signals the need to compactify the target
space of v from C to CP!, while in the symplectic boson realisation of this section, the
W field is an artifact of the gauging from gl(2]2); to psu(1,1]|2);, for which W signals a
nontrivial gauge field configuration around some point. As far as we know, there are no
further similarities between these two ‘auxilliary’ fields.
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4.5 Localisation of correlation functions

Just as correlators of the sl(2,R), WZW model localise onto holomorphic covering maps
provided that the j-constraint eq. (2.66) is satisfied, the psu(1,1]|2); WZW model also admits
such a localisation property. In fact, all correlation functions in the psu(1,1|2); localise as was
shown in [37, 38]. Here we will explain how this localisation property arises in the path integral.

The localising correlators in the psu(1,1|2); model are described by holomorphic covering
maps I' which satisfy the local behaviour

F(Z) ~ T+ ai(z — Zi)wi + -, 2= 2, (439)

where z; is the insertion point of a spectrally-flowed operator on the worldsheet, and z; is
its location on the boundary sphere. In [37, 38], this localisation property was shown via
a Ward identity analysis on the worldsheet. Let us briefly describe how this works in the
path integral prescription we have developed.

As mentioned above, spectrally-flowed vertex operators in the k = 1 theory take the
form (4.31)

Vimi(®,2) = Op (2, 2)0w-1 (4 — TA)dwis (W + 27) . (4.40)
> ’ 2 2

where we have defined the operator

. o —an) (ot
O (@, 2) = ((i’:l)')) (Wl)') (4.41)

for notational convenience. The correlation function we want to consider is eq. (4.38), which
in this notation takes the form

n+2g—2 n
< T 0(u(ua))d(Mua)) [T O (i, 2i)0u,1 (1(zi) — xM(zi))MTH (w(z) + wﬂ(zi))> :
a=1

=1

(4.42)

Now, considering this correlator in the path integral, we would like to integrate out the fields
m, w. This can be done by using the formal delta-function identity
w,;—1

Ouir (w(z) + wim(2)) = / d¢h. .. d¢h, 1 exp | i i (—1)¢,0% (w(zi) + zim(2))
2 £;=0

(4.43)
Inserting this identity into the above correlation function has the effect of shifting the free
action (4.7) to"
w;—1 w; —1

n 2 n 2
1/ 7| O — 277@'2 Z gjixiaei6(z,zi) +w 5)\—2m'z Z Céiagié(z,zi)
b

2 i=1 £,—0 i=1 £,—0

(4.44)

30Relative to (4.7), we have set a = 0 for simplicity. We will see below how this argument is modified
if a #0.
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Integrating out w, 7 then imposes the equations of motion

w; —1

op=2miy_ > g}jixiagié(z,zi),

i=1 £;=0

(4.45)

w;—1

O\ = 2mi Z Z Céiaeié(z, i) -

i=1 £;=0

That is to say, the path integral is taken to be over meromorphic p, A which have poles of order

wiTH, and no other poles. Furthermore, the coefficients of the poles are precisely chosen so that

1) — 2\ (2) ~ O((z - 2)°). (4.46)

i.e. so that p(z) — x;A(z) has no pole near z;. Let F be the space of all such pairs, i.e.

F = {(,u,)\) ’ A~ O ((z - zl)_wgl> . w(z) — 2i\(2) ~ O((z — 2)°) near zz} .
(4.47)
This space has complex dimension3!
n : 1
dim(F) =Y 22 (4.48)

- 2
and is parametrised by the Lagrange multipliers %' Ignoring Jacobian factors, integrating
out 7, w effectively reduces the path integral to

n+2g—2 n

/ D(A, 1) H I((ua))d(A(uq)) Hozihji(xi,zi)é% ((zi) — xiN(2:)) - (4.49)

=1

The delta functions in the path integral demand that the first sz—l derivatives of u — x; A
vanish near z = z;, and furthermore that p, A both have simple zeroes near z = u,. This
reduces the above integral to a space of (virtual) dimension

dim(F) —2(n+29-2) - Y w’ (n+4g —4). (4.50)
=1

Thus, a generic correlator in the k = 1 worldsheet theory will vanish, unless n 4+ 49 — 4 of
the parameters in the theory are fine-tuned. Of these, n + 3g — 3 are taken care of by the

31This can be computed from the Riemann-Roch theorem as follows. Let .Z be the holomorphic line bundle
defined by spinors with poles of order “’iQH at z = z;. This bundle has degree deg(.£) =g—1+)_, wiTH,
and so by Riemann-Roch (assuming no correction term), the space H°(.Z, 2) of holomorphic sections of .

has dimension
w; + 1

. 0 1 _
dim H(Z,%) =1 - g+ deg(£) = Y 5

i

Now, F is the set of all pairs of sections of .Z such that u— x; A has no pole at z = z;. This space has dimension
2dim HO(Z, %) - ), w5t = 3wkt
theorem, then nonterlal 7, w zero-modes must be included in the path integral for a non-vanishing result.
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moduli space My, which we will integrate over in the path integral. We will comment in
the next section on the role of the other g — 1 moduli.

