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cycle and two single-cycle fields give the leading order contribution in the large- N limit.
We derive explicit formulas for these functions, encompassing a large class of choices for the
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and the marginal deformation operator. We are thus able to extract important dynamical
information from the short-distance OPEs: conformal dimensions, R-charges and structure
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1 Introduction and summary

The AdS/CFT correspondence has been a two-way lane leading to insights both into quan-
tum gravity and into aspects of the strong coupling structure of quantum field theories.
Significant computational (and conceptual) developments have sprung from modern tech-
nologies devised to compute correlation functions using the full resource of the symmetries
of holographic CFTs. Progress has been notable, in particular, in the context of four-
dimensional N' = 4 SYM dual to AdS5 x S°, with some results extending to other instances
of AdSg44+1/CFT4 with d > 2. Meanwhile, the study of correlation functions in AdS3/CFTy
has progressed at a somewhat different pace. Methods such as Witten diagrams and
Mellin transforms meet some technical difficulties when faced with the idiosyncrasies of
two-dimensional CFTs [1-3]. On the other hand, it is precisely the exceptional nature of
CFT3 and of AdS3 x S? that makes AdS3/CFTy special [4-7], and correlation functions in
the holographic symmetric orbifold CFT particularly relevant.

1.1 On the problem of computing four-point functions in the D1-D5 CFT

One of the ongoing programs for computing four-point functions in AdS3/CFTy uses ‘mi-
crostate geometries’ as a tool [1, 2, 8-14]. Microstate geometries are horizonless solutions
of Type IIB supergravity that are asymptotically AdSs x S* x M. They are part of the
conjectured ‘fuzzball’ resolution of black holes formed by bound D1-D5 branes wrapping
T x M, with M being T* or K3 [15, 16]. The dual CFTy, called ‘the D1-D5 CFT’, is a
N = (4,4) superconformal theory in the moduli space of the symmetric orbifold M¥ /Sy.
A vast collection of such geometries has now been found, largely due to the development
of the fuzzball program. In particular, %—BPS geometries have been completely classified,
being dual to superpositions of Ramond ground states; classes of %—BPS geometries are
known as well [15-20]. In the semi-classical limit where N > 1, the central charge of the
D1-D5 CFT, ¢ = 6N, is very large. As ¢ — oo, an operator is said to be ‘heavy’ if its
conformal weight scales as hyy ~ ¢, or ‘light’ if its weight hp, is fixed and finite. Operators
dual to specific (microstate) geometries are heavy: for example, the Ramond ground states
have hyg = 2—140. On the other hand, probe-like fields in the bulk are light. If Oy and Oy,
are heavy and light, respectively, the four-point function

(On(0) Or(1) Ow(2,2) O (0)) (1.1)

can be regarded as a two-point function of Of, in the state |Og). In the bulk, this cor-
responds to the propagator of the light field dual to Oy, in the asymptotically AdSz x S?
geometry dual to |Op).

Relating the bulk and CFT descriptions requires, first of all, that one knows the precise
translation of O into a microstate geometry, and of Oy, into a bulk field. Pages of the
holographic dictionary were written some time ago [16-21], others more recently [22-24].
From the bulk perspective, several examples of heavy-light correlators based on microstate
geometries [1, 2, 8-10, 12-14] have been studied, the computation of (1.1) amounting to
solving a wave equation in the fixed space-time background. One of the interesting uses
of these correlators is to contrast them against known universal semi-classical properties



of correlators in AdS. At large ¢, the form of conformal blocks of heavy-light four-point
functions is constrained by AdS symmetries [25-32], resulting in phenomena associated
with the thermality of AdS black holes, such as “spurious singularities” outside of OPE
limits, that contradict the unitarity of the CFT. It has been argued that these paradox-
ical properties should be resolved by corrections appearing at order 1/¢, but in [8, 10]
explicit computations with known microstate geometries revealed examples of heavy-light
correlators that are unitary already at leading order in c.

The holographic dictionary between SUGRA and the D1-D5 CFT in the free orbifold
point is based on the proper identification of protected states, BPS operators, their OPE
algebra, and the corresponding three-point functions [20-24]. Now, four-point functions
are not guaranteed to be protected when the free CFT is deformed in moduli space, even
if they involve only protected operators. This is because four-point functions typically
depend also on non-BPS (i.e. non-protected) fields that might appear in channels of the
OPEs between pairs of twisted operators. This is true, in particular, of the deformation
modulus, which has twist 2. Thus, while the holographic dictionary allows us to iden-
tify which heavy/light SUGRA fields correspond to which heavy/light CFT operators,
there is generally a mismatch between computing the heavy-light function (1.1) in terms
of linear fluctuations around microstate geometries, or as the corresponding correlator in
the free CFT. Explicit examples of this can be found, for instance, in refs. [8, 9]; the
correlators computed in [8] in the SUGRA and in the free CFT descriptions match, but
those computed in [9], involving less symmetric heavy fields, do not. So, to completely
fix the dictionary between four-point functions, it is necessary to determine the conditions
that select contributions (at leading order) only from OPE channels containing BPS op-
erators. The computation of (1.1) in the free orbifold point, as well as a study of the
non-BPS content of the different OPE channels, appears to be an important step towards
this goal.

Computing functions like (1.1), even at the free point, is not always easy. The twisted
boundary conditions of the symmetric orbifold M~ /Sy often causes correlation functions
to be rather complicated. The orbifold has twisted sectors corresponding to permutations
[1,(n)N» € Sx, where (n) is a cycle of length n, and the multiplicities [N,,] form a partition
> nnN, = N. The fact that permutations are uniquely decomposable into disjoint cycles
can be interpreted as saying that multi-cycle fields are “composite”, while single-cycle
fields are indecomposable. In this sense, single- and multi-cycleness in the orbifold CFT4
is analogous to single- and mutli-traceness in four-dimensional N =4 SYM. Heavy fields,
such as the Ramond ground states, are multi-cycle, while light fields, and in particular
“elementary” fields, are generically single-cycle. Typically, Ramond ground states are in
fact made of many cycles, also known as ‘strands’, with different lengths and “spins”.
Hence (1.1) is typically a complicated function, with all the Sy monodromy properties and
selection rules that ensue. One way to still have a not-very-complicated function is to take
the light fields in (1.1) to be untwisted. This simplifies the permutations to such an extent
that one does not even need to resort to covering surfaces. Examples of such computations
have been considered in many places [1, 810, 14], leading to very interesting results as
mentioned above. It is well known, however, that the complete holographic bulk-boundary



dictionary — for, say, light NS chiral fields with conformal dimension one or two — must
include both untwisted and twisted (with twist 2) fields with equal conformal dimensions.

1.2 A summary of our results

In the present paper we consider examples of four-point functions with the simplest config-
uration of twisted light NS fields. That is, our goal is to study correlators where all fields
are non-trivially twisted and, besides, some of the fields (e.g. the heavy Ramond ground
states) can be multi-cycle.

The paper can be divided in two parts. In sections 2-3, we study general properties
of correlation functions with multi-cycle fields in M* /Sy orbifolds. In section 4, we apply
our general results to the D1-D5 CFT, computing a collection of four-point functions with
Ramond ground states, NS chiral fields and the deformation modulus.

More precisely, in section 2 we study generic Q-point functions of twisted fields, and
extract their decomposition into components associated with equivalence classes of per-
mutations in Sy. (To improve clarity, detailed derivations of the results of section 2 are
presented appendix B.) We follow the work of [33], but with some relevant differences.
First, we keep the twists generic, not restricted to single cycles. Second, the derivation,
in ref. [33], of the N-dependence of twisted correlators relies heavily on a diagrammatic
interpretation of connected functions, while ours does not. Instead, we use a construction
of equivalence classes of twist permutations entering in a given @-point function. This is
also a technology developed in [33]: the equivalence classes are in one-to-one correspon-
dence with diagrams for connected correlators. Hence, although we do not resort to the
diagrammatic interpretation, our analysis is in fact an application of the methodology
of [33] to (often disconnected) correlation functions with generic, multi-cycle fields. That
is a powerful technique, relating an orbifold CFT to the geometry of coverings of the Rie-
mann sphere, via the conjugacy classes of twists, being thus related to ‘Hurwitz theory’
(see e.g. [34]). Here we try to outline how this language can be used explore symmetries
of twisted correlation functions.

Specifically, we want to compute four-point functions involving (light) fields Zjg with

single-cycle twists of length ¢ = 2, and (heavy) multi-cycle fields [HCJL(X[CTL ])Ng], with

arbitrary twist given by a partition of IV,

([TIE)N (00) Ziy (1) Ziy (0, 9) [ TTX ™ (0)),
¢n ¢n

(1.2)
where ZN,gn = N.
n,¢
Here we use an index ¢ to possibly distinguish between distinct components of the multli-
cycle field which have the same cycle length n. For example, in the case where the multi-
cycle field is a Ramond ground state, ¢ indicates the R-charges of the strands. We focus on
twists £ = 2 for the single-cycle Z fields for two reasons. First, it is the simplest non-trivial
twist. Second, the interesting moduli that deform the free orbifold CF'T into an interacting
theory dual to SUGRA solutions lie in the twisted sector with ¢ = 2 [35, 36]. We will

specifically consider the marginal deformation operator Og?t) which is a scalar under all



SU(2) symmetries of the N' = (4,4) superconformal algebra. We also consider NS chirals
with ¢ = 2 which include, in particular, another set of operators with dimension one, the
“middle-cohomology” NS chirals.

The function (1.2) is typically disconnected. By this, we mean that it factorizes into
products of functions involving only some of the operators that compose the multi-cycle
field — not only products of two-point functions, but also of three- and four-point functions
with “smaller” composite fields. In other words, the ‘disconnected four-point functions’
addressed in this paper are not “bubble diagrams”; in fact, they are still dynamical objects.
It is well-known that twisted correlation functions are associated with ramified covering
surfaces of the Riemann sphere [37, 38]. The nomenclature ‘disconnected’ also agrees with
the fact that, since the correlator factorizes, its associated covering surface can be seen as
a product of disconnected surfaces.

One important information to be extracted from correlation functions is how they
depend on N or, at least, how they scale with large N. For connected correlators, the
exact dependence found in [33] reproduces the result of [37],

Connected single-cycle @-point function ~ Z N-8t1-3Q (1.3)
g
where g is the genus of the covering surface. For multi-cycle fields, the disconnected
functions are associated with disconnected covering surfaces, for which the g is not well-
defined. Still, we find a natural generalization of (1.3), featuring the Euler invariant yx
instead of g,

Disconnected®™ multi-cycle Q-point function

~ S N3O, (1.4)
with R > @ cycles X

The Euler invariant y ¢s a well-defined, additive property of disconnected surfaces. For
connected surfaces/correlators, it reduces to x = 2 — 2g, and, if the fields are single-cycle,
i.e. R =@, eq. (1.4) reduces to (1.3). The reason for the * in eq. (1.4) is that the formula
requires some assumptions about the twists: the number of cycles and their lengths must
both be kept firzed when N — oo. These assumptions are very natural for connected
single-cycle functions, but they do not hold for some of the most important examples of
multi-cycle fields. In particular, they do not hold for functions like (1.2), unless NlC — 00.
To find how functions that do not fulfill the assumptions of (1.4) depend on N can be
a rather difficult problem in general, that is strictly dependent on the twists of all fields
entering the correlator. Let us note that many results that we derive in section 2 were
previously found by Dei and Eberhardt in [39].

In section 3, we apply the language developed in section 2 for generic @-point func-
tions, to study (1.2) in full detail. Generalizing our previous works [40, 41], where similar
functions were considered, here we work at the level of M* /Sy orbifolds, i.e. focusing only
on the twists, not on the specific form of the fields X [Cn ] and Zpy. Because transpositions
are the simplest non-trivial elements of Sy, we are able to derive in detail the structure of
these four-point functions, including the explicit way it factorizes into connected parts

< [X[%HX[%2J (c0) Z[Q] (1) 2] (v,0) {X[%I]X[%ﬂ} (0)>7 (1.5)



containing only double-cycle components of the original multi-cycle field, multiplied by
“symmetry factors”. The double-cycle functions (1.5) always appear in the factorization
of (1.2) in association with a covering surface of genus zero. While, for connected correlators
with the same number of twists, the genus-zero contributions always dominate over higher
genera, in the factorization of (1.2) there are also genus-one contributions, but with only
one single-cycle component X [Sl |
By themselves these single-cycle, genus-one functions contribute at order N2, which is the

, instead of the composite double-components seen in (1.5).

same as the double-cycle, genus-zero functions (1.5). But we show that, when multiplied
by their symmetry factors, the genus-zero contributions do dominate when N is large.
Let us note that, apart from the argument that the genus-zero functions dominate at
large N, we will not take N to be large in our formulas, so most of our formulas are exact
at finite N. This is why, through most of the paper, we avoid the nomenclature ‘heavy’
and ‘light’ fields, preferring ‘multi-cycle’ and ‘single-cycle’ fields instead. It should be kept
in mind, nevertheless, that, in the D1-D5 CFT examples we consider, the multi-cycle fields
are almost always heavy (Ramond) fields, the single-cycle fields are always light, and that
heavy-light correlators in the semi-classical limit are an important part of our motivations.
Focusing on (1.5), the appropraite genus-zero covering map was derived in [40]. Here we
present a detailed analysis of the geometry of the covering surfaces, and the relation between
coverings and permutation classes. The goal is to understand how the geometry dictated
by the twists controls the form of the correlation functions. The connected functions
can be decomposed into H ‘Hurwitz blocks’, where H is the Hurwitz number of different

coverings of the sphere.’

These blocks are defined by the roots of an algebraic equation,
which cannot be found in closed form when ny # ng, but nevertheless fix many properties
of the correlation functions. In particular, they determine the twists of the fields appearing

in the OPE channels,

Zig) % Zig) = Cyz0 {U} + Cz5 {31}
Zy x [Xph 1 Xe2] = Clegyzy {Yimnna ) (1.6)

+ CXZ[WX] Bxx { [W[n1—nz]X%2}ij2}} }

where Cs are structure constants, B a two-point function normalization, and curly brackets
indicate conformal families. The appearance of the composite field containing the operator
Wini—ny), With twist length ny — ng, is the result of an interesting interaction between
the twist permutations in the v — 0 channel, which was previously overlooked in our
papers [40, 41], and is now analyzed in detail within this more general context of M~ /Sy
orbifolds. When n; = ng, we also find a special symmetry between covering surfaces (or
equivalence classes, or Hurwitz blocks), that allow us to compute the correlators in closed
form on the base sphere, while “reducing the Hurwitz number by half”.