The localised values of the worldsheet fields will be pairs (i, \) satisfying all of the
above constraints. Consider the ratio

T(z) = *;(Z) (4.51)

where we understand this ratio to be evaluated on the solution to the above constraints. Since
A, u are chiral fields of conformal dimension A = 1/2, T" is a meromorphic function. Since A,
1 share all of the same poles and n + 2g — 2 of the same zeroes, the poles of I' are given by
the zeroes of A\ which are not located at z = u,. The number of such zeroes is found to be

ZAN)—(n+29g—2)=PAN)+g—1—(n+29—-2)
"1 (452)

where Z(A), P()\) are the total number of zeroes and poles of A, respectively, and we used the
fact that spinors satisfy Z(\) — P(A\) = g — 1. Thus, as a meromorphic function, I" has degree

w; — 1

rN=1- 4.
dee(r) = 1=+ 3 (453
Next, near z = z;, we have

Hence, viewed as a topological map I' : ¥ — CP', I" has a branch point at z = z;. Therefore,
I" satisfies all of the properties of a holomorphic covering map from the worldsheet to the
boundary of AdS;. The fact that the degree of I is given by the Riemann-Hurwitz formula
eq. (4.53) implies that I' has no other such branch points. This reproduces the result of [37, 3§]
that the correlator of kK = 1 theory localises onto holomorphic covering maps.

In the next section we will interpret this localisation property in terms of the set of zero
modes of a certain kinetic operator, and we will explicitly calculate the result of the path
integral, up to an overall Jacobian coming from the delta functions.

4.6 Localisation as a zero-mode condition

To get another perspective on localisation in the k£ = 1 worldsheet theory, we can use the idea
of section 3 and re-express spectral flow as a background gauge field in the path integral.

As discussed above, we can write a state in the spectrally-flowed sector of the k = 1
theory in the form (4.31)

y (o - " (o)
wen-(752) () s
X exp </y ((w;—l) (w+zm)\ — <w2—1) (n— 33)\)7r>> :
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The factors in the top line are simply local functions of the symplectic bosons, while the
bottom line is a non-local factor which is responsible for the localisation property. Note
that we can write the bottom line as

exp (/y (~w(® =gt + U)) . (4.56)

Up to the factor of the current U (which appears as a consequence of gauging gl(2) to sl(2,R)),
this is precisely the nonlocal tail of vertex operators explored in section 3.
Alternatively, we can write this nonlocal tail as

exp (— /yY (wgl —_:;1) Z) — exp (— /y (7 w) (wgl __;';) (’;)) . (45T)

where we are focusing only on the bosonic components of Y and Z. Now, this integral is
formally defined by integrating along a path on the worldsheet > which ends at y. Up to
a choice of basepoint, we can use the arguments in section 3 to replace this integral with
an integral over the full worldsheet weighted against a distribution which has support only
on that path. We thus write

w—1
z 5= —wx 1
y | 2 Z:—/YAw ) Z 4.58
/ (o_w;l) 57 | Y Au(y) (4.58)

where A, (z, z) is some appropriate distribution. On the sphere we can explicitly write

—1

Ay(z,y) = - (wQ _wx) dlog(z —y), (4.59)

_w+l
0 2

such that the support of A, (z,y) is precisely the branch cut of the logarithm.3?
In order to compute correlation functions, we will also need an expression for the W
field. This can be written as

Y 1 _
W (y) = exp (—/ Y. Z) = exp <2/ Y- Z0log(z — y)) . (4.60)
mTJ%
Now, let us now consider a full spectrally-flowed correlator

n+2g—2
< H W (uq, HV“’Z Tiy % > (4.61)

In the path integral, we can write this correlator as
/D (Y, Z) e 5] HOng Tis %) (4.62)

where the action is

S[Y, 7] = /y @+a)7+ —/ YAZ, (4.63)

32 Again, we are ignoring the contribution from the basepoint of the integral.
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and O ;(z,z) is defined in (4.41). Here, a is a flat u(1) connection (see the discussion
around equation (4.7)), and A is given by

n n+2g—2 10\ =
A== Ay (@izi) — Y (0 1> dlog(z — ua)

i=1 a=1

(4.64)

n w;—1 —wmi | = n+2g—2 10\ -
= dlog(z — z) — dlog(z — ug) -
Z( Lt | Plose =z = 3 (0 1) o8z — )

2
0 a=1

Thus, we see again that the computation of spectrally-flowed correlation functions can be
recast into the problem of computing correlators of local operators in the presence of a
background gauge field a + A.

Since the worldsheet theory is Gaussian in the & = 1 case, we can compute the path
integral using the saddle-point approximation. Specifically, we can integrate out Y in the
path integral, and we are left with the delta functional

/DZ<5 (@+a+4)2) f[og;i’ji(xi,zi), (4.65)

=1

where Op ;(z,z) was defined in eq. (4.41). We can compute this path integral by (1) finding
the set of solutions to the delta function, (2) inserting those solutions into the integrand,
weighted by an appropriate Jacobian and (3) sum/integrate over the space of all such solutions.