In section 4 we turn our attention from M® /Sy orbifolds in general to the D1-D5
CFT (at the free-orbifold point) specifically. We derive a pair of “master formulas” that
encompass many different choices for the operators in (1.2)—(1.5). The multi-cycle fields

"Hurwitz blocks correspond to diagrams in the language of [33].



can be Ramond ground states or composite NS chirals, and the single-cycle fields can be
Ramond fields, NS chirals or the scalar deformation modulus taking the CFT away from
the free-orbifold point. With these functions, we can use the technology of section 3 to
extract conformal data. Besides the twists, we can find the dimensions of the operators
and the structure constants in the OPEs (1.6). In refs. [40, 41] this analysis was performed
when Z) is the interaction modulus O[(Qi?t), and the X [Cn | are Ramond ground states of the
n-twisted sector. Here, with our general functions, we can extend these results to find the
OPEs between Og?t) and NS chirals, between NS chirals and Ramond ground states, and
also between single-cycle and composite NS chirals themselves. In the latter case, we note
that the form of the correlation functions is restricted by the NS chiral ring, and show that
we can recover some known structure constants [42—44] by taking ns = 1, reducing the
composite field to a single-cycle one.

The D1-D5 CFT’s N/ = (4,4) superconformal algebra has a symmetry under ‘spectral
flow’ [45], that changes weights and R-charges of fields, and relates states in the NS and
Ramond sectors. In section 4.4, we discuss the effect of spectral flow on four-point functions,
and show how it connects specific pairs of functions derived with our master formulas.

We close with a brief discussion of our results and a few comments concerning the
derivation of a new family of four-point functions related to D1-D5-P superstrata. These
four-point functions, which involve excitations of the left-moving twisted Ramond ground
states, can be found in terms of the correlators calculated in the present paper, using
standard N = 4 super-conformal Ward identities.

2 Multi-cycle correlators on Sy orbifolds

The MY /Sy orbifold is made by N identical copies of a “seed theory” in M, each copy
labeled by an index I = 1,---, N, and all independent, so that the total central charge
is ¢ = Ncgeeq- The Hilbert space decomposes into twisted sectors created by ‘bare twist
fields” o4(z). The permutation g acts on copy indices of operators going around the twist,
O1(e*™2)04(0) = Oy(p)(2)04(0). Every g € Sy can be uniquely decomposed as a product
of disjoint cycles of different lengths n;, (n;) = (I, ,In,;) € Zn,,

g=TL(m)",  X,nN,=N. (2.1)

The conformal weight of o4, with g given in (2.1), is the sum

Wiy, =Y Nuhg, hg = i(n - %) — hg (2.2)
n
where h? is the dimension of the single-cycle components [37, 46]. The same is true for
anti-holomorphic weight Ban], and the total dimension is Aan] = h‘[’Nn} + E‘[’Nn}. The
weight (2.2) is the same for any g in the conjugacy class [g] = {hgh™' | h € Sy}, associated
with the partition
[Np] ={N, eN| >, nN, =N} (2.3)

Twists corresponding to individual permutations are not invariant under actions of
Sn. An invariant field can be built by summing over the orbit of ¢ € Sy under the action



of Sy by conjugacy,

1
g = — Ohgh—1- (24)
lg] Sl h;g:N g

The factor .|, ensures that the Sy-invariant two-point function normalization is the same
as that of its (non-Sy-invariant) components. In section B.1 we show that

g1 = \/ N!|Centlg]| (2.5)

where the order of the centralizer of g in Sy is?

|Centlg]| = HNn!nN" for ¢g= l_I(n)N”7 > Nyn=N. (2.6)

n

The result (2.5) was previously found in [39]. For single cycles g = (n)(1)N =", it yields the
usual normalization factor [33, 37, 48] which we will denote by .#,, and for double cycles
g = (n1)(n2)(1)N =72 we obtain a normalization denoted by .7, n,,

Fu=NUN =), Fyny = /NN — 01— ng)lngns. (2.7)

Excited twisted fields can also be combined into Sy-invariant operators, in the same way

as (2.4), and with the same normalization (2.5).

2.1 Twisted Q-point functions

@-point functions of twisted operators are subject to selection rules associated with the
permutations carried by the fields. A fundamental property of a twisted correlator, possibly
with a collection 2~ of excitations, is that the permutations must compose to the identity
id € Sy,

Q
<,%” H Ugi(z,-)> #0 onlyif g¢g1---g9=id (2.8)
i=1

otherwise the function would have ill-defined monodromy. If the g; can be separated into
two disjoint sets {g;} = {gr}LU{ge}, such that one set commutes with the other, the function

(2 Towtz)) = (# Tloata)) (# Tl 0w ) (29)
% k l

where % and %' are excitations of the respective sets of bare twists. A function which

factorizes,

cannot be factorized in such a way is called ‘connected’. In this section, we will be interested
only on the Sy-related properties of twisted correlators, so we now consider functions of
bare twists oy only. The Q-point function of invariant operators is the sum

1

<U[g1](zl) : ..a[gQ](ZQ)> = TR h% <O‘hlglh;1(,zl) . athQhél(zQ)>. (2.10)
7 i hieSn
hQéSN

#We recall the definition of Cent[g] in (B.5). See e.g. [47] for a derivation of formula (2.4).



Many terms of the sum of the r.h.s. vanish because they do not satisfy the condition (2.8).
It is convenient to replace the individual sums over the orbits of the {g;} by sums of
different equivalence classes of permutations that do satisfy (2.8). Let p; = h;g;h; ! be the
permutations in the r.h.s. of (2.10), and consider an ordered sequence {pi,---,pg} that
satisfies (2.8),

p1p2 - po =id. (2.11)

This will also be satisfied by every other sequence in the equivalence class o defined by

(67 {plap27'” 7pQ} ~ {kplkilakPQkila’” 7kak71}7 (212)

i.e. a global conjugation of every p; by the same k € Spy. Moreover, all correlators
(op,(21) -+ - 0pg (2q)) with the {p;} in a given class a will be equal by symmetry, because
the global conjugation only relabels every copy in the twists, and all copies are identical.
If we denote the set of all such conjugacy classes by Cl, the sum over orbits in (2.10) can
be replaced by a sum over all a € Cl, where we take one representative correlator for each
class «, and multiply it by a “symmetry factor” N,, counting the number of permuta-
tions in «. It is convenient to separate the classes according to the number c of distinct
copies that participate in non-trivial cycles (i.e. cycles of length n > 1).> This number
is, of course a class property, so we can decompose Cl = UcCl¢. In the end, the r.h.s. of
eq. (2.10) becomes

1
(o101 (21) -+ 00 (2) ) = T DY Nao(ope(z1) 0400 (20)) (2.13)
i 191l ¢ aeeCle
In appendix B we give several examples of classes a and discuss the set Cl in detail.
Some of the classes are made of permutations that factorize, as in (2.9), one or more
times. The type of factorization is, also, a class property. In appendix B we show that the

symmetry factor N, is basically the same for every class a. € Cl,

N, ok § C 2.14
= — ent|g; . .

% = (N — ¢! @:1_[1| n[g,” Voe ( )
The only class-dependent factor, v,,, is given by eq. (B.18). In classes o where no two-
point function factorizes, v,, = 1; in classes a. where there is a factorization of d two-point
functions with cycles nj, j = 1,---,d, we have vo, = 1/]];n;. egs. (2.13) and (2.14)
contain the exact N-dependence of the twisted ()-point function,

2 < Centlg; N Q
<ga[gi](21)>: H | ]\;'[9” ;(N—c)' Z Vac<]:[gp?c(zi)> (2.15)

i=1 " ac€Cle i=1

This formula generalizes a result of [33], which only considers connected functions. The
connected classes a € Clg can be described in a diagrammatic language developed in [33];
each class a corresponds to a different diagram, and the sum in eq. (2.22) is a “sum over
diagrams”.

3For example, for N = 9, the permutation (1,2,3)(5,6), has ¢ = 5 non-trivial copies, namely copies
1 =1,2,3,5,6. Copies I = 4,7,9 are trivial, as they do not participate in any non-trivial cycle. See the
discussion below (B.12) for examples of classes of permutations with different c.



2.1.1 The large-NN limit
The way eq. (2.15) depends on N seems to dwell solely in the coefficients multiplying the

last sum over a. € Cl¢. If this was the case, it would suffice to expand these coefficients
as functions of N to find scaling of the function as N — oo. This works for single-cycle
correlators with cycles of fixed length [33], but when we consider multi-cycle fields, there
are subtleties. A multi-cycle twist may be allowed to have a large number of cycles; an
important example is g; = (n)"/™ € Sy. So the centralizers of g; may depend on N, in
eq. (2.15). Also, the number of terms in the sum over a. € Cle may be very large, scaling
with N. In summary, determining the scaling of a multi-cycle Q-point function in the
large- N limit is a problem that depends intrinsically on the specific properties of the twists
involved. The detailed analysis of a relatively simple case is the subject of section 2.1 below.

But, under certain assumptions, we can find an interesting generalization of the results
of [33]. Let us isolate trivial cycles in the twist permutations,

_ (4) (4) ;
gi = (N2 N Hngl N el s (2.16)

such that the order of the centralizers are
i) G N;
|Cent|g;]| = (N -2 N]( )n;))!HNj! n;’. (2.17)
J

(@)

If we now assume that the cycle lengths n;

and their multiplicities NJ@ are fired as N —

00, we can use Stirling’s formula to find

(i (z)( Z)(2)

expanding the factor N!/(N — c)! as well, eq. (2.15) becomes, up to order 1/N,

'L) (’L

Q
<1;[10'[9i](21 > ZNC_7 " Z yac<0' ac(z1) -+ O'p%c(zQ)> (2.19)

ac€Cle

The factor

B DI DR \/H I1; N ! (n} )) (2.20)

is the same for all classes ac, depends on the lengths n, and on ¢ but not on N. Let R be
the total number of non-trivial cycles in all the permutations g;, and n, > 1, r=1,--- | R,
be their lengths in such a way that we can write the sum in the exponent of N in eq. (2.19)
as 3> N Z) =1 | n,. Inserting this into eq. (2.19) leads to eq. (2.21).

<ﬁa[gi] (21)> = ;NC—§Zf_1nr [1 +0 (&)} Z Vac< H Opee (2i > (2.21)

Q¢ Eclc

Note that the total number of these cycles is R > @, and if all g; are single-cycle per-
mutations, R = Q. If we further assume that the sum over classes a. € Cl¢ in eq. (2.21)
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also do not depend on N, then we have found the leading large-N scaling of the function.
This assumption about the sum over classes is not unrelated to the assumption used to de-
rive (2.18). If there is a finite number of cycles with fixed (and finite) lengths n,, then it is
reasonable to expect a finite number of non-vanishing classes satisfying the condition (2.11).
(This is true, for example, in the case of single-cycle fields.)

Eq. (2.21) can be written as

Q Q
(T oty (z)) = S N30 [1 +0 (;fﬂ ) Y ve(Ilopm ) (222)
=1 X i=1

ay €Cly
if we define the number

R
x(€)=2c+R-> n,. (2.23)
r=1

We can interpret x as the Fuler characteristic of covering surfaces, as follows. It is well-
known that a connected twisted correlator is associated with a ramified covering surface X
of the ‘base sphere’ S?, . [37]. In a connected correlator, the number R of non-trivial cycles
is the number of ramification points of ¥, the number c of distinct copies entering these
cycles is the number of sheets of ¥, and the order of the ramification point associated with
the cycle (n,) is its length n,. With this ramification data, the Riemann-Hurwitz formula

gives the genus of the (connected) covering surface ¥ to be

=1 1R Ly 2.24

g=1l-c—3 +§;nr (2.24)

which is compatible with (2.23), i.e. x = 2 — 2g. But some of the classes a. may give
disconnected correlators, which are products of £ connected functions. The latter are each
associated with a covering surface ¥;, and we can assoaciate the factorized correlator with
their disjoint union ¥; U --- U X,. The ¢ non-trivial copies and the non-trivial cycles will
be split among the factorized correlators in such a way that eq. (2.23) gives, schematically

X(Z1 U UB) = x(21) + -+ x(2e), (2.25)

which is the appropriate behavior of the Euler characteristic. Note that the maximum
value of the Euler invariant is y = 2 when the covering surfaces have g = 0, followed by
x = 0 for g = 1, and for higher genera x < 0. So, in eq. (2.22), as in the standard case, the
leading-N contribution to the correlator comes from (possibly disconnected) the zero-genus
covering surfaces.

Eq. (2.22) is a natural generalization, for disconnected functions, of the well-known
scaling of connected @-point functions as ~ > , N —8+1-3Q [37]. Of course, for single-
cycle, connected functions, our derivation above can be reduced to that of [33]. See also
the more general results of [39].

Let us stress that formulas (2.21) and (2.22) for the large-N scaling only hold under
certain assumptions about the twists of the multi-cycle fields. Essentially, we are assuming
that, when N — oo, the number of cycles in the correlation function does not proliferate
— hence, although the function may be disconnected, it disconnects into a product of a
finite number of connected functions/covering surfaces.
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v y y

Oapl Oapi Oapz 0,0 0,0 (0X;

O, ,
o P2 P2 4 P1

23
> O0p;

pi=papipy' py=pipapr!

Figure 1. Moving twist operators on S?,.. Each twist creates a branch cut (dotted lines).
Whenever a twist crosses a branch cut, its permutation changes.

2.1.2 The monodromy of classes

2
base*

indices are permuted by the action of p. If 0}, crosses the branch cut of o, counterclockwise

The twist 0,(2) creates a branch cut at z € S When an operator crosses it, the copy

(figure 1b), po acts on p; by left conjugation, and o, becomes oy where pj = pgplpz_l.
(If the branch cut is crossed clockwise, py acts by right conjugation on p; — py 1p1p2.)
Completing the circular movement of the first twist, the second one crosses a branch cut
and is also affected (figure 1c). The final configuration (figure 1d) has two different twists

than the initial one (figure 1a), but the product of the permutations is preserved:

Phpy = papi. (2.26)

Thus, when we rotate the oy, (2;) around each other inside a Q-point function we obtain
a function with different twists. The condition (2.8) is, however, preserved, as a result
of (2.26).

Suppose we start with a twisted @Q-point function whose permutations belong to the
equivalence class «. After rotating the twists as in figure 1, the final permutations belong
to a different class o’ # «. The fact that moving twist fields around each other moves
between the different equivalence classes o € Cl was called “channel crossing symmetry”
in [33]. (Since each class is associated with a diagram, “channel crossing” is a symmetry
of the set of all diagrams under the monodromies of a connected correlation function [33].)

In summary, correlation functions of individual permutations, such as (2.8), do not
have well-defined monodromies, because individual twists are altered when they go around
another twist. But the Sy-invariant functions (2.10) do have well-defined monodromies,
because they are a sum over all equivalence classes «, hence explicitly channel-crossing
symmetric.

2.2 Untwisted operators

When the correlation function contains operators in the untwisted sector, the discussion
above must be modified. In this case, the sum over conjugacy orbits of (2.4) is not a good
definition for an Sy-invariant untwisted operator. Instead, it should be replaced by a fully
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symmetrized tensor product

1 NI
[H(X[Cf])pl] = ?S [®Z(X e ® - @XC(Z) S = \/ NS oLl (2.27)

%

Here it should be understood that the copies I entering the symmetrized tensor product
are all different. The normalization factor %, whose structure is different from the one
n (2.4), counts the number of equivalent terms in the symmetrized product, and is derived
in section B.4. When there is only one untwisted field, we have a simple sum over copies:
Xpy = N—3 Zévzl X71. For the N-fold product of two components XICl = X;and X& = Y7,

we have
2

1 N
XC’L pz — X ®pY®(N_p) = . 22
II [1] ysym[ ]’ 7 p ( 8)

Fields with this structure appear, for example, in [9)].

There is a way to extend the definition (2.27) to products of composite twisted fields,
which is widely used in the literature concerned with fuzzballs and microstate geometries.
A detailed derivation of the normalization factor analogous to the one in (2.27) can be found
e.g. in [12]. This type of construction of Sy-invariant twisted fields is different from the
sum over orbits that we use here, and the normalization factor in [12] differs from the one in
eq. (2.4).* We note that, although it seems perhaps less intuitive than the straightforward
symmetrization of copies, the sum over orbits is particularly useful for correlators whose
fields are all twisted, as it is amenable to the equivalence-class decomposition of [33, 44, 49]
discussed in section 2.1.

3 Four-point functions with two fields of twist two

From now on, we will be interested in four-point functions of the type

A, 0) = (255 (00) Z1z)(1) Z13) (0, 8) 2], (0)) (3.1)

where v is a anharmonic ratio. Zy is an Sy-invariant single-cycle field of length 2, and

%[Nﬁ] is a generic multi-cycle field with {NC} {NC eENI[>, nN§ N}

o 5 1

4 [Nrﬂ heSy | ¢n

fier] e

¢n

It is usual to interpret single-cycle fields as “winding stands”, see e.g. [15, 50]. In this
language, Z () and X (Cn) are excitations of a 2-wound and an n-wound strand, respectively.
The index ( labels possibly different excitations of the multiple strands that make up ﬁ”[ NP

and the bar over X (Cn) indicates a field with opposite charges. For example, in the D1-D5

4The sum over the orbits in Sy has many “repeated” terms because the centralizer of the permutation
is non-empty, as discussed extensively in appendix B; these repeated terms are duly accounted for in the
normalization factor. In contrast, following [12] we sum over less terms.
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CFT, ¢ labels different SU(2) charges.’® In the D1-D5 CFT, we will mostly be interested in
the case where Z[y) is a NS chiral or the interaction operator, and X (Cn) are Ramond ground
states, but, at this point, we focus only on the twist structure, which rules the factorization
properties of the full correlator.

3.1 Factorization

The correlation function (3.1) factorizes because the cycles of Zpy and Z[Q] can overlap

with at most four of the cycles of 3{[ ) and 5&”[N<s>].

ization occurs, recall that the r.h.s. of (3.1) is a multiple sum over orbits, and, apart from

To find the exact way the factor-

normalization factors, each term has the structure

Ag, = <[H(an))N5](oo) Z(9)(1) Z(z)(v,5)[H(X(<n))N5](0)>. (3.3)
¢n ¢,n

The term (3.3) factorizes in two different ways, depending on how the cycles of the four
operators overlap. The first is a four-point function with only one component of each heavy
field (we omit position dependences for brevity)

<XCl

7 ¢
(nl) Z(Q) Z(Q) X(;Ll)>, (34&)

and the other possibility is a four-point function with double-cycle fields

([X6 X320 Zey Zey X3 XE ). (3.4b)
This restricted factorization follows because in both eqs. (3.4) there is, implicit, a product
of factorized two-point functions <X(Cn)(oo)X (Cn)_l(O)) = 1, and the fields X (Cn) and X(Cn)
whose cycles do not overlap with Z(3) nor Z(Q) must all match in such a way that none of
these two-point function vanishes, see section B.3.

Besides (3.4) there is, sometimes, a third possible type of factorization of (3.3), resulting
in a product of three-point functions. This only happens for some special configurations
of the cycles in the composite field [[]; (X (Cn))NTCL], and for special configurations of the R-
charges, including that of Z. Since this type of factorization is not generically present, we
will ignore it in the remaining of this paper, and henceforth it should be always understood
that the composite fields are not such that this factorization occurs. Still, we note that, in
the cases where it does occur, the contribution of the factorized three-point functions can
be determined in a similar way as we derive the contributions of the connected four-point
functions below. We give a more detailed discussion of this case in section B.3.

Applying eq. (2.15) to the four-point function (3.1), we get

A(0,5) = | Cent|g] !]\\?!ent[(Q)H Z & i T a;ﬂ Ve, Aa, (v, 7). (3.5)

5We use X to denote arbitrary fields. They are not to be confused with the bosons X fm of the seed
CFT defined in appendix A, which do not appear in the main text.
6See also [41]. Here we derive the factorization in a slightly different way.
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Here g = [],,(n)V*, with 3, nN,, = N, is the permutation in the multi-cycle field. The
number of active copies is constrained by the conjugacy class of g. We now assume, for
simplicity, that N1 = 0, i.e. that all cycles entering the correlation function are non-trivial.
Then all N copies enter the correlation function non-trivially, and”

c=N (if g = [1,,(n)"», with all n. > 1). (3.6)
Assuming (3.6), and using (2.6),

N,InNn)(N —2)12
A(’U,’D) _ (Hn>1 nN| )( ) Z VaAa(U,T})
: acCl

2(N —2 'HN' a % 17 G y<
= [Zn1n2< X(7111)X(7212)]Z(2)Z(2) [X(7111)X(7212)]>a0 (37)

+ Z ’I?,<X(CH)Z(2)Z(2)X(C”)>O”‘| .
Qg

The classes a can be divided into two subgroups, denoted cg and oy, according to whether
they factorize as in (3.4a) or (3.4b), respectively. In each case, many two-point functions
factorize, and inserting the factors v, given by (B.18) we find the final result in (3.7).

Among the terms in the classes ag, are all possible pairings of components X (C;'L_), and of

components X(C;'”), from the multi-cycle fields. The classes with the same pairing recon-
struct the connected part of the Sy-invariant function with double-cycles and with the

number of colors restricted to ¢ = nq + no, that is

(XG0 X (00) Zpg (1) Zigg (v, 9) [XEL X2, 10))
_ | 2(N = 2)[(N —ny — na)ning
- N
: . - (3.8)
8 Z N_o¢ |Z< (X Xen] Zy Zey XG0 X)) ]
c=ni+nsg
2(N - 2)!711712 ¢ ¢ _ (1) ¢

- TZ<[X<$1>X(§2>] Z(9) Z [Xmi)X(ZQ)DaO-

ap

We assumed ny # no; for ny = ny = n, the overall coefficient in the r.h.s. must be multiplied
by 2. The index 0 in the function (---)o ~ >, (--*)a, indicates that its associated
covering-surfaces have genus g = 0, as given by the Riemann-Hurwitz formula (2.24) with
c = nj+ng. Similarly, the classes o, which have ¢ = n, reconstruct the connected function

<X[¢ 1(00) Zpy (1) Zpyy (v, 0) X5, }(0)> :2(NN_!2)!HZ<XW)Z(2)Z( )X(n)> (3.9)

1 o a1

whose index indicates that the associated covering surfaces have genus g = 1.

It Ny > 0, then (in a given class ac) ¢ = N — N1 + A, where A is the number of copies which are trivial
in g, but participate in the cycles of Z(3) and/or of Z(2>.
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Combining everything, we gather that eq. (3.7) gives

A, 9) = ([TIEEEDY ] (00) Zp(1) Ziy (0, 9) [ TTXE DN ()

¢n ¢n
- (H Nn!> [ z;é: (N% N%)Q <{X[%1]X[n2ﬂ 2[2] Z[Q] [X[m]X[nz]}>
n ni#£na
C17#G2
i m:zn;:n (V5N ([XE %63 oy 2 [ X5, X, 60
G1#¢2

+ZE‘@2(N5)<[X@1X@J Zie) 21| X X)),

+Z (NS) <X ZQ]Z[Q]X[O]

The coefficients in each sum are ‘symmetry factors’, given by the number of equivalent
ways of forming pairs of components from the original multi-cycle fields; see [41]. (They
are squared because there are two multi-cycle fields.) The function &(q) is the number of
ways to pair g objects,

Pop+1)= VLo, (3.11)

(o) = 2 12

pl2r’

We have reduced the four-point function with two full multi-cycle fields to a sum of
connected four-point functions with, at most, double-cycle fields. Note that to arrive at
eq. (3.10) we have not used the large- N approximation. Although the connected functions
(-+-)o and (---); have genera g = 0 and g = 1, respectively, we see from eq. (2.22) that,
for large N, both scale as ~ N—2. This is because (---)o has an extra pair of cycles
giving an extra pair of ramification points to the covering surface. The symmetry factors,
which depend on the multiplicities NS, also depend on N because they are constrained by
donc N$n = N. Hence, depending on the configuration of this partition, and on how the
large-N limit is taken (e.g. leaving the cycle’s lengths fixed or not), the symmetry factors
can also become large. It is to be expected that if some of the NS grow parametrically
with N, the terms with 22(NY) dominate the r.h.s. of (3.10), as they contain factorials. In
this case, the genus-one functions end up being subleading.

As a concrete example, consider the multi-cycle field®

2p
X = [(X[%l]) (X[ij]) }; 2pni +2qna=N; ni>no>1, G #C.  (3.12)

SWe tacitly assume that max(ni,n2) # 2min(n, ne), so that the type of three-point function factoriza-
tion discussed below (3.4) does not exist.
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In this case, the second sum in (3.10) is void:

< {(X[%ﬂ)% (X[%z])%} Zm 4e {(X[C"lﬂfp (X[%ﬂ)%} >

= (2p)! (29)! [(41%1)2 < [X[%AX[%J 2 21 [X[%AX[%J >0

2
N ((;92!];27!> (XX i] 2 2 X0 X0 ), (3.13)

2 _ _ _
+ (B0 ([, %] 2oy 2 x5, XE]),

2 [ vC ¢ 2 /v ¢
+ (2p) <X[nlﬂ Zpg) Z[le[ﬁl1>1+(2q> <X[52] Zpg) Z[z}X[é’QQJ'

Since n1(p/N)+n2(gq/N) = 3, if we keep the cycles’ lengths fixed in the large-N limit, there

must be a large number of both components, i.e. p, ¢ > 1. Using Stirling’s formula, we see

that the g = 1 terms in the last line are subleading to all terms with double-cycle fields.
An even simpler example is a field with only one type of component,

7 =X}

[n

J#], 2p = N/n. (3.14)

The four-point function simplifies further,

Ny N2 B
([ Z i xi)¥]) - <Z>1{((§gg) ([61%5) 2 203506, ),

NV /¢ 5 ¢
+(n><XmZmZme%]
(3.15)

For N/n > 1, we find again that the genus-one term is strongly suppressed.

3.2 Genus-zero covering surfaces and Hurwitz blocks
We have seen that the main ingredient of the four-point functions (3.10) are the connected

functions

882 (4, 7) = <[)‘([Cnll])_([%2]](oo) Z9y(1) Zpgy (v, ) [X[Cl X[%Q]](O)> . (3.16)

ny,ne ni) 0

From now on we omit the label 0, and always assume that we are dealing with the connected
function with a genus-zero covering surface, which is obtained with the covering map [40]

(t) (t>m<t_t°)n2 (tl_t“)ng (3.17)
VA = _ . .

t1 t—teo t1 —to
2
base

The ethos of a covering map [38] is to cover the “base Riemann sphere” S > z,
where (3.16) is evaluated, with a ramified surface ¥g > ¢ of genus g, whose ramifica-

tion points have the property of trivializing the twists in (3.16). The map (3.17) defines
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such a covering surface with g = 0, i.e. a covering of the sphere by the sphere. The pair of
(disjoint) twist insertions at z = 0 lift to the pair of ramification points ¢ = 0 and ¢t = ¢y
with ramifications n; and ne. The same happens to the pair of twists at z = co. The
single-cycle twists at z = 1 and z = v must, each, be lifted to one ramification point, which
we call t = t; and t = x, respectively. At these points, the map must have the correct
monodromy, i.e. the derivative must be factorizable as 2/(t) ~ (t —¢1)(¢t — ). This imposes
relations among the parameters tg, t1, 1 and z, that can be satisfied by choosing
(m—l)(x—l—i—%) x(x—l—i—%)

t: _1 t: t = 3.18

The asymmetry between n; and ng in eqgs. (3.17)—(3.18) is “fictitious”: it stems from
a freedom in parametrizing the covering map [40]. Without loss of generality, we will
consider ni > nsy.

The covering surfaces with the same ramification data, i.e. the same number of rami-
fication points with fixed orders and positions on S%ase, are not unique. The number H of
such surfaces it is a Hurwitz number [33, 44]. It is the number of inverses of

T+ ny ni+ng . ny—ng
v=2z(z)= <x _nf ) ST (3.19)

n2

found by inserting (3.18) into (3.17). This is equivalent to the algebraic equation

_ ni—ng ni+n2
v (x — 1)t (:gm"z) - (1: + "1) g = (), (3.20)
no ng
with
H = 2max (n1,n2) (3.21)
roots zq(v), a = 1,--- ,H. Also, as explained in [33] (see also [44]), there is also a cor-

respondence between covering surfaces and the equivalence classes a that compose the
Sn-invariant function (3.16), cf. (3.8),

_ 2’)11’)12(]\[ — 2)! ¢ ¢ _ ¢ ¢
Aglf%z( 1}) = NI z;} <[X(711) X(7212) }Z(Z)aZ(Q)a [X(él)aX(732)aj|>
: a€eCl
g=0 (3.22)

_ 2miny(N —2)! H 2
1223 46 )|

a=1

In other words, in the first line there are H different equivalence classes a with g = 0, each
class associated to one of the solutions z4(u) in the second line. So the sum in (3.22) is
over the H = 2max(n1, ny) topologically distinct covering surfaces with R = 6 ramification
points of orders given by the twists, and ¢ = ny + ns sheets, as per the Riemann-Hurwitz
equation (2.24).

As v sweeps S%ase, each function z4(v) fills one out of H disjoint regions, which compose
again the entire Riemann sphere. We will call this regions ‘Hurwitz regions’. Eq. (3.22)
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12 Figure 2. Plot of v(x) for ny = ny = 3.

Colors depicts the phase of v(z), and
0 the shading follows the curves of con-
stant |v(z)|, as indicated by the scales.
The z-plane is divided into H = 6 re-
gions, v(x) taking all values in C inside
of each.

-1/2

Re(x)

shows that the Sy-invariant function A$$?, (v, ), with domain on SZ,,, is decomposable
as a sum of H ‘Hurwitz blocks’, derived from the function A%ll’,% (x), with domain in the
z-plane. It is crucial that all Hurwitz blocks are summed for the total function to be Sy-
invariant, because each block correspond to one of the equivalence classes «. As discussed
by the end of section 2.1, when one twisted operator revolves around another (cf. figure 1)
the equivalence classes are shuffled. Hence a missing Hurwitz block makes the monodromies
of the correlation function not well defined.

It is often possible to compute the “Hurwitz block function” A%llﬁfQ (z) in closed form.
We will do this in section 4 for a varied collection of operators. But even when this is the
case, it is, in general, not possible to write the Sy-invariant function itself in closed form,
because the x4(v) are the roots of eq. (3.20), which has order higher than 5 for almost

all twists.