Algebraically, the solutions to the delta function are given by the set of zero modes of
the elliptic operator d 4 a + A acting on the bundle S @ S, where S is the spinor bundle of X.
Assuming that this operator has trivial cokernel, the dimension of its kernel can be worked
out by the Hirzebruch-Riemann-Roch theorem. First, we can think of 0 4+ a 4+ A acting on
S @ S as the operator 0 acting on a rank-2 bundle E with curvature

F:FS@S‘F&A‘F@G

n wi—1 n+2g—2 (466)
= Fsgs — 2mi Y ( 2 Wz) 8P (z—z)—2mi Y (1 0) 6 (2 — uy),

i=1 0 T2 a=1 01

where Fggqg is the curvature of S @ S. The virtual dimension of the space of holomorphic
sections of this bundle is then given by the index?3

vdim HO(E, %) / ch(E) td(TE). (4.67)
b

The Chern character and Todd class are given by

h(B) =2+ cr(F), d(TS) =1+ Ler(TR). (4.68)

33Here, the term ‘virtual dimension’ is meant in the usual sense of the number of degrees of freedom minus
the number of constraints, and can therefore be negative. More precisely, it is given by the combination
dim HY(E,X) — dim H'(E, X). Alternatively, by Serre duality, one can think of the index as computing the
number of Z zero modes minus the number of Y zero modes.
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The number of zero modes is therefore
vdim HO(E, %) = /Z (1(TS) + c1(F)) = —(n + 4g — 4), (4.69)
where we have used
/Ecl(TE) _ 92, /ch(Fs@s) — 99— 2. (4.70)

Thus, the integral (4.65) localises to a space of zero modes with virtual dimension
—(n 4 4g — 4). However, in the full string theory calculation, we will need to integrate over
the moduli space M ,, of complex structures as well as the moduli space Jac(X) of flat u(1)
connections a (the Jacobian of ¥). Thus, the total dimension of the path integral increases to

—(n+4g9 —4) + dim(My,) + Jac(X) = 1. (4.71)

In appendix A, we explicitly compute this zero mode, and find that it takes the form

7 = \/% (E) , (4.72)

where T" is a holomorphic covering map and w is a particular (1,0)-form with simple poles
at z = z; and simple zeroes at z = u,. These are precisely the localising solutions found
in [65], and only exist for a discrete set of worldsheet moduli and u(1) connections a. Note
that on these localising solutions we have

) ) _ (g ()/ ,

(wi—1>! z=z; w;
2
(4.73)
awi;l )\(z.)_l 1
— = <Resw> (wial )2 .
(wi—o—l)' z2=2z;
e )!
Thus, we can compute the integrand of (4.65) and we find
n n 1/2 —2j
O . (@is zi) = H (wz_ / Bzezsz w) (at)y=mi, (4.74)

i=1 =1

The m; dependence reproduces exactly that of the dual symmetric orbifold CFT [29, 58],
and agrees with the Ward identity analyses of [23, 24, 37, 38]. While the above analysis was
only done for the bosonic half of the psu(1,1|2); WZW model, we expect this strategy to
be easily generalisable to include the worldsheet fermions as well.

5 Relationship to twistor theory

The relationship (4.51) between the worldsheet free fields and covering map I' has a natural
geometric interpretation. We can think of [p : A] has homogeneous coordinates in CP! and
I' as a local coordinate on the same manifold. Equation (4.51) then tells us that these
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two coordinates must coincide. This relation was first found in [37], where the authors
noticed that the equation

u(z) = T(2)A(z) = 0 (5.1)

holds inside of every correlation function. Due to the similarity of this relation with the
‘incidence’ relation of twistor theory, it was suggested by the authors of [37] that the k =1
worldsheet theory on AdSs x S? x T* may share a close relation with a 2-dimensional version
of the Berkovits-Witten twistor string [45, 66].

In this section, we collect the features of the £ = 1 string model that have an immediate
twistorial interpretation and discuss their relation to twistor theory. We introduce the salient
features of the twistor space for S2. Then we discuss how the target space and the functional
form of the vertex operators relate to known twistor spaces and twistor objects, and discuss
the appearance of the incidence relation.

This twistorial interpretation was a motivation for the proposal [67, 68] in the setting of
AdS5/CFTy, in which they obtain a candidate for the string theory dual to free 4d N' =4
super Yang-Mills. The correspondence between these free field models and the twistor string
promises to be fruitful, and more work is needed to better understand the precise connection.

5.1 Twistors for S2
Consider the embedding of S? as the celestial sphere, the projectivised null cone of the
origin of R3!:

X, = (t,z,X1,...,X2) € RV x R? |

ds? = 1, dX*AXY = —dt? + d2? + (dX;)?,

{X? =0} \ {the origin}
X, ~rX,, reRs

(5.2)
S? =

In words, this means that each null generator through the origin corresponds to a point on
S2. In order to identify a particular locus in R%! as the S?, we must gauge fix the scaling
redundancy by picking one point on each null generator. This is often done by choosing a
Cauchy slice and taking its intersection with the null cone. The resulting space is conformal
to S2. Although the action of SO(3,1) on points on the R%! embedding space is linear,
the realisation of SO(3,1) as the (double cover of the global) conformal group acting on
points in S? is nonlinear. In this context, this can be read off from the fact that Lorentz
transformations will in general move points away from the slice that supplies our gauge
fixing condition, and the scaling transformation required to move them back onto the slice,
resulting in the nonlinearity.