3.2.1 Exact Hurwitz bloks for composite fields with equal cycles

The exception is when n; = ny. The polynomial (3.20) simplifies to

= = 3.23
v=2(0) = (25) (3.23)
and we can find its H = 2n solutions exactly:
1 ani
14 vinen
ra(v) = —— 0T 01,2, 20— 1, (3.24)
1 —v2nen

where v?r is a (single) 2nth root of v. The division of the z-plane into H = 2n disjoint
Hurwitz regions can be clearly seen in the plot of v(x), shown in figure 2 for n = 3. The
shading of the plot follows the contours where |v(x)| = constant, distinguishing the curves
traced on the x-plane when v goes in circles around the origin of the base sphere. All
regions meet at the two critical points x = +1.

As stated above, each of the H regions of the z-plane are associated, on the one hand,
to a topologically distinct ramified covering of S%ase and, on the other hand, to a distinct
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class a of permutations satisfying (2.11). But in the case of n; = ng, there is a subtlety.
The functions (3.24) can be grouped in n pairs related by inversion:

1
Latn = —, (325)

a

fora=0,---n—1. This is a global conformal transformation of the x-plane, which suggests
that the two solutions x4, and x4, describe covering surfaces with the same topology. This
is indeed the case, as illustrated in figure 3, again with the example of n = 3. There are
2n = 6 solutions of v = z(z) for fixed v. The values of x, for the panels in the bottom and
upper rows are related by inversion (3.25). Surfaces in the same row are all topologically
distinct. But comparing the pairs of surfaces in the same columns, we find that they are
equivalent. Let us focus on the first column, with the pair , = —2 and z; = 1/z, = —1/2.
Rotating the upper panel 180°, we do get the same topology of the bottom panel, but with
the positions of the points ¢t = ¢y and ¢ = 0 swapped in relation to the other ramification
points. This is highlighted by the green arrows in figure 3; following the arrow in the
upper panel we find the sequence t; — too — t9p — « — 0. Rotating the plane we get an
arrow in the opposite direction, to be contrasted with that indicated in the bottom panel:
t1 = teo =& 0 — = — to. The relative positions of every point are the same, except for
t =0 and t = tg, which are swapped.

As ramification points, t = 0 and t = t( are equivalent: they are both the preimages of
z = 0, and with equal ramification because they correspond to cycles of equal length. In
this sense, swapping these two points does not matter, and the number of distinct ramified
coverings is reduced to H = n. This “reduction by half of the Hurwitz number” when
n1 = ng = n can also be seen from the perspective of H as counting the number of different
equivalence classes a. An explicit construction of the 2max(ni,ng) different classes in the
function (3.22) can be found in appendix B of ref. [40]. It is clear from the construction
given there that when n; = ng the otherwise distinct 2 max(n1, n2) inequivalent classes are
grouped in pairs, and only n distinct classes remain. Eq. (3.25) is the manifestation of this
pairing in terms of the geometry of the covering surfaces.

But there is still one further subtlety. In (3.22) we may have different excitations of
the strands n; and ng, even if the strands have the same length. Then the ramification
points t = 0 and t = tg are “decorated” with different operators, and are distinct, even
though they are equivalent with regard to the twist structure.

In summary, for functions with double-cycles of the same length, the Sy-invariant
four-point function (3.22) is

2 _ o)) 2n—1
A58, 0,9) = RIS 40 ) (3.26)

a=o0
where x4(v) are given in closed form by eq. (3.24). Furthermore, when, in addition to the
twists having cycles of the same length, the excitations are also equal, i.e. (1 = (o, then
the Hurwitz blocks have the symmetry
1
A8 () = 455 (755 (3.27)

and only half the terms in the sum (3.26) are independent.
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Figure 3. Covering surfaces for n; = ny = 3. In each panel, the horizontal axis is Re(t) and
the vertical axis Im(¢). Blue patches are the preimages of the upper-half plane Im(z) > 0, and
pink patches the preimages of the lower-half plane Im(z) < 0, under the covering map (3.17). The
positions of the ramification points tg,%1,ts depend on the position of the ramification point x

according to (3.18). The 6 panels correspond to the 6 solutions x4 of eq. (3.20) for z(z) = v = =15.

3.2.2 Composite fields with unequal cycles

The geometry of the z-plane is more complicated when nq # ne. In figure 4 we show it
for ny = 7, n3 = 3. There are H = 2max(ni,n2) = 14 regions, v(x) taking all values in
C inside of each. (The number of regions can be found by counting, say, the different red
streaks in the plot, where Arg(v) < 7.) The main difference from figure 2 is that in figure 4
there is an inner region with three critical points,

ny — no ny — no
- _ — . e =0 3.28
a: ng x 2ng v ’ ( )

which collapse into a trivial one when n; = mng. The trefoil structure of the innermost
regions (labeled 1, 5 and 14 in figure 2c) around the middle-point z = —% is the same
for any values of n1 # no. Increasing the difference n; — nsy increases just the number of
“petals” (labeled 2, 3 and 4) between z = — 1 and z = —™="2 as well as the symmetric
ones (labeled 11, 12 and 13) between x = 0 and x = 1. There are always n; — ny such
petals at each side. The petals and the trefoil are associated with the twist structure of

the four-point function’s OPE channels.
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T/2

-m/2

-10
-20 -15 -10 -5

m [0(2)|=0.4 w—mlo(z)|=0.99
lo(2)l = 0.2 lo(z) = 1.01

Figure 4. Plot of v(z) for ny = 7, ng = 3. The frames’ horizontal and vertical axes are Re(x),
and Im(z), respectively. Colors depict the phase of v(x), and shading follows the curves of constant
|v(z)|, as indicated by the scales. a) Complete borders of the Hurwitz regions, with “outer” regions
labeled. b-¢) Four contours with |v(x)| = constant. ¢) Close up of the inner region near the critical

points ¢ = =" x = — M= p = —En2 g = (), 2 = 1 (red dots from left to right, respectively),
2 n2 n2

with all 14 different regions labeled.

3.3 OPEs and Hurwitz blocks

The four-point function (3.16), there are two inequivalent OPE limits:

v—1 with OPE Z[2] X Z[Q] (3.29&)
v—>0  with OPE  Zjg x [X{1 X72 ] (3.29b)

[n1]*" [no]

In v — oo, the OPE is equivalent to (3.29b) in what concerns the twists, but with the
double-cycle fields having opposite charges. (That is, the operators appearing in the fusion
rules are different, but with the same twists discussed below.)

The critical points of v(x) correspond to OPE limits. Although it is not possible to
find z4(v) in closed form for ny # ng, we can find them asymptotically for v ~ 0,1. At
v = 1, there are two critical points

ny —mng

xp(l) =00 and xz3(1) = (3.30)

21%2

The root zy has multiplicity one, and x3 has multiplicity three. Explicitly, expanding v(x)
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in the vicinity of (3.30) and inverting the series,

477,1 ng — N1 + 4n1n2 ni 1 ni
= — _—— — 1 —
mwv) = -y, + s ls 24y 24n§]( v)
(3.31a)
n1 1 ni 2 3
A R 1- o1 —
O 48@]( oy 0l —v)
1
1 2\ 3
_ 3 2 2 3
ry(0) = L2, 38 M (1)}
2n9 4 nins
(3.31b)

W=

3 n? +n3 1 (n? — n3)? 1 5
- — 1—w 1—v)34+0(1—wv)3
T 2] -wi+oa-o)
These functions are plotted as magenta and cyan contours with |v(x)| ~ 1 in figure 4b-c.
The contours extend to x = oo in a single direction, but move towards x3 from three
different directions in the inner trefoil region.

When v = 0, all H = 2n; roots are easily found:”

22(0) = —L and  29(0) =0, (3.32)

n2

with multiplicities ny 4+ ng and n; —ng, respectively. Expanding v(z) near these points and
inverting the series expansion, we find

n2—mni
n n nyg\ nitn 1
z3(v) = -1 (1 + 1) (1> Py

n n n
? 2 (3.33a)

T hitn 1 2

X 1 + (m> 1+n2 (m + @ _ 1) pn1tne + O (/Un1+’ﬂg> ]

) no ni
"11’”2 )
xq(v) = (1 — nl) (nQ> e pr1—n2
no niy

n1+n2 (333b)

X

nq{—mn ]_ 1 1 _2
1 + (,n/z> 1 2 ( + na + ,n/;) v + O <vn1_n2> ‘|
ni no no ns

The two functions can be visualized in figure 4b-c as the orange and green contours with

|v(x)| ~ 0. The contours split in two closed parts. One part, given by x-(v), circles around

T = —%, as shown in figure 4b. They avoid n; — no regions in the petals-trefoil patch in

figure 4c, thus crossing a total of H—(n; —ngy) = nj +ng regions. The other closed contour,

given by x3(v), encircles = = 0, passing over the n; — ng remaining regions. As v — 0, the
ni

contour z2(v) tightens around x = —71, and z=(v) tightens (much faster) around z = 0.

3.3.1 Fusion rules

The twists of operators resulting from the OPEs (3.29) must appear as branches of the
correlation function A%ﬁ% (v,v). The branches correspond to the multiplicity of roots x4

9As stated before, we are assuming, without loss of generality, that ni > ns; see [40].
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in the coincidence limits. The multiplicities can be read both from the leading powers in
the expansions (3.31) and (3.32), and also from the number of regions around the critical
points discussed above in figures 2 and 4.

For v — 1, since zx(v) has no branch cuts, the OPE has an untwisted field Uy}, while
the third-order branch of x3(v) indicates an operator S of twist 3. This agrees with the
composition of permutations: a product of two transpositions is either the identity or a
cycle of length three,

[2] x [2] =id + [3]. (3.34)

Hence the OPE (3.29a) reads

Zi9) % Zig) = Cpz0 {Uny} + Crz5 {551} (3.35)

where C's are structure constants and {---} indicates conformal families.
Similarly, in the OPE (3.29b), two types of resulting permutations contribute to the
four-point function,

[2] x [(n1)(n2)] = [n1 + nal + [(n1 — n2)(n2)(n2)]. (3.36)

In the first term in the r.h.s., a transposition (2) joins two cycles (n1)(n2) into a single
cycle of length n; +ng; this is what we find from the branch cut of x3(v) in (3.33a). In the
other type of contribution, the transposition splits the longer cycle in two: (2) X (n1) =
(n1 — na)(ng). The resulting cycle of length n; — ng is seen in the branch cut of z=(v)
in (3.33b). The total fusion rule extracted from the four-point function is

Zy % (X 1 XE2)) = Crzxizy (Vi +nal}
+ CxzwxBxx { [W[nl—nz]X[%g}X[%zﬂ }

where By y is the normalization constant of a two-point function.

(3.37)

The appearance of the operator W, _y,] is an example of how there are non-trivial
interactions in the fusion rules of composite, multi-cycle twisted fields, and it deserves a
more detailed discussion. The terms in the r.h.s. of eq. (3.37) come from different types of
equivalence classes « in the sum (3.22). Consider the following examples of representatives
of classes contributing to each term, for n; = 5, ng = 3 (we label cycles by the corresponding
twist position):

id=1(1,2,3,4,5)0(6,7,8)00 X (1,6)1 X (1,4)y % (8,7,6,5,4)0(3,2,1)o (3.38a)
id =1(1,2,3,4,5)00(6,7,8)00 x (1,4)1 x (4,6), x (8,7,6,5,4)9(3,2,1)p (3.38Db)

Taking the limit v — 0 in each case,

(1,4), x (8,7,6,5,4)0(3,2,1)0 = (8,7,6,5,4,3,2,1), (3.39)
(4,6)y % (8,7,6,5,4)0(3,2,1)0 = (4,5)+(8,7,6).(3,2,1)g (3.39hb)

where new cycles resulting from the composition are marked by a star. So, keeping track
of the cycles, the composite operator in the r.h.s. of (3.37) is, schematically,

¢ G (- _ ¢ G
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The branch cut of (3.33b) only “sees” the cycle of length ny — ng from W, _,,) because,
in this OPE, Z(3), does not interact with X (Cfm)o, and X 6212)* factorizes from the correlation
function. The factorization can be seen comparing (3.38b) and (3.39b). The cycle (n2)so
in the composite operator at oo, and the cycle (ng2)s, resulting from the OPE, are inverses

of each other, (n2)so(n2)s = id. They also commute with the remaining cycles, so

id=1(1,2,3,4,5)00(6,7,8)00 X (1,4)1 X (4,5)4(8,7,6)4(3,2,1)

= {(67778)00 X (877; 6)*} X [(1,2,3,4, 5)00 X (1,4)1 % (4,5)*(3,2, 1)0} (3‘41)

(Note that there is no factorization of (6,7,8)s in (3.38b), before the OPE.) The effect of
the OPE inside the four-point function is

v C a8 7 ¢ ¢
(X X 20 W ), X () X))

_ /¢ ¢ ¢ ~ ¢
= (X, X ) (Ko Zn [Won - XE2),])

The factorized two-point function cannot vanish (unless the branch cut (3.33b) is absent

(3.42)

from the four-point function expansion), which explains why the new operator with twist
(n2)s must be X&

(7212)*. A similar reasoning explains the product of constants in (3.37)

Byx = (X{2,(00)X2,0)),  Cxzpx = (X(2(00) 2 (1) [Winy—ny X[2,](0)). (3.43)

We assume the strands X Cn are individually normalized, hence By = 1.

Note that classes (3.38a) and (3.38b), which differ only by the cycles (2); and (2),,
are related by channel crossing symmetry. Starting from (3.38a) and moving (1,4), coun-
terclockwise around (1,6);, as in figure 1, we obtain (3.38b). Hence the operators in the
r.h.s. of the OPE (3.37) are intimately related.

3.3.2 Composite fields with equal cycles

When ny = no, the solutions in the coincidence limits are

oo = xx(1)
1 = 23(0)

zo(1), multiplicity 1
o1, (multiplicity 1) -
2q(0) YV a (multiplicity 2n)

as can be seen directly from (3.24). Solutions x3(v) and x+(v) are missing. It follows
that, for n; = ng, there is no operator Sjz in the v — 1 channel, and no Wy, ,_,, in the
v — 0 channel. This can also be understood from the perspective of Sy selection rules.
For example, o3 disappears because there is no three-point function satisfying (2.8) with
a cycle of length 3 and two double-cycle twists [(n)(n)].

4 Four-point functions of twisted fields in the D1-D5 CFT

We now turn to the D1-D5 CFT at the free orbifold point. Conventions for the notation
of fields are given in appendix A. The holomorphic Ramond ground states of the n-twisted
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strands can be written in bosonized language as

RE(2) = exp <i; S [610(2) - @,I(z)]) o0(2) (4.1a)
R(in) (2) = exp <—2l Z [01,1(2) + ¢2,1(2 )]) o) (2) (4.1b)

R(Qn)(z) = exp (Jr; Zn: [01,1(2) + d2.1(2 )]) o(n)(2) (4.1c)

All have conformal weight Al = 7 = 552, the correct weight of a spin filed in a CFT with
central charge ncgeeq. are distinguished by their SU(2) charges (4,j).'° For R( ) and R( )
respectively, (j = i%, j=0)and (=0, j= i%) NS chiral primaries can be expressed
in bosonized form as

i(n—1) 3 [¢1, 1(2) = ¢a, I(Z)Dg(n)(z) (4.2a)

T
I

T
I

i(nF1)

Oéi))(z):exp( > [o1(2) — o )D n)(2) (4.2b)
( T@J@) - 2n¢2,[(2’)]>0(n)(z) (4.2¢)

(see e.g. [42-44]). They have conformal weights and R-charges

1 1
s+ D=3 b= on=jil. (4.3)

1
0 — Z(n—=1) = 40. (2) —

(p)

Anti-chiral operators O(n) (z) have opposite R-charges and the same dimensions. The labels

(p) in refer to the associated cohomology of T*. The two middle-cohomology fields Ogi)i)
have degenerate dimension and R-charge, but are distinguished by the global SU(2) charges
;S{’ ), with respect to which the other fields are neutral. There are analogous fields in the
anti-holomorphic sector.