In contrast, spinors for R*! will of course transform linearly under the (global part of
the) 2 dimensional conformal group. The spinor for the 2 dimension higher embedding space
is called a twistor3* for S2. The embedding space Lorentz group is SO(1,3) = SL(2,C)/Zy

34There is a pedagogical introduction to the twistor space for S? in the appendix of [69] for the inter-
ested reader.
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whose Weyl spinors are 2 component objects transforming in the fundamental of SL(2,C).
These 2 component objects are the twistors for S

z4 = (2° 7Y e C2. (5.3)
A twistor is related to the 2d spacetime via the incidence relation
Z°=27', zeC=R*CS?. (5.4)

Since the zero twistor has no physical information and the scale of the twistor compo-
nents is irrelevant in the relation to spacetime, we frequently work with projective twistor
space PT := CP!

PT := {Z4 € C2\ {0}}/{Z2" ~ rZ*4, r € C*}. (5.5)

There is a global description of the S? spacetime as a CP' via Bloch sphere coordinates
(see eq. (B.6)) that is more convenient to work with. Define homogenous coordinates
x4 := (2% 2') € CP!. Indices can be raised and lowered by the SL(2) invariant two-index
Levi-Civita symbol, with the “upper left-lower right” index raising and lowering convention

1=¢p =€ 24=eBup. (5.6)

We define the SL(2) invariant contraction in the usual way as

6AB

(wy) == wpya = 2'ya = —wpy” = epcay” . (5.7)

The incidence relation can be written in the following SL(2) covariant way

(xZ)=0. (5.8)
We see that the previous given form of the incidence relation is equivalent on the patch of
CP! on which z!' # 0 and under the identification 2°/2! =: x € C = R?, the local coordinate
on the patch. Explicitly, we have that

0
(7)) =0 = 2120 292 ' =0 — 20 = %Zl, 2140, (5.9)

The patch of CP! in which z! # 0 precisely misses the point (z°,0) ~ (1,0) € CP!, which
is the point at oo in the C = R? patch of S? coordinatised by z. On the other canonical
patch 20 # 0, the incidence relation reads (zZ) = 0 <= ;—éZO = 7! with local coordinate
2’ := 21 /2% The transition function between the patches under ' = 1/z, the inversion
map, is holomorphic away from the points x! = 0 and z° = 0. It is a straightforward
exercise to check that under this identification, the action of the global conformal group
on the local coordinate x can be realised by the natural action of SL(2,C) acting on the
homogenous coordinate z?.

It is a striking feature of twistors in (conformally flat) 2d that the twistor space and the
real Euclidean spacetime are equivalent (see the appendix of [69]). The incidence relation
defines a bijection between the spaces. Given a twistor Z4, the locus of the incidence relation
is the unique point in 4 € CP! given by z# ~ Z4. Similarly, given a spacetime point z*,
the locus of the incidence relation is the unique twistor Z4 given by Z4 ~ z4. Once we add
supersymmetry, it is no longer true that the incidence relation defines a bijection. Rather,
the locus of the incidence relation is a 0|N-dimensional space.
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5.2 Target space interpretation

The matter action we are considering in eq. (4.7) bears a striking resemblance to the Berkovits-
Witten twistor string [45] (for A" =4 in 4d), and in fact admits an interpretation as a twistor
string for N’ = 2 in 2d [37].

Analogously to the bosonic case, the N/ = 2 supertwistors are projectivised spinors for the
complexified global N/ = 2 superconformal group (transform in the fundamental of SLc(22)),
which means that the A = 2 2d supertwistor space is PT := CP'%2. Our Z4 variables
can therefore be interpreted as homogenous coordinates on PT, i.e. whose components are
sections of the C* line bundle O(1) over CP'2. Y4 can therefore be interpreted as a dual
supertwistor, whose components are sections of O(—1) over CP!%. In each case, the rescaling
weight 1, —1 can be read off from the charge under the gauged symmetry current Z - Y,
which identifies Z ~ rZ, Y ~ %Y.

However Z4(z), Y5(z) are sections of K;/ ? and therefore transform nontrivially under
worldsheet conformal transformations. The worldsheet Weyl rescaling (that rescales them
paralelly) and the Z - Y rescaling (that rescales them oppositely) together amount to allowing
ZA, Yp to scale independently. The argument can therefore be made that Z#, Yz should be
thought of as homogenous coordinates on CP!12 x CPI2. Together with interpreting the gauge
field a as a Lagrange multiplier enforcing Z-Y = 0, the target space can be interpreted as the
quadric Z - Y = 0 inside CP'? x CP'2. This is the real Euclidean ambitwistor space of the
boundary S2, which is also the (complex codimension 1) boundary of the AdSs minitwistor
space [70], and probably has holographic implications that await further investigation.