The operator that drives the theory away from the free orbifold point is a specific

excitation of the 2-twisted lowest weight NS chiral with super-current modes,

O[(;]ﬂt)(z Z) = eapG~ AG BO[(S]O)(Z Z)

5 0,0),_ -
—can f 52 § SR G A WGP @0z, 2).

This is an exactly marginal deformation, with dimensions h = 1 = h, and it is a singlet of
all the SU(2)s, with j =7=10,j =) =0.
From the single-cycle fields above, we can build multi-cycle, Sy-invariant fields such

(4.4)

as the Ramond ground states of the full orbifold,

¢ : N . .
H(R[Cn])Nn] with Bt =—- =3 Npje i=3> N (4.5)
C,n C,?’L

,n

Ring =

10We denote by j and j the eigenvalues of the components J? and J%, not of the Casimirs.
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and also composite NS chirals

# 0@g — 4 00
2

p . . N
Opvgy = [waﬁf)N"] ;o owith h=j="+4 (4.6)

p.n

where #0®) denotes the number of strands of the type p entering the composite fields. In
both egs. (4.5)—(4.6), the multiplicities form a partition of N = 3. , nNS. In the large-N
limit, the Ramond ground states (4.5) are heavy, b ~ N. The multi-cycle NS chirals (4.6)
can also be heavy, if the number of lowest-cohomology components is parametrically small.

4.1 Formulas for two classes of connected functions

We want to compute explicitly correlation functions of the type (3.22), using the fields
above. We can do a rather generic computation, if we define the following “adjustable”
operators (from which we build Sy-invariant combinations)

.2
1
Z({;;vﬁ} = exp [4 Iz_:l (Oz(le + 5¢2,[)] 0(1,2) (4.7)
(6,0} 15,5} i
0 g,0 _ N A
XX = e g 2 (8911 + 09n.1)
=1 4.8)
. nitng ( )
1 o v
to > (6o + Q¢2J)1 O(1,+ n1) 0 (n1+1,+ na+na)
ng I=ni1+1
with holomorphic conformal weights
a?+p2 1 1 a®>+p2+6
hy = “(2-Z)="-—C " 4.
Z 6 1 ( 2> 16 (4.9)
624+02 52+ ni-1 ni-1
By — 1 2 4.1
XX 8711 + 8’02 + 4711 4’02 ( O)

The anti-holomorphic counterparts of (4.7)—(4.8) are completely analogous. Adjusting the
parameters «, 3, &, 9, &, 0 we obtain all the Ramond or NS chiral double-cycle fields,
following table 1. We can then compute

501680, — ([ x10:0} x{0.0} 7{a.8} {o,8} {6.0} y{5.6}

Ailre) = (X X | o) 27 () 257 ) [XTP X ), @)
and find the desired cases fixing the parameters afterwards. The twisted correlator (4.11)
can be computed in the way of Lunin and Mathur [37, 38], or using conformal Ward
identities to find a first-order differential equation, in what is known as the ‘stress-tensor
method’ [33, 44, 46, 48, 51]. The computation for generic Xs, using both techniques,
was done in detail in appendix B of ref. [41] for the case where Z|5) = O[(;?t). The case of

Zp = O[(%’p ) is much simpler, and will be described now, using the Lunin-Mathur technique.
Details are left to appendix C.

The fermionic exponentials in (4.11) are lifted to ramification points on the covering
surface, with an appropriate factor depending on the local behavior of the map (3.17); see
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(0) (2) (1+) (1-)
Opy Oy Opy Oy
{a, B} {1,-1} {3,-3} {3,-1} {1,-3}
O(1+)O(2) O(1+)O(0) O(H‘)O(H‘) O(1+)O(1_)
[n1] [n2] [n1] ' [n2] [n1] [n2] [n1] ' [n2]
{6,0} | {m+1,1-m} {n1+1,1-n1} {n1+1,1-m} {n1+1,1—n1}
{5’,@} {n2+1,—1—n2} {’I’Lz—l,l—ng} {n2+171—n2} {ng—l,—l—ng}
(1-) ~(2) (1-) H(0) (1-) H(1-) PR
On1) Olna) Ofr) Olna) Ofn1) Olna) R 1 By
{6,0} | fma—1,-1—nm} {na—1,-1-m} {mai—1,-1-m} {£1,¥1}
{6,0} | {na+1,-1-n2} {n2—1,1-n2} {n2—1,-1-mno} {1, +1}
2) H2) ©) ~(2) (0) ~(0) + ot
01119 O111Ona) O1119%ma) R 1 By
{&,@} {n1+1,-1—n1} {n1—1,1—n1} {n1—1,1—n1} {£1,F1}
{F,0} | {na+1,-1—-n2} {na+1,-1-n2} {n2—1,1—no} {£1,F1}
i + 2 2 i ) i i
Ry Riny) Ry Bing) Ry By Ry Ry
{&7é} {_17_1} {+17+1} {_17_1} {_17_1}
{o,0} {£1,¥1} {+1,+1} {+1,+1} {-1,-1}

Table 1. Parameters for making Z[{;]Y’ﬁ b and [X[Ei’]é}X[EZ’}é}] into different NS chirals or Ra-
mond fields.

egs. (C.2)—(C.3). The resulting covering-surface correlator is a siz-point function,

AoBIodlso () = <X{‘}’@}(oo)f({é’é}(too)Z{a’ﬁ}(tl)Z{a’ﬁ}(x)X{é’é}(to)X{‘}’@}(0)>.

n1,n2
(4.12)

The relation between Ao‘/ﬂﬁ gf@(x)cover and the base-sphere correlator AO‘%L@: T@LL& o(x) is
Aa@ig\fé(ay) = eSLAaéLIﬁ,@LL&é(!E)cover (4.13)

where S;, is a Liouville action induced by the covering map [37]. In fact, e5F is the
correlation function of the bare twists within (4.11), and is universal, independent of the
specific excitations that define X¢ and Z. The algorithm by Lunin and Mathur [37, 38]
to derive S, involves a careful regularization of the path integral around the ramification
points. (See also [52] for a very detailed account.) An alternative, described in [41, 53], is to
use the stress-tensor method to compute the bare-twist correlation function, bypassing the
regularization procedure.'’ The results for Aaﬁlﬁgf 9()cover and S, are given in egs. (C.5)
and (C.6), respectively, yielding our desired master formula:

K3 Ky Ks
56|60 K ni n ny —ng
ABIE8I50 (1) = Cp 2™ (w — 1) <:c + m) <:13 o= 1) (x + ) (4.14a)

1 Computing the functions independently in both ways also gives an important cross-check of the final
results, which we have performed.
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with the exponents

oo CmAn) (@4 46) m@- -5 m2- -8
1= 16 8n2 8711

R ] Ul Ak

(+n1 + n2)(a® + B + 6)

Ko =
2 16 8712 + 87%1
+a2+52+2[1+é@+56—a(6+3)—ﬁ(é+@)]
8
Ky — (—n1 — n2)(a? + B% +6) N (2 - ¢° - &%) n ny(2 - 0° - &%) (4.14b)
16 8n2 8711
+a2+52+2[1+é@+5&+a(6+a)+5(é+@)]
8
K, — (+n1 — n2)(a? + 4% + 6) m(2- 0% —52) _na(2- 0% —62)
4 16 812 8ny
+a2+62+2[1—é@—66+a(6—6)+ﬁ(é—@)]
8
Ky = 213+ 5

8

Some constant factors involving n; and ny have been absorbed into the constant Cz, which
also takes into account the arbitrariness of normalization of the bare twists, and is fixed
by the correct normalization of the correlation function in the identity OPE channel.

The function

Amairee, o) = ([X00 X707 0 0" () 0 o) (X0 X 0), (@15)

is more complicated than (4.11) because the deformation operator O[(;?t) is not simply a
fermionic exponential, but a linear combination of terms with bosonic factors and contri-
butions from the integral defining the modes of the super-current excitation, cf. (4.4). Its
computation, carried on in appendix B of ref. [41], is, nevertheless, completely analogous to
the one above, including the same Liouville factor, because the twist structure is identical.

In the end, we obtain

e 2
Alngigllge(x, T) = ’A(:z)(l + B(x))‘ (4.16a)
where
Ciu P1—Q1 (z 1)P2—Q2 (:L' + %) 3—Q3 ( " % 1)1347624
Alz) = = " :
(o + 2 (4.16b)
Qs 2Q4
B(z) = 229 (z — 1)292 (w + ”) ( L 1)
n9 n9
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with the exponents

G0+G6—6 no(02+62-2) nq(P+52-2
4 8nq 8na
00+ 56+6 ng(02+62—2) ng(P+5%2-2
Py = +ng +ny + 22 _n2(2 ) _mle )
4 8711 8712 (4 16C)
00+56+6 mne(0®+62-2) ni(8®+5%-2)
Py=—ng—ni + - -
4 8ny 8na
0O0+56—6 ng (02 +62—-2) ng(P+52-2
Pyt 2 L (@ ), (o )
4 8ny 8na
and
—G—0+6+0 —5—0—6—0
Q1= 1 = —Qu, Q2 = 1 = —Q3 (4.16d)

This result is, in fact, more general than the one derived in ref. [41], because in the latter
case we had restricted our attention to double-cycle Ramond fields, for which 5% = §* =
% = 0> = 1, hence the last two terms in each exponent P; vanishes. The present result

[n1] [n2]

allow us to give also the correlators for [ | made by NS chirals, using the

dictionary in table 1.

Composite fields with equal cycles. In section 3.2 we showed that when n; = ng =n,
the covering maps develop a symmetry that reflects upon the Hurwitz blocks. We can
check this property, using our master formulas. The correlators (4.16) and (4.14) simplify
considerably in this case,

. 1
AP ) = ey @ D D (4.17)
where
(6-6)2+(0-0)? o*+p>+6
Ko =
4 8
K _é@+&&iaw+ﬁji5@+@y_§+61+§+ﬁ2+(rym@ﬂ+52+m
£ 4 8 8
(4.17b)
and
AmEETE() = x%@—lf”Q@+UHQ1+(x+1fQ (4.18a)
mn 16n2 r—1
where
F—6)2+ (06— 0)? F—6)24+(6—-0)?%-8
Srstets (4.18b)
Q= 1
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The symmetry (3.27) of the Hurwitz blocks can be checked explicitly. We see that
Ao‘ﬁ‘f’g‘&é(af) = A“ﬁﬁ£|6@(1/$) and Aintﬁ%|6@(x) = Aintﬁg(}é(l/x) iff

L m\2 L AN2
0= 2Ky + Ky + K — =0 Z(" oF opyt P 4P (4.19)
This only holds if ¢ = ¢ and & = &, i.e. if the strands X[{ }’Q} X[{ }’Q} are identical, as

expected from the discussion leading to eq. (3.27).
Since the x4(v) are expressible in closed form (3.24), we can write a closed formula for
the correlation functions directly on the base sphere,

(N — 2 o (vhe )

AeBIG0l5(y) —
mr (@) N! (4n)2hz (1 — v

ang 0
1( viie) (4.20)

a=0 2ne n

where we have used the fact that Ko + K_ + Ky = 2hz. When n = 1, there are only two
inverse functions,

(i oo 25 257 0 6t x 2 )
7 ()™

()" ()|
(1—U2>2hz (1+v2)2hz

using the appropriate expression for the N-dependent factor. Note that functions with

2 2] (4.21)

_ 92—2Ko—K1—K_

n = 1 scale as N°. There are only two non-trivial twists, hence two ramification points in
the covering surface of the connected correlators, so R = 2 in eq. (2.22).

4.2 OPE limits

We can now derive not only the twists but the conformal dimensions and structure constants
of operators appearing in the OPE limits v — 1 and v — 0. In the channel v — 1, the
Huwitz blocks where z — xx(1) = oo, give

(—4n1)2hz CZ
(1 —v)2hz
for both Aaﬁ|i£‘fé(a:), where hy is given by eq. (4.9), and for A™t929¢(z) where hy = 1.

ni,n2

o (2x(v)) = Cza? (0)[1 + O(1/ax(v))] = [1+0(1-v)] (4.22)

Looking at the power of the leading singularity, we see that the untwisted operator Upyj in
the OPE (3.35) is the identity. Since we have assumed that the individual cycle fields are
normalized, the arbitrary constant in the correlator is now fixed to

1

Cy = 7(_47“)2}&.

(4.23)
The Hurwitz blocks where x — x3(1) again have the same form for Aaﬁ‘ﬁg‘;}é(m) and

Antloalod (),

niy — ng > —6h,+2

o/ (x5 (v)) = constant x (x: (v) + S

1+O(x3(v)+ n _RQH

212 (4.24)

constant 1
— v 3
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with a constant that is readily computable but given by a cumbersome expression in general.
The power of the leading singularity shows that twist-three operator Sj3) in the OPE (3.35)
is a primary with dimension h, = %, that is the bare twist o3

In channel v — 0, the function (4.14) expands as

50|56 e n1 Kl—ZﬁZ; Ks ng \ K2 tKs+Ks Ky
A“ﬁ'ﬁ%‘;’@(x:(v)) = 2Ks (4ny )2z (le) <1+n2> vrtrz 4. (4.25a)
. ny+ng
50|50 elw ni n17n2 Ki1+K3 no Ki1+K4+Ks Kq
Aaﬁlﬁﬁ‘;g(l“l(v)) = W <n2> ' <1_n2) vri=n2 ... (4.25D)

Here e simply denotes an unimportant phase that is not necesseraly the same in all
functions. The leading order coefficients give the structure constants in the OPE

Zpg) % [X[%l]X[%Qﬂ = Cixx)12y {Yinitna)}
+ CxzwxBxx { [W[nrnz]Xﬁfz}X[%Qﬂ }

for the fields in table 1. We can read the conformal weights from the leading powers (4.25).

(4.26)

For the single-cycle field Y[, 1y,

K3
hy = + hy + hxx, 427
Y= ot hxx (4.27)

where hy and hxx are given in (4.9). Similarly, the dimension of the composite opera-
tor [W[m_nZ]X<2 X K

[n2] " [n2] n1—nz

components X [%2}

] is + hz + hxx, but since we know the dimensions of the

, we can extract the dimension of Wy, _,, alone,

2 | x2 2

o‘ + ns —1

0 2
8&ng 4no

Ky
ny — Ny

hw = —f—hz—f—hxx—?( (4.28)

The same analysis holds for the functions (4.16) with the deformation operator O[(;?t),

with weight h = 1. The leading-order expansions are

A Axx . My
A1n7tl|lcf7%|209(w:(v)) — eﬂll(nl + n2)M274n11\/11—2n121—M1—M2,Un1+n2 N (4'293)
. . My
Alnﬂi%'gg(w—;(v)) = e (ny — ?’LQ)M4_47’L{V[3_2TLZ21_M3_M4U"1—”2 4. (4.29b)

where M; = max(P; — Q;, P; + ;). We can read the conformal data of the OPE

Ol x [X{E X2 ] = Clexyzy (Yinsnal}

(4.30)
+ CXZ[WX] Bxx { [W[m—nz]X[%z]X[%Q]] }
and find the weights
M- M ¥2 | X2 2 _q
hy = 4t l+4hxx, hw= L 14 hxx—2 Cre T (4.31)
n1 + na ni — N9 8o 4no

where hx x is given in (4.9).
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4.3 Functions with NS chiral fields and other examples

Although the exponents (4.14b), (4.16¢), (4.16d) may look complicated functions, they are,
in fact, usually very simple after the parameters of table 1 are inserted. We now discuss
some examples of functions and their conformal data.

4.3.1 Single-cycle NS chirals, composite Ramond
Take Z to be a middle-cohomology NS chiral, hence (hz, h z) = (1,1), and the composite
fields be made of be R-charged Ramond fields R/ . The function (4.14) is the same for

[ni]
(14,14)
both 0[2] ,

4—n1—no 14+n1—mno
1-ni1+n _ 1\n1+n ni ny—n
ALEH () = 1 atTmtmz(p —1)m 2(1:+n;) <x+ 1n22) (4.32)
ni,n2 xr 16n1 ( N ny n2)4 .
€L 2n9
The expansion of the Sy-invariant function (3.22) in the channel v — 1 is
++ p++ H(AE,18) 1y ($1%) ++ p++ —
(Rl )02 0™ )[R R ) =
2nina(N — 2)! 1 1 ( 1 1 )
1—=(— 1— 1-
N! (1—wv)? 2 n1+ng (1-v)+0(-v)
) (4.33)
1 2
+3‘ 4[ (n1+n2) 1+n1+n2( )% O(l—v)él }
(=0 12 [nnd(nt — )~ Omim2

+ Non-singular Hurwitz blocks

The factor of 3 in front of the terms ~ (1 — v)_g comes from the multiplicity of the

function (3.31b). The leading coefficients give products of structure constants in O[(Q]jE A£)

O[(Ql}i %) {id} +{o3} Note that, although the NS chirals’ OPEs form a ring [42-44], here
the OPE is not between two chirals, but between a chiral and an anti-chiral field, which

explains why the o3 block is not forbidden.

For the OPE O[(Ql]jE 1E) [Rf;‘ﬁ R[”:f}] in channel v — 0, we find the following conformal

weights for the operators Y}, 1) and W, _p,]

ny + no 4 ny — no 1
hy = L hw=
Y 4 +TL1+TL2 W 4 ny — no

(4.34)

suggesting that these are fractional-mode excitations of Ramond ground states in (n;+ng)-
twisted strands. This should be expected, since the OPE of a NS field with a Ramond field
is always in the Ramond sector.

4.3.2 Composite NS chiral and interaction modulus

(int)

In [41] we have discussed four-point functions with 0[2] and composite Ramond fields.
Here our generalized formula (4.16) allow us to take the composite fields to be made of NS
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chirals. For example, for highest-weight chirals we find

2—n1—n 1+n1—m
202 () — T et ot (o p ) 7 (wrmgm) (4.35)
ni,ng \L) = 16n% (:L‘ 4 m= n2)4 .
2ng
and expanding the vacuum and o3 blocks,
(2,2) 7(2,2) (int) (int) _ (2,2) ~(2,2) o
(0070|010 (W0 v, 9) [0 0 | ) =
2
2nina(N — 2)! 1 1 ( 5 5 6 ) 9 3
1—— (5 + 2 —16) (1 — o1 —
N1 1-v)?2| 192 2 mng (1-v)"+ 00 —v)
1 [ (n1 +n2)?
+ 1 1
(1 —)3 [12 [3nnd(n? — n3)2]?
1 2
(n? —n2)2\ 3 7(n? + nd) — 10n1ny 2 3
- 1-— O(1 -
( 32ninj 80(n1 — ng)? (1 =v)s +00 —v)3
+ Non-singular Hurwitz blocks
(4.36)

An important difference between the expansion above and (4.33) is the absence of the term
of order (1 — v) in the identity block, and of the term of order (1 — fu)% in the o3 block.
(int)

Hence there are no operators with h = 1 in the OPE, a confirmation that 0[2} is, indeed,
exactly marginal — it does not couple to other operators of weight 1. This is also found

in functions with Ramond ground states [41].

4.3.3 Functions with only NS chiral fields

If we take every field in the correlator to be an NS chiral, the resulting function is con-
strained by the NS chiral ring. Only a restricted number of three-point functions involving
(single-cycle) NS chirals is non-vanishing [42-44], and the OPEs of fields in the ring are
non-singular. This reflects on the structure of the functions (4.14) at # = 0 and z = — 71,
i.e. at the v — 0 channel. Namely, powers of z and (z + ;1) are positive, so that there
are no singularities, or zero, when the corresponding field is absent from the OPE. These
features can be seen in the list of formulas (D.1).

For example, using a schematic notation, we have

<{O(2 25 )]O(1+,1+)O(1+,1+) [0(2,2)0(2,2)}> R (x + %)4 (x + %) (4.37)

n n 2 2 n n - 2 4
[n1] 2] 2] 2] [n1] ~[ne] 1612 ($+ mgn;m)
which vanishes both at z — 0 and x — —2. Hence the OPE O[(Qlfr A 5 [O[(zj)O[(zj)]

void. This is not surprising, as there is no OPE O[(:L]Jr AH) O[(m]) in the (single-cycle) NS

chiral ring.
By contrast, the function

(0.0) 5(0,0)] 5(0,0) ~(0,0) [ ~(0,0) (0,0) 1 (1-2)
(o) on 0" 0 [0y o)) = - dny o4 o (4.38)
no
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is finite at both limits. Eqs. (4.27)-(4.28) give the dimensions hy = 3(n1 4+ ns — 1) and
hw = (n1 — ng + 1). The former is the correct dimension of a lowest-weight NS chiral
of twist n; + no, and the latter of a highest-weight chiral of twist n; — no. Hence the

OPE (4.26) reads

00:0) {0(0,0)0(0,0)} — 4 {O(O,O) }+<g2{[0(2,2) 0(070)0(070)” (4.39)

(2] [n1] 7 [n2] [n1+n2] [n1—n2] ™ [n2] > [n2]

The appearance of O[(r?{]() ) and O[(fnf ) in the OPE with the composite field agrees with what
one should expect from the single-cycle OPE of the chiral ring. The structure constants
squared, |41|? and |63|?, can be read from value of (4.38) at x = 0 and = = —nk, combined

with the multiplicities and the “dressing” factor for N-dependence:

~5(0,0) (0,0) [~ 0,0) A0\ 2 2n1n2(N — 2)! (ng + ng)?
50.0) (000 [H22)  HO0]\]? _ 2mng(N —2)! n3
’<O[n1] 0[2] |:O[n1*n2]0[ng] :|>‘ - N! (2n1)2(n1 — 'I’Lg) (441)
As a third and final example, we consider
~(2,2) £(0,0)] A(0,0) A(0,0) [ A(2:2) A(0,00T\ _ LL
<{O[n1] O] ]0[2] Op [O[m} Opa] D = Tmas mom (4.42)
ng

The function vanishes at x = 0, so there is no composite operator with W, _,,) in the
OPE. But it is finite at x = —71, with an operator of dimension hy = %(nl + ng + 1),
i.e. the highest-weight NS chiral:

(0,0) (2,2) 4(0,00] (2,2)
oy x ooy = a{on.,) (4.43)
The (square of the) structure constant can be read from by evaluating (4.42) at x = —Z—;
and using the multiplicity and dressing factor:
522)  H00)[H22)H00]\[> _ 2nang(N —2)! ni
’<O[n1+n210[2] [O[m] O[nQ] D‘ = N (2n2)2(n1 + n2) (4.44)

If we take no=1 and n;=n>1, the lowest-weight chiral in the composite field
becomes the vacuum. The N-dependent dressing factor, which is proportional
to  |Cent[(n1)(n2)(1)N""17"2| = nyng(N —nq —na)!, becomes  proportional  to
|Cent[(n)(1)N~"| =n(N —n)!, so we must multiply (4.44) by a factor of (N—n—1)
to obtain the result

~(2,2) 00 A22\]2 _ (N—=2)(N —-n—-1) nd

This matches precisely with a known structure constant computed, e.g. in [43], providing

a very non-trivial check of our results.
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4.4 The effect of spectral flow

The N = 4 superconformal algebra has an automorphism called ‘spectral flow’ [45]. The
currents are transformed, and fermionic modes (and boundary conditions) are changed by
a continuous parameter usually called spectral flow ‘units’. Flow by & units affects the
R-charge and the Virasoro currents in such a way that the weight and R-charge of a field
changes as

. C . . . C
hl—>h§:h+§j+ﬂ§2, ji—>j§:]+ﬁf, (4.46)

while the super-currents G®4(z) have their modes shifted by j:%f . Since every NS chiral
has h = j, their spectral flow by £ = —1 gives a field with h_; = ic, that is a Ramond
ground state. Which NS chiral flows to which Ramond ground state is seen from the R-
charges. For example, in the n-twisted sector, with ¢ = 6n, the lowest weight NS field
O((S)) has R-charge j = %‘1, so it flows to the Ramond ground state R(_n), with R-charge
j=1oz1 4 ?g = —%. Overall,

\0{Sf> = R 1O 2 1B, 10) —— IR)
B N - N ) (4.47)
Oy (2) . \R- (1F) A
O = IR 100D —— 1B 10L7) —— IR()

Naturally, spectral flow relates pairs of functions involving these fields. In fact, it is usual
in the literature on the D1-D5 CFT to compute three-point functions with fields on the
NS sector, and then relate these to functions on the Ramond sector (where SUGRA states
live) via spectral flow; see for example [52, 54].

Given a state |¥), the automorphism of the Hilbert space will map it to another state
|)¢, while an operator &'(z) will be mapped to O¢(z), with a linear operator Ug such that

(W)e =Ue|W),  Oclz) = Ug0(2)U; (4.48)

preserving amplitudes (V| & |¥). In the free orbifold CFT, the linear operator has a nat-
ural implementation in terms of the bosonized fermions, inserted at the origin (i.e. at
past infinity),

w\m‘

N
Ug(z) = exp ( Z [¢1 I ¢2,I(Z)]> ; Ue = Ue(0). (4.49)

This is an Sy-invariant operator, including all copies I = 1,--- , N of the free bosons that
bosonize the fermions. Moving Ug past a bare twist oy, for any g € Sy, only has the effect
of shuffling the copies, which leaves Uy invariant, hence U¢o, = o,U;. Bosons also commute
with Ug. Let 0(2) be a primary fermionic field which can be written in bosonized language
as an exponential of a linear combination of the ¢, ;, multiplied (or not) by a bare twist
o4. The most important examples of such fields are the composite NS chirals (4.6) and
Ramond ground states (4.5). Commutation with U is then

0(2)Ue(0) = 279¢ U¢(0)0(2), hence Of(z) = Ugﬁ(z)Ué_l = 20(2). (4.50)
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Here j is the R-charge of &. The first equation follows from the commutation of Us and
04, along with the well-known formula (see e.g. [55]) for commuting a pair of exponentials:
ehada(2) ki dv(2) = ehaky(9a(2)00(2) ok @0(2) gkaa(2) \where kg, ki € C, there are sums over a, b,
and the c-number exponential in the r.h.s. includes the two-point function (¢4 (2)¢p(2")) =
daplog(z — 2'), valid for our bosons; cf. eq. (A.3). The second equation in (4.50) also
uses that U, l=U,= Ug , as readily seen from the explicit realization (4.49). Since Ug
commutes with bare twists and bosons, which are R-neutral, formulas (4.50) actually hold
for these fields as well.

To confirm that Ug in (4.49) is indeed the correct operator leading to (4.46), we can
look at how it affects the weight and the charge of a state |0) = €(0) |&) generated by an
operator that transforms as (4.50). According to (4.48), we have

|6)¢ = U |0) = lim (Ue0(2)U ) Ue |2) = lim 274 0(2)Ue |2) (4.51)

The dimension of the state in the r.h.s. is a sum of the dimensions of & and Ug, plus a
factor of j¢ coming from 2/€. Since the exponential (4.49) has weight h = 2—0452 and R-
charge j = 5¢, ¢ = 6N, the result matches (4.46). Alternatively, we can explicitly write
the most general possible exponential and take the OPE with (4.49),

0(2) = exp (5 T [a1611(2) + Br60s(9)] ) oylz), with =5 e = o),
O(:)U(0) = =75 exp (3 T4 [(ar + 0v1 + (B — 6] ) 0, 0).

So the factor 2/¢ cancels in eq. (4.51), giving

N
|0)¢ = exp (; > {(Oz] +£)o1,1(0) + (Br — €)¢2,1(0)}> 04(0)|2) . (4.52)

I=1

The weight and the charge of this last exponential again agree with (4.46). Further, by
looking at (4.1)-(4.2), eq. (4.52) explicitly reproduces the map (4.47) between Ramond
ground states and NS chiral states.

If we are considering just a specific n-twisted sector of Hilbert space generated by a bare
twist o(;,), the sums over copies I =1,---, N in all exponentials above can be replaced by
sums over only the n copies in the corresponding cycle (n), say I = 1,--- ,n. This is possible
because fields in different copies commute, so the normal-ordered exponential in (4.49) can
be readily factorized.'> We can in fact repeat the argument above, using these restricted
sum over copies, to derive the transformation of the single-cycle fields (4.1)—(4.2) more
directly. This restricted version of the U operator also defines a notion of spectral flow on
the individual n-twisted sectors (or n-twisted “strands”), where the transformations (4.46)
hold with ¢ = 6n < 6/N. Although quite useful for some computations on the free orbifold,

these individual flows are broken when the theory is deformed by Og?t), because its twist

12The factors of Ue made by the copies I’ that do not enter the operator & ~ o(,), they act on |@) to
create a tensor product of untwisted Ramond fields |R},).
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mixes different sectors, as discussed in [53]. Only the full spectral flow of the ¢ = 6N
theory, involving all N copies simultaneously, is preserved.