Note that this observed ambiguity in the target space interpretation is also present in
the Berkovits-Witten twistor string. In their analysis, they work with gauge fixings that
trivialise a (gauge fixing a to a flat connection) and subscribe to the former interpretation,
and we will follow suit.

5.3 Vertex operator interpretation

At zero units of spectral flow, the bosonic part of vertex operators have an interpretation in
terms of meromorphic twistor functions called elementary states [46]. Consider homogenous
coordinates z4 := (20, z') € CP!, which is to be interpreted as the real boundary 2-sphere

(see eq. (B.6)). The antipodal map on CP! is denoted by 24 — &4
4 = (;”“) , (x2) = |xo)® + |21 > > 0. (5.10)
0

Here, the bar - denotes the usual complex conjugate. We may define the origin to be the
point 0? := (0%, 0') = (0,1) and the point at infinity as ¢4 := —64 = (1,0), where the
names are with respect to the local coordinate x := z%/z! on the patch 2! # 0. We can
therefore rewrite the equation (4.22) as

VR&gym,j(2:0) = (Z2°(2)) 772" (2)) 7"

= (0Z(2)) ™62 (z)) I (—1) I+ (5.11)

The map between V(?\Is)mj and the Ramond sector vertex operators Vrgd that we use to
compute correlators is given in eq. (4.23). The advantage of working in this manifestly SL(2)

— 42 —



covariant formalism is that we can trade off SL(2) rotations between Z, x:

(Mx, Z) = MABl'BeACzC = mBeBDMADeACZC

5.12
= 2Penp(MT) o2 = (2, M72), 12

for M € SL(2). For instance, consider a bilinear corresponding to the action of some
(traceless) t45 € sl(2) generator

-~ tCp 2P (w) '

A 7By () Z2C
pZ7Ya(2)Z" (w) po—

(5.13)

The exponentiated relation on M(a®) = et € SL(2), a® € C? (where a is the adjoint
index) reads

exp <—oﬂ 7{,, (t“)ABZBYA> Z%(w) = M, (a®) ZP (w). (5.14)

To go to the x-basis vertex operators located at points x; on the S2, we will consider the
action of the SL(2,C) generator that corresponds to the translation generator of the global
part of the boundary 2D conformal group. This is

01
thy = — (t1528Yy) = Yozt = Jt, (5.15)
B 00 B

which acts as

O_x 1 —r 0
()G E) e o

Acting on our vertex operators with all free indices tied up with o, 9, it can be traded for

the action of the transpose on 04, 64 x t4. This leaves ¢4 invariant, as it should intuitively,

because translations do not move the point at infinity. It sends o = (0,1) — (x,1) =: 2.

e $It (222) - (gg) . (5.17)

The action of the translation generator on the vertex operator can be traded for the action

Therefore we have

of the translation generator on the external data

" $ 7 (02(2)) ™62 (2)) I (—1) I

. . , (5.18)
= (@Z(2)) 7 7™M0Z(2)) (1) T = Vg, (2 2) -

In this way, the action of the abstract SL(2,C) on the twistor variables is realised as the
action of the global conformal transformations on the boundary 2-sphere coordinatised by z*
and vice-versa. These vertex operators are built of meromorphic twistor functions known
as elementary states

1
@Z)(6Z)i

(5.19)
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which appeared in the context of 4d twistor theory [46] as Cech cohomology representatives
that Penrose transform to a useful basis for massless on-shell wavefunctions. For us, they
arise because they are the natural building block for conformally covariant n-point functions.
Consider for example the following contour integral (in which the contour below separates

the two poles®®) that reproduces the 2 point function at m = j = %

7{ (ZdZ) ( <ij> (x;@) _ <x11x2>. (5.20)

Integrands made of elementary states give conformally covariant functions because everything

other than the elementary state insertions (which are covariant) are SL(2) invariant. As a
suggestive aside, integral formulae that reproduce conformally covariant functions often arise
from integrating over several twistors ZiA (see e.g. [45]),

n+1

]{ N (ZidZi) () . (5.21)
=1

These integral formulae naturally appear as the result of holomorphic localisation in a twistor
string (i.e. 0Z4 = 0 for Z4 € O(n)) and having to do a finite dimensional set of integrals
over the zero modes of Z4 (being the moduli space of holomorphic maps of degree n), which
can be specified by the values that ZZ-A = ZA(zi) that the map Z4 takes at n + 1 points on
the worldsheet. In our context, the localisation is to a zero dimensional set of covering maps
rather than a n + 1 dimensional space of curves, but the role of the elementary states as
conformally covariant building blocks is the same. The antichiral part of the correlator is
supplied by the decoupled antichiral sector, which has vertex operators that depend on Z;.

In the special case in which p := —j —m € Z', ¢ := —j +m € Z*, the NS sector
vertex operator has an interpretation in terms of spin-weighted spherical harmonics ,,Y_;;
on CPL, which are known to be a basis for smooth data on S? [71], see appendix B for a

x?

short introduction. Consider the twistor function y
Upa(@, Z) = (xZ)P(22)* € H*(CPY, O(p + q) © T(CP;, O(p) © O(q))) - (5.22)

The Z dependence can be removed by integrating over the CPL. There are p+¢-+1 independent
choices of {4;}, corresponding to the order of the spin weighted spherical harmonic (which
can be mapped into each other by rotating the coordinate frame)

2A1 e ZAerq
(2Z)yptat? (5.23)

o x(Al B xAp.@Ap-&-l B j-AzH-q) =_Y .1
-

— WYy (@).

We see that the vertex operator at = 0 has the same form as the twistor function encoding

/ (ZdZ) N (Zd2)y(x, 7)

a spin weighted spherical harmonic

(02(2))P(02(2))" = ypq(0, Z(2)) - (5.24)

35Note that the integration variable is understood to be the local coordinate Z°/Z* and not the homogeneous

coordinates.
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Note that after acting with the translation generator, the resulting expression no longer
encodes a spin-weighted spherical harmonic Y, but is generically a sum over a series in which
each term individually transforms to give a spin-weighted spherical harmonic

o a(@o) — 2Mx0)
xZ(2))P+9(z0)4 2Z(2)){(xo)\?
— (az(eploz () - LELLEN (| GHENT (o

This is because the spin-weighted spherical harmonics were eigenfunctions of the gl(2)
Cartans J3 = diag(1/2,—1/2) and of A = diag(1/2,1/2), and were not eigenfunctions of

the translation generator (9}).

5.4 Appearances of the incidence relation

It was shown in [37] that the incidence relation holds as an operator identity inside correlators:

((2°(2) = D(2)21(2)) -+ ) = {(1(z) = T(2)A(2)) -+ ) = 0. (5.27)

We find that the incidence relation also appears in the vertex operators (4.31). Of course,
the appearance of the incidence relations in these two contexts is related. The form of the
vertex operator (4.31) enforces the vanishing of the incidence relation with a high order zero
at the worldsheet insertion point z;. Following the discussion in section 4.6, this is a key
ingredient of the localisation of the path integral specifically to maps Z4(z) that satisfy the
incidence relation with the covering map I'(z).

6 Discussion and future directions

Discussion

Let us summarise the main ideas of our paper. In section 2, we studied AdS3 string theory in
detail near the boundary. Firstly, we wrote down a compact form of the vertex operators
for spectrally-flowed ground states in the z-basis. Secondly, we use this form of the vertex
operators to show, at least schematically, that when the j-constraint (1.3) is satisfied, the
worldsheet correlator localises onto holomorphic covering maps. This localised correlator
agrees structurally with the dual CFT correlators. Hence, this provides a strong piece of
evidence for the duality between bosonic string in AdS3 in the near boundary limit and a
specific symmetric product orbifold theory proposed in [25]. It is important to note that,
even though the dual CFT [25] is defined via a twist-2 perturbation of a symmetric orbifold,
we do not turn on any worldsheet perturbation when the dual CF'T is perturbed. This is
crucially different from the point of view taken in [11] and the consequence of this deserves
further consideration.

In section 3, we proposed a new way of generating the action of spectral flow which is by
wrapping a non-local operator around the vertex operator of an unflowed state. Thinking of
the spectral flow in this way allows us to rewrite a correlator with spectrally-flowed operators
inserted into the one with only unflowed operators inserted but in the presence of a nontrivial
background SL(2,R) connection.
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In sections 4, we also applied our findings in generic k to the k = 1 tensionless theory on
AdSs3 x S? x T4, Here, the near-boundary limit is exact, and all of the statements which apply
to the near-boundary limit of bosonic strings in section 2 are made sharp. Specifically, we
found a new path integral derivation of the localisation property of the k = 1 string using the
technology of sections 2 and 3. Finally, we commented on the relationships between the vertex
operators derived in section 4 and natural objects in two-dimensional twistor space, sharpening
the claim made in [37] that the k = 1 theory may have an interpretation as a twistor string.

Directions for future work

Reading off the CFT dual: as mentioned in the introduction and in section 2, a
(perturbative) CFT dual has recently been proposed for bosonic string theory on AdSz x X at
generic string tension [25]. This CFT is defined as the large- N limit of the symmetric product

Sym"™ (Rg x X) (6.1)

deformed by a marginal operator in the w = 2 twisted sector of the orbifold theory. Nontrivial
evidence for this duality comes from a computationally-intensive Ward-identity analysis of
correlation functions of spectrally-flowed vertex operators in the SL(2,R) WZW model [6-8].
In section 2, we found that one can at least reproduce the schematic perturbative structure
of this duality from nothing more than a dimension-counting argument of the near-boundary
worldsheet path integral. However, this is not enough to claim the duality, as one also needs
to be able to compute the various Jacobians which arise from integrating over delta-functions.