In order to relate our four-point functions by spectral flow, it is convenient to regard
them as two-point functions on non-trivial states. We can be rather general: consider a
state |27), created by an operator 2 (z) which transforms as in (4.50). Now consider the
expectation value of a pair of conjugate operators Z and Z on the flowed state |.2) ¢ =
Ue | Z7). Using the transposition property (4.50) twice,

(X 1ZWZW) |2 )e = (2| UL Z(1)Z(w) Ue |2)
=892 (2| U} Z(1) Ue Z(0) | 2)
= o892 (2| ULV 2(1)2(0) | 2)
=52 (2| Z(1)Z(0) | 2)

(4.53)

where jz is the R-charge of Z, and passing Ue over Z at z = 1 gives a trivial factor. In the
last line, we used that Ug =U_¢= Ug ! This computation relates correlators of the fields
Z and Z on different states |27) and |27).. But looking at the r.h.s. of the first line, we see
that if we insert id = UgUgl between fields, to get (2| (UgIZ(l)Ug)(Ung(v) Ue) |2,
we can also find a relation between functions with flowed operators on the (fixed) state
|.Z7). In summary,

(2] Ze(D) Ze(0) | 2) = (X |Z)Z(0) | 2)e = 097 (2 Z()Z(W) | Z) . (459)

We can now apply these results to four-point functions of the type (3.1), where the
Z fields carry a twist o), and the states | 27) are created by the multi-cycle fields (3.2).
Factorization lets us consider only the functions with double-cycle states in eq. (3.10), so we
focus on the four-point functions (4.11), which are given by the master formulas computed
in section 4.1. We will omit the various indices of A"‘%'ﬁ%‘f %(v) for economy:

Aw) = (X X0 287 @ 2 ) [nP i) (4:55)
and
Aeo) = (P XM 257 0 257 @) [P X))
are related as in (4.54). The R-charge of Z[{;’B} is jz = i(a — f3), hence
Ae(v) = v T Av). (4.57)

The functions (4.13) are written in terms of z, that should be related to v by the inverse
covering maps z4(v) and eq. (3.22). Using eq. (3.19), we then have

Ag (z) = pi@BAm—na)e (o _ q)=5la=p)m+na)é

r+——1 Al(x).

ni i(a_ﬂ)(”1+n2)£ ny —%(CM—B)(TH—HQ){ (458)
(o4 (4 51)
2

n2
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Written this way, the shift in the exponents K; in (4.14b) is explicit. Let us emphasize
that, although eq. (4.58) is parameterized by z, we are performing a standard spectral flow
on the base sphere.!?

For example, consider the function in eq. (4.38), with only lowest weight NS chirals

50 50 1] 5O KO |1 O\ _ L (1)
([om06m)| 0 ofy [[ofhom]) = rap ey (4.59)
Here a = — = 1, see table 1. (We are using a schematic notation omitting the arguments
of operators.) If we flow the double-cycle states by & = —1, we get the double-cycle
Ramond state |[O[(23]O[(22}]>§__1 = HR[:H}R[;Q]]% while flowing the anti-chiral state gives

the conjugate Ramond state. Hence, by eq. (4.58),

~(0) A(0)
([OOf]

~(0) (0) [1A(0) A0
0y o [[of 06

2] 2] states flowed by £ = —1
_npj—ng _ 2+"1+”2 ny _nitng n_ nip—ng
_ _L:p 7 (x—1) 2 (x —l—nn;_)n > (z+ n; I (4.60)
4nq x + 12722
2T S (0 N () N P
= ([Riu Bpoa)| O Of) [[Riy B

the same result that we find if we apply the master formula (4.14) directly to the function
in the last line. As another example, take the function (4.37),

0 oy 100) - 1oy +(jj <) al) N

2no

@) A©®)
([0 O]

Now a = 3, B = —1. The flowed state is |[R; R

[n1]” [n2]

]), and formula (4.58) gives

~7(2) A@) 1] AA+H) HO+) (2) H(2)
(OrOr]| O™ Ot™ [OLIOL) pasen oot vy -

1 ml—nl-l—ng ($ _ 1)n1+n2 (CC 4 %)4—711—7@ (l’ + % _ 1)1+n1—n2

— 4.62
16n% (x + n12;:2)4 ( )

—lIpt pt A1+) H(1+) + pt

= ([Bi, B, OB 07 |[B) B

which is, again, what we find using the master formula (4.14) directly.

The interaction operator is more complicated than the exponential operator for which
we have derived the transformation (4.50) above, but it has been shown [57, 58] that O[(;?t)
is, in fact, invariant under spectral flow,'* hence it actually does obey (4.50), being R-

neutral. Now, the first equation in the chain of equalities (4.54) tells us that four-point

13Variants of the original [45] automorphism of the superconformal algebra are known, e.g. the ‘fractional
spectral flow’ related to fractional modes in twisted sectors [56], and the recently introduced “partial spectral
flow” [57] that changes only two of the four fermions.

4Here we mean the usual, “original” spectral flow; in [57] the authors also discuss a “partial” spectral
flow, under which O[(Qi?w is (crucially) not invariant.
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(int)

functions including 0[2] and states related by spectral flow must be equal. For example,
based solely on spectral flow applied to the function (4.35), we conclude that

(2 A@) 1A A [A@) ()
(lomomlog ogPllof o)
1 :L,l—nl-i-nz (w _ 1)2+n1+n2 (l’ 4 77%;)2—711—712 (:E n n1n_2n2)1+n1—n2
= 2 1
1617 (17+*"§n§2) (4.63)
A®) (i) A()|1A(2) ()
= ([og0mop o |00y

states flowed by £ = —1

o >+ (int) (1nt)
= (B}, B, |05 Of

+
(R Bih))

This is, indeed, the correct function for Ramond fields found by the master formula, and
previously known from [40] (see eq. (61) ibid.).

5 Discussion and further developments

The present paper tries to contribute to a problem that is particularly important for the
fuzzball conjecture: the complete description of the D1-D5 CFT at the free orbifold point
and away from it. This requires the derivation of all three- and four-point functions involv-
ing the symmetric orbifold’s Ramond and NS fields (and some of their excitations), the
complete list of their OPEs and the full spectrum of the non-BPS fields that might appear
at the OPE channels.

We have given here a detailed description of twisted @-point functions in MY /Sy
orbifolds, applying a technology of [33] to correlators with multi-cycle twisted fields. We
have thoroughly analyzed a special class of relatively simple four-point functions where
all operators are twisted: two being composite, multi-cycle fields and two being single-
cycle fields with twists of length 2. We showed how to decompose these functions into
connected parts where the multi-cycle fields are reduced to double-cycle fields, then studied
these connected functions, with a detailed discussion of the geometry of the genus-zero
covering surfaces.

Q@Q-point functions with multi-cycle fields are disconnected, and can become rather
complicated. Even extracting the large-IN dependence is a task that strongly depends on
the types of twist in the composite fields. We have shown that if the fields are composite
but have a finite number of cycles, i.e. if the number of cycles does not grow with N — oo,
then the function scales as ~ >, N %(X_R), which is a natural generalization of the well-
known formula ~ >, N ~&+1-3Q for connected functions, the genus g replaced by the Fuler
characteristic xy. But if the number of cycles in the composite field grows with IV, this
generalized formula does not apply. This happens for important types of composite fields,
like Ramond ground states [(Rp,)™ /"], with n fixed, that source well-known Lunin-Mathur
geometries [59]. In our examples of functions involving these types of field, the total N-
dependence comes from computing the N-dependent number of factorizations of the total
correlator into connected parts. This factorization strongly depends on the structure of
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the twists involved in the function. Here the non-composite fields are simple twist-2 single-
cycle fields, which yield a manageable result. It would be interesting to try to find a way
of determining the N-dependence in a more general way. It would also be important to
explore the connection of our results with those of [14].

After reducing the factorized multi-cycle four-point function into a sum of connected
functions with a finite number of cycles (in our example, the remaining composite field has
at most two cycles), we can use covering surfaces methods. The full Sy-invariant correlator
is a sum of ‘Hurwitz blocks’, each associated with one of the H allowed topologies of covering
surfaces, where H is a Hurwitz number. Different types of coalescences of ramification
points in these surfaces dictate the resulting twists of operators that appear in the OPE
channels of the four-point function. Twists configurations can restricts the correlators to
such an extent that, for special classes of functions subject to other restraints, e.g. the ring
of NS chiral fields in the D1-D5 CFT, Hurwitz theory may suffice to fix the correlators
completely [44]. We would like to explore the structure of Hurwitz blocks in more generality,
as well as their connection with conformal blocks.

Since many four-point functions involving untwisted light fields are already known, let
us mention some uses of the functions with twisted light NS fields we have calculated. One
possible application is in the reconstruction of S-matrix elements of a process of absorption
and emission of light (or massless) quanta from the heavy object in the bulk, as suggested
in [60]. Also, our correlators can be used for deriving functions with %-BPS operators,
relevant for 3-charge microstate solutions [61, 62]. These operators are chiral excitations of
Ramond ground states, and the corresponding functions can be obtained from derivatives
of the functions derived here, using Ward identities. Many particular examples of such
correlators are known in the context of D1-D5-P superstrata bulk geometries. For example,
in [12] it is shown that the Ward identity for the simplest Virasoro excitation L_; amounts
to applying a differential operator D, to the function of unexcited fields,?

D,=(1- v)26% (”av) + 1. (5.1)

As our four-point functions are known in closed form only in terms of the covering-surface
variables x, Z, the question arises of whether we could translate this Ward identity to a
differential operator in terms of x instead of the base-sphere anharmonic ratio v. The
answer is rather simple: since we do know the mapping function v(z) explicitly, we can
rewrite D, as an operator D, acting on our functions Az, z),

~ . [{t=v@)}* 0 [v(x) O
Dz Az, 2) = [ o'(z) Oz (v’(m) 81‘) !

Az, x), (5.2)

where v'(z) = dv/dz. Therefore the problem of reconstructing four-point functions with
excited states from our correlators — even in more complicated cases involving also other
generators, say Jfl and integer powers of it — is rather straightforward. Let us note, as a
last comment, that once these functions are known, the methods of [41, 53] can be used:

15See eqs. (5.2)-(5.4) of ref. [12]; their variable z corresponds to our v.
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one computes integrals of the four-point functions with the deformation O[(;?t) to find the
anomalous dimension of the heavy fields at second order in conformal perturbation theory.
Thus we may assess the renormalization or the protection of the excited states.
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A Conventions for the D1-D5 CFT

Here we gather definitions and notations for the seed N' = (4,4) CFT. In general, we
follow [41]. The R-symmetry group is SU(2); x SU(2)g. We work with (T4)" /Sy, and
there is an additional global group SU(2); x SU(2)3. In the superalgebra, the R-currents
J#(2), J&(Z), and supercurrents G3*(z), G?‘A(Z) have indices in the SU(2) groups: a =
1,2,3 and @ = 1,2,3 are triplets of SU(2);, and SU(2)g; @ = + and & = + doublets of
SU(2)z and SU(2)g; A = 1,2 and A = 1,2 doublets of SU(2); and SU(2),, respectively.
The index I = 1,---, N distinguishes the N identical copies of the seed SCFT. Each
copy can be realized in terms of four real bosons plus four real holomorphic and four real
anti-holomorphic fermions. They are written in complexified form as X fA(z, zZ), @ZJ?‘A(Z)
and 1])?‘4(2), respectively. Fermions can be conveniently bozonized by chiral bosons ¢, (z)

and ¢, (2),
+1 —iga 1(2) +2 igy,1(z)
RO 7 vr (@) | e (A1)
w[ 1(2) e Z¢1,I(Z) w[ 2(2) _el¢)2,l(2)
and similarly for 1;‘[5"4(2). Exponentials are always normal-ordered throughout the paper.
See [58, 63] for cocycles that we ignore. The non-vanishing two-point functions are

. . ABAB
OX{AEOXPR() = =S (A2)
. . éa’BGAB s
W) = - o (0000 () = g (A

Two-point functions between fields on different copies vanish. The “magnetic-components”
J? of the R-current and J® of the SU(2)y current can be most conveniently written in
bosonized form,

) = S [061() = 001N, ) = 5[0010(2) + 00na()] (M)

We denote the respective eigenvalues as j,j, and the ones in the anti-holomorphic sector as
7,). Note that these are “magnetic”, not “azimuthal” quantum numbers.
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B Derivation of the IN-dependence of twisted Q-point functions

We now derive the key formulas of section 2 in detail. As mentioned in the text, we use
the technology of [33], but generalized for generic, multi-cycle permutations, and without
recurring to diagrams.

B.1 Two-point functions

First, we derive the normalization factor .7, of the Sy-invariant twist o}, in eq. (2.4).
We want to compute the two-point function

(01(0)01g1 (1)) = (oo = =5 D D (Tngn—1t Owgn-1) (B.1)
[g] heSn W ESy

We omit the arguments z = 0, 2’ = 1 for economy of space. The functions inside the sum,
which contain individual elements of Sy, vanish unless

(hgh™') (Wg'h'~Y) =id. (B.2)

The class [g] consists of all permutations with the same cycle type of g, including its inverse
g 1. So (01g101¢1) = 0 if g and ¢’ have different cycle structures, i.e. if [g] # [¢'], hence we
take [¢'] = [g]. Due to symmetry, all terms in the sum are equal, so we need the number of
non-vanishing terms, i.e. terms that satisfy eq. (B.2).

For a fixed element A in the first sum in (B.1), we count the non-vanishing terms in
the sum over h’. This is the number of elements i’ € Sy that solve the equation

R gh'=t = ¢ for fixed g and fixed ¢ = (hgh™")~! € Sy (B.3)
Note that g € [g], hence 3 k € Sy such that ¢ = kgk™!, and
p tgp =g where p=h'k, with fixed k € Sy (B.4)

The number of elements A’ which solve (B.3) is the same as the number of elements p which
solve (B.4). The latter are elements of the centralizer of g

Centlg] = {p € Sn | pgp~" = g}, (B.5)

whose order (see e.g. [47]),

|Cent/[g] ]—HN'nN” for g=]][(n) ZNn— (B.6)

n

only depends on the cycle structure of [g]. Thus (B.1) reduces to

|Cent|g]| |Centlg]| | S|
(o1g10197) = 7 hZ; Ohgh=1 O(hgh—1)-1) = NN (0g 0g-1) (B.7)
g €SN g

By construction, all the terms in this last sum over h are non-vanishing as they trivially
satisfy (B.2), resulting in the factor [Sy| = N!. This gives the normalization factor .71, =
N1 Centlg] in eq. (2.4).
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B.2 (@Q-point functions

The Q-point function of Sy-invariant fields is a multiple sum

Q 1
<i:1_[10[gi](zi)> = L 17[9

Z <O—hlglhfl (Zl) .. JthQhél (zQ)> (BS)
i h1€SN

hq ENSN

We will now follow [33], but with some differences: we do not rely on the existence of
diagrams; we do not assume that the g; are single cycles; we do not assume (for now) that
the functions are connected. Our goal is to extract the N-dependence of the function (B.8)
which comes from the multiplicity of equivalent terms. In the r.h.s. of eq. (B.8), the
correlation functions’ twists are individual representatives elements p; = h;g;h; les N
within the conjugacy classes [g;] in the Lh.s. The non-vanishing correlators are those for
which HzQ:1 p; = id. A non-vanishing function (o, (21) - - - 0p,, (2q)) Will depend on how the
copies inside the permutations interact. All functions whose sets {p;} = {p1,--- ,pg} are
related by a global permutation must be equal, as that amounts to an overall relabeling
of all copies, and the CF'T copies are identical — only their relative positions within the
cycles matter. Thus we have equivalence classes, denoted by «, of the ordered list of
permutations {p;},

a {p1,p2, T apQ} ~ {kplk_la kak_la e 7kak_1}7 for ke SN (Bg)

and functions with {p;} in the same equivalence class a are equal by symmetry:

(op1 (21)0py (22) -+ Opq (2q)) = <<7kp1k—1 (Zl)Ukak—l (22) - Okpgk—1 (2Q)) (B.10)

We emphasize the difference between the functions in the r.h.s. of eq. (B.8) and that in
the r.h.s. of eq. (B.10): in the former case, each twist has been conjugated by a different
hi, and in the latter all twists have undergone a global conjugation by the same element
k. Let us call a representative of class a by {p$'} € «, and the set of different equivalence
classes by Cl 5 a.