Recently, a path integral analysis of a similar style has been used in a Wakimoto-like
representation of the k = 1 string [31]. There, the various Jacobians were computed (at genus
zero) by comparison to the expected answer from a topological string. It would then be fruitful
to attempt to use this technology to compute the various Jacobians appearing in section 2,
and attempt to match them with the analytic structure of the dual CF'T perturbation series.
Independent of that, it would be good to find a method of calculating the Jacobians in the
B~ system directly from the path integral, which does not require appealing to topological
string theory arguments. Indeed, this is currently under investigation [72].

Comparison to Dei-Eberhardt: in section 3, we found a relationship between correlators
of spectrally-flowed states in the SL(2,R) WZW model and unflowed states computed in the
presence of a nontrivial s[(2,R) connection. In [7], a remarkable formula relating spectrally-
flowed four-point functions to their unflowed counterparts was proposed, and experimentally
verified for spectral flows up to w < 10. It would be interesting to explore whether there is a
relation between these two results, and whether it would be possible to use the techniques
of section 3 to prove the conjecture of [7].

Generalisation to other spacetimes: the technology of sections 2 and 3 demonstrated a
natural mechanism whereby the divergences of SL(2,R) WZW model correlators are encoded
in holomorphic maps to its boundary. One might ask whether there are other non-compact
spacetimes which exhibit this property, i.e. spacetimes M which admit worldsheet instantons
given by holomorphic maps 7 : ¥ — dM. For example, are correlators of the SU(1,2) WZW
model divergent when the worldsheet maps holomorphically to the boundary, the Hermitian
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symmetric space SU(1,2)/(S(U(1) x U(2)))?3¢ One might also try to generalise the technology
developed here to symmetric spaces like O(2,d—1)/O(1, d—1), which parametrise AdS,;. In all
of these cases, the free field realisations of WZW models outlined in [73] are likely to be useful.

Relation to twistor theory and application to AdS;/CFT,4: despite the fact that
more relations between the £ = 1 string and twistor theory have been investigated in this
paper, there are many gaps to fill in to complete the whole picture. Firstly, there have been
no twistor theoretic investigations into what the 2d N' = 2 version of the Berkovits-Witten
twistor string computes. In 4d, it is known to compute amplitudes in N' = 4 Super Yang-Mills
(by adding in additional matter that behaves like a current algebra for the gauge group)
coupled to conformal supergravity. Naively, we would therefore expect that the 2d N = 2
version does the same. More work should be done to reconcile this expectation with the fact
that the k = 1 string computes very stringy processes in the AdSs bulk. A hint towards this
direction is the fact that the target space in fact admits a description as the minitwistor
space of AdSs [70]. We would therefore expect to be able to construct vertex operators that
correspond to twistor wavefunctions for bulk-to-boundary propagators in AdSs. It would be
instructive to do so and compare them with the results in this paper and those available
in the tensionless string literature.

Given the central role twistor theory plays in the proposal of Gaberdiel and Gopakumar
in [67, 68], it is likely that a deeper understanding of the link between the free field models
inspired by the k = 1 string and twistor theory will further shed some light on their proposal
in the setting of AdS5/CFT4. In their proposal, a worldsheet theory for strings in AdSs x S°
background is conjectured to be dual to large N, free N'=4 SYM in 4d. It would be very
interesting to construct vertex operators for this model and compare them to the known forms
for the Yang-Mills and conformal gravity vertex operators present in the Berkovits-Witten
twistor string.

Furthermore, it is known that the target space for the Berkovits-Witten twistor string
admits a description as the (super)minitwistor space for AdSs chiral superspace.?” In this
interpretation, a natural class of vertex operator to study are the twistor wavefunctions
encoding bulk-to-boundary propagators. It would be interesting to compare these to the
vertex operators for the Gaberdiel-Gopakumar model, if we are able to construct them. It
is worth mentioning that there is a worldline model [74] describing a massless superparticle
propagating on AdSs x S® superspace, in which the worldline fields are a 2|2 multiplet of
4|4 component supertwistors. The relation between this model or a worldsheet version of
it to the other AdSs x S® models has not been investigated.

Although there are many strong similarities between the k = 1 free field models and the
Berkovits-Witten twistor string, there are objects in the £ = 1 string that have an obscure
twistor interpretation. Inherited from the hybrid formalism [35], there is a spin-3 current
written in free fields as Q = (Z9Z)min2 [36, 37]. The current has been interpreted in [54] as
the holomorphic projective measure on CP1|2, and imposes a constraint that has not yet been
fully explored as a twistorial statement on the form of the allowed twistor wavefunctions.
Another object that has not yet had a twistorial interpretation is the spectral flow procedure

36See also the discussion of [24].
37Ongoing work with David Skinner and Lionel Mason.
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that was central to analysis of strings in AdSs. Spectral flow of the vertex operators imposes
conditions on the map from the worldsheet into twistor space, which should have a twistorial
interpretation. For instance, in the 4d Berkovits-Witten twistor string with SYM vertex
operators, at tree-level the holomorphic degree d curves in twistor space that the worldsheet
fields localise to have an interpretation in terms of the N¢"IMHV amplitudes in the twistor
MHYV diagram formalism. One expects that there should be a similar story in 2d.
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A Computing the zero modes at £k =1
In the main text, we claimed that the differential equation
O+a+A4)Z=0 (A1)

admits at most one zero mode, and that nontrivial zero modes only exist for certain discrete
values of the moduli space Mg, and for certain discrete choices of flat u(1) connection
a € Jac(X). We also claimed that when such a zero mode exists, it is given by

7z \/% G) , (A.2)

where I' : ¥ — CP! is a branched holomorphic covering map branched over z; and w is a
particular meromorphic one-form whose properties we will compute momentarily. In this
appendix, we will prove this claim. We will work at generic genus.

Note that a is a flat antiholomorphic u(1) connection and A is a ‘background’ gl(2, C)
gauge field given by

B n wi2—1 —wxi \ — n+2g—2 10\ -
A=-— Z Odlog E(z,z;) — Z O0log E(z,uq) , (A.3)

w;+1
=1 0 T2 a=1 01

where E is the prime form on ¥.3® Now, since Z is a meromorphic section of S @ S, where
S = K1/2 is the spin bundle on ¥, we can always decompose it into a meromorphic one-form

38Gee [75] for a good introduction to complex analysis on compact Riemann surfaces.
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w and a meromorphic function f as

_w (f
- "

Such a decomposition is always possible, and the square root 1/Jf is defined with respect to
the chosen spin structure. As in the main text, we denote by p and A the top and bottom
components of Z, respectively. The differential equations we must solve then take the form

_ n - 1 - n+2g—2 -
(5—&—@)#:2 <w 5 H_wixiA>alogE(z,zi)+ Z polog E(z, uy)
i=1 a=1 (A.5)
= “wi+ 1 = e A
(8+a))\:—z 5 Adlog E(z, z;) + Z A0log E(z,uqy) -
i=1 a=1

Now, let us take an ansatz for w which solves the equation

a=1 i=1

n+2g—2 n
0+ a)w = ( Z Olog E(z,uq) Z log E(z, 2 ) w. (A.6)

For ug, z fixed, this equation admits a solution for a discrete set of flat connections a.”

Plugging this ansatz into the differential equations for u, A gives

8(\/{97) FZ(wz+1f wlxz)ﬁlogE(z i)

/1 1 Sawy— 1 .
8<W):—W; 5 Olog E(z, z;) .

The bottom equation tells us that df has zeroes of order w; — 1 at z = z;, and that these

(A7)

are the only zeroes of 0f. That is,
frai+0(z—2)"), z— 2z, (A.8)

for some constant a;. Multiplying the bottom line of equation (A.7) by f and subtracting
it from the top line gives

of 1
Vof ~

This can only be satisfied if f(z;) = x;. Thus, f is a function with critical points of order w;

sz —x;)0log E(z, 2;) . (A.9)

at z = z;, such that f(z;) = z;, and is therefore a holomorphic covering map.

B Spin-weighted spherical harmonics

Spherical harmonics on S? are eigenfunctions of selected isometry generators that form a
convenient basis for smooth functions. Spin-weighted spherical harmonics on CP! should

39Tf @ = 0, this equation simply tells us that w has simple zeroes at u, and simple poles at z = z;.

— 49 —



be thought of as a generalisation of these, a convenient basis for I'(CP!, O(n)) (the space
of smooth sections of scaling weight line bundles on CP') and eigenfunctions of selected
generators of the natural SL(2,C) action on CP!. They agree with the spherical harmonics
in the n = 0 case, subject to the usual identification of CP! and S? (see eq. (B.6)). Consider
homogenous coordinates 24 := (29, ') € CP'. Indices can be raised and lowered by the
SL(2) invariant two-index Levi-Civita symbol, with the “upper left-lower right” index raising

and lowering convention
1=¢p =€ 24=eBup. (B.1)
We define the SL(2) invariant contraction in the usual way as
(zy) = e Papys = 2ty = —xpy® = epoay®. (B.2)
Then we define the spin-weighted spherical harmonic SYl’m(xA) [71]:
)
€ Q"O(CP, 0(n —m)).

(B.3)
The factors of (z2) to map between O(p) x O(q) and O(p— q) are a matter of convention. Due

A Aj..Bm . __
) = Jn}n T

mon Vingn 55 4150 5(@

2

to the symmetrisation over the 2-component indices A;, B;, there are n +m + 1 independent
components of Jg}l'"CQ", classified by > ; C;:

JU00..0) Ay 001y Ay - (L) Ay (B.4)

n,m n,m s Yn,m

Each of which corresponds to a particular order of spin-weighted spherical harmonic. At
n = m, they agree with the standard spherical harmonics Y ,,:

Y5 o(@?) = IS (@) = V5 o (04). (B.5)

In order to recover the standard expressions for Y7, in terms of polar angles, we substitute
in the usual identification of CP' homogenous coordinates and the S? polar angles:

€' cos
= ( sin 9/92/2> . (B.6)
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