It is very instructive to look at concrete examples. Take the Sy-invariant four-point
function

(o131 (21)01(2)) (22)012)) (23) ()29 (24) ) (B.11)

and consider

ab > {pi% 5% 50 | ~ ((1,2,3)(4,5), (1,0), (1,9), (1,3,2)(4,5))

(B.12a)
~{(1,7,3)(2,5), (1,2), (1,2), (1,3,7)(4,5)}

03> ifat e~ (02,9009, 000, (1,9), Go002)
~ALTE)(2:5), (1.2), (1.3), (3.5,2)(1.7))

ad> ottt} ~ 102909, (09, 19, @a @)

~A{(1,7,3)(2,5), (1,7), (1,3), (7,3,1)(2,5)}
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ol > {p‘f‘%,pgé,pgé,pjé}fv{( 12,3)(4,5), (1,6), (3,6), (6,2,1)(4,5)}

N{( ) 73)(27 )7 ( 76)7 (376)7 (67 ) )(27 )}

(B.12d)

Here we show four different classes ai,a?,ad,ag € Cl contributing to (B.11), and two

16 The boldface numbers ¢ in . indicate the number of

representatives of each class.
distinct copies entering the permutations non-trivially. Distinct copies are painted with
distinct colors. The coloring emphasizes that a class is determined not by the specific copies
(i.e. the algarisms) that enter the cycles, but by their relative positions within the cycles
— that is, different orderings of the colors. Different representatives of the same class are
different ways of filling one arrangement of relative positions with algarisms I =1,--- , N.
Different classes are different arrangements of the relative positions, i.e. different orderings
of the colors. We can see that ai # a2, because pg‘l’ = (pgé)*l, while pg% #+ (pgg)*l. In
classes o and o/é the double cycles p; and p4 factorize, because they contain copies that
do not appear in the other permutations. Note that the permutations in these examples
might be elements of Sy with N > 6, but we omit the trivial cycles (of length one).

We can organize the sum in (B.8) as a sum over the different classes « € Cl (we are
leaving the normalization factors .7}, behind for a while),

> (Ot (21 Tggna (7)) = 2 Na{ops (1) - 035 (20))

h;€SN aeCl

=3 Y Nacoppe(z1) - woe () (B13)

¢ ac€Cle

In the first line, {p?'} is an arbitrary representative of class o and N, is the number of
collections {p;} € a. In the second line, we decompose the sum further, by cataloguing
the classes @ € Cl into subsets Cl. C Cl, according to the number c of distinct copies
entering the non-trivial cycles of {p;}. By construction, U.Cl, = Cl. For fixed c, there is
a collection of different classes o € Clg, with a number N, of representatives {p{°}, one
of which is chosen to appear in the correlation function.

Let us determine N,,. In the Lh.s. of (B.13), the sum runs over configurations of the
individual permutations g;, while in the r.h.s. there is a sum over different collections of
permutations {p;°} (not individual permutations). In summing over orbits of g; in the
Lh.s., whenever h; € Cent[p$] we get the same collection {p¢};'” whenever hy € Cent[p$]
we again get the same collection {pf'}, and so on, up to hq € Cent[pg)]. Since in the r.h.s. of
eq. (B.13) the sums over h; are independent, the number of repeated occurrences of the
collection {p{,--- ,pQ} is

|Cent[p]| x - x |Cent[pg)]| = |Cent[g1]| x - -+ x |Cent[gg)]| (B.14)

5Tn all four examples, the representatives are related by {p?} ~ {kp®k~'} with k = (2,4,7).
1"Not just a different collection {p*} ~ {p?} € a within the same equivalence class «, but ezactly the
same collection {p{}.
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since |Cent[p$]|, only depends on the cycle structure of p¢, which is the same as that of g;.
The same is true for the classes a., which are special types of «, hence

Q
Noo = H |Cent[gi]| | X Wae (B.15)

i=1

The remaining factor W, counts the number of different sequences {pi} which are
not identical but still belong to the same equivalence class a. For example, in (B.12b) we

can see two sequences {p;l?’} with different individual permutations (compare each cycle in
the first line with the one immediately below it in the second line) that belong to the same
conjugacy class a2 (compare the relative positions of repeated copies, i.e. the order of the
colors). To find W,,, we proceed in two steps. First, we must choose the ¢ copies that will

enter the non-trivial permutations out of the N copies available,

|
Wae = (f) X We = (Nivc)‘c' W - (B.16)
The final remaining factor w,, counts the number of ways we can arrange the c copies
and still find collections {p;} within the same class. This number w,,, which we will
determine shortly, can depend on ¢ and on the cycle structure of the [g;], but it clearly
cannot depend on N. So we have already completely determined the N -scaling dependence
of the Q-point function.

It turns out that w,, has a subtle dependence on the factorization of the functions
in class a.. As we can see from the examples (B.12), some classes will have discon-
nected correlators, and note that connectedness is indeed a class property: all functions
(ope(21) - -'Up%<ZQ)> in the same class « factorize the same way. So the r.h.s. of (B.13)
decomposes further,

Z Nac <0'p?c (2’1) e Upan (ZQ)>

ac€Cle

) N!

= H’Cent[gi]’ N o) Z w%<...>

i=1 fully
Qc€ | connected
classes

FY we M)

once
acE [disconnected}

T R X I [ty YRR iy

twice
ac€ |disconnected
classes

(B.17)

The possible types of factorizations of the initial correlator will depend on the original cycle
structure of the [g;], and also on c. For example, it is possible that the cycle structure
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(1,2,3)(4,5) (1,4) (1,3) (5,4,3)(1,2)
(5,3,2)(1,4) (5,1) (5,2) (4,1,2)(5,3)
(1,5,4)(3,2) (1,3) (1,4) (2,3,4)(1,5)
(3, 1,2)(4,5) (3,4) (3,2) (5,4,2)(3,1)

Figure 5. Four different representatives of class a2 (the same featured in example (B.12b). All
representatives have the same active copies 1, 2, 3, 4, 5 appearing in different orders, but preserving
the relative positions of repeated copies.

of the [g;] be incompatible with fully connected classes — this is what happens with the
functions considered in section 3 — and in this case, the first sum in the r.h.s. above is
void. The factor w,, is given by

1 if no two-point function factorizes
Wae =€ Vay, Voo = (B.18)

1/[[I7jla. if one or more two-point function factorizes

where the n; are the lengths of cycles in eventual two-point functions that factorize in the
class ae.

Formula (B.18) can be obtained as follows. In eq. (B.16), we had chosen c copies to
enter the non-trivial cycles of the set {p{e,---, p%“}. Now we start to fill the cycles of the
pie with these copies. We choose an ordering of the copies to fill the first non-repeated
slots, and then the copies in the repeated slots are fixed by the structure of the class
. So we have the freedom of choosing all ¢! orderings of ¢ elements to get different
collections {p;°} belonging to the same class ac. If no two-point functions factorize, the
collections {p;°} obtained in this way will all be different, yielding the first line of (B.18).
But whenever the class a has factorized two-point functions as in (opee (21) - -+ Tpie (2qQ)) =
(=) T1j{o(n;)0(n;)-1), the orderings that differ only by cyclic reorderings of the copies in
the factorized cycles (n;) will actually give the same collections {p;}. There are n; cyclic
arrangements of n; objects, and taking these into account we get the second line of (B.18).

Again, this is best understood by looking at an example. Consider class a2 in (B.12b).
In figure 5 we show different collections {p?g }, all made with the same copies I = 1,2,3,4, 5.
In each collection (each line), we fill the first five positions with the copies in a given
ordering, and then the copies in the remaining positions cannot be chosen: they are fixed
by the structure of the class, here highlighted by the coloring (positions with the same
color must have the same copy). Compare the first and the last lines of figure 5, where
the choices of copies differ only by a cyclic reordering of the first cycle, (1,2,3) = (3,1,2).
Hence, in these two orderings, the first two cycles are the same. Nevertheless, the collections
as a whole are not the same because their remaining cycles are not equivalent. This is a
consequence of the connectedness of this class. In accordance with formula (B.18), in this
case there are Wo2 = c! = 5! = 120 ways of ordering the copies I = 1,2,3,4,5, all of them

2
giving different sequences {p?"’} in the same class.
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(1,2,3)(4,5)  (1,2) (1,3) (2,3,1)(4,5)
(1,2,3)(5,4) (1,2) (1,3) (2,3,1)(5,4)
(2,3,0)05,4) (2,3) (2,1) (3,1,2)(5,4)
(2,3, 0)(4,5) (2,3) (2,1) (3,1,2)(4,9)

Figure 6. Different representatives of class a3, the same featured in example (B.12c). All rep-
resentatives have the same active copies 1, 2, 3, 4, 5 appearing in different orders, preserving the
relative positions of repeated copies.

Now consider the analogous examination of class a3 in (B.12c), shown in figure 6.
In this class, there is a factorization of the two-cycles of p; and p4, making a two-point
function:

<<7( 00)(0,0)(21)0 (0 01 (22) 0 (0,0) (23) T (0 0, 0) o, )(24)> (B.19)

= <U( 0,0)(21)0 (0 0)(22)0 (0 o) (23) 0 (o o, )(24)> <U(., y(21)0(, )(24)>

Now the choices of I = 1,2, 3,4,5 that only differ by cyclic reordering of the copies entering
the factorized cycles do result in identical collections {p?"’}. As an example, consider the
first two lines of figure 6: they differ by a cyclic reordering of copies 4 and 5, entering
the factorized cycles, and the configuration of the remaining, non-factorized cycles is left
invariant. So the two ordered choices of copies, 1,2,3,4,5 and 1,2,3,5,4, must not be
counted as different collections {plag} The same happens for all other choices, for instance
the ones in the third and fourth lines of figure 6. Thus, in accordance with formula (B.18),
we must divide the total number ¢! = 5! of ordered choices of copies by the number n = 2
of cyclic reorderings of the copies entering the factorized cicles. Finally, compare the first
and the last lines of figure 6, which differ by a cyclic reordering of the first, non-factorized

cycle (1,2,3) = (2,3,1). These two collections are not identical, as you can see that the
3

permutations pg"’ = (e,e) are not the same in the two collections, and neither are the
3

permutations p(;"’ = (o,0).

B.3 Restrictions on the possible factorizations

The restricted possibilities of factorization of the function (3.3) is due to the fact that the
connected functions (3.4a) and (3.4b) are implicitly multiplied by a product of factorized
two-point functions

(XE ) (00) X0 (0)) = 1, (B.20)

(n
where the fields X (Cn) and X (Cn) are the ones whose cycles do not overlap with Z) nor

Z(z). For a hypothetical connected function with components X (Cn) and X (Cn) of the original
multi-cycle fields in (3.3), such that the remaining components do not all match into pairs
like (B.20), the factorization is forbidden. For example, a factorizations leading to the
connected function

<[X'Cl

(n1

o .
VX222 X ) ) (B.21)
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seems possible because it satisfies (2.8), but is forbidden because the factorized operators
have different cycles so the analogous to (B.20) vanishes.
A more subtle case is a factorization leading to a product of three-point functions:

= ¢1 = ¢
(TTIEED™ Ziay Zey [ TLXE)™T)
¢m ¢n (B22)

_/1x% ¥¢ 7 G aS ¢ ¢

= <[X(TILI)X(22)} Z(2) X(31+n2)> <X(31+n2) Z(3) [X(ﬁl)X(fzz)D‘
This is, in general, not forbidden. But for this factorization to occur, the original composite
field must, necessarily, have at least one component with cycle length equal to the sum of
other two components, i.e.

¢n

So functions with fields like 2™ = [(X [Cn })N /M, for example, never factorize as (B.22).
Furthermore, in the concrete case of the D1-D5 CFT, the fields carry SU(2) charges —

in particular, the R-charge — which must add to zero inside a non-vanishing correlation

function. This imposes more selection rules. For example, if ZJy) is R-neutral, e.g. Zpg =

Og;t), and the X(Cn) = R%n) are Ramond fields (4.1), all possible three-point functions

like (B.22) vanish. Meanwhile, for specific configurations, e.g.

¢ _
[}_[(X(C"))Nn} - {R(tbl)R(tlz)Rz;llJrnz)'”} and Z(Q) - Oggio)

(note that Zy) is an anti-chiral field, with j = —1), the three-point functions in (B.22) do
have zero R-charges. If all fields in (B.22) are (possibly different types of) NS chirals, there
may also be non-vanishing three-point functions. For example, if

(TG ] = [ofloggon,, -] and Zg =0

(0,0)
(n1+n2 2
<7n

(2)

the factorization (B.22) becomes

<[OEZ710))O(O,O):| 0(070) 0(070) > <O(070) O(g’o) [0(2’0)0(070)

o) Oty 1) (B-23)

(n2) (2) (n1+n2) (n1t+n2) ~(2)

which is non-vanishing: the R-charges in the first correlator are

—%(nl—1)—f(ng—1)—%(2—1)—1—%(711—!—712—1):O

and likewise for the second correlator.

As mentioned in the main text below (3.4), if the factorization into three-point func-
tions occurs, it can be dealt with using basically the same procedure we have used for the
factorizations (3.4). There will be an additional contribution to the r.h.s. of eq. (3.7), with
a sum over classes that factorize as (B.22). The factorized terms can then be reduced to
(products of) Sy-invariant three-point functions, that will appear in the r.h.s. of eq. (3.10)
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multiplied by “symmetry factors”. These factors are what connects the Sy-invariant three-
point functions to the full four-point function with the multi-cycle composite fields. They
can be found following the same type of combinatoric analysis used to derive e.g. &, but
are highly “example-sensitive”: given two cycles of length nq and ns in the composite field,
the symmetry factors will depend on how many components with cycle length ng = ni +ns
there are in the field, on the corresponding R-charges etc. Hence it would be cumbersome
to try to find a more or less generic formula — which is yet another reason why we omit
these cases in the paper. Going forward, once the symmetry factors in a given case are
known, there still remains to compute the Sy-invariant connected three-point functions,
as we do in the paper for the connected four-point functions (3.16). But, compared with
four-point functions, the analysis of twisted three-point functions is much better known.
General formulas can be found in the work of Lunin and Mathur [38] and, for functions
involving only NS chiral fields, many structure constants are known since they form the
NS chiral ring [24, 43, 44]. We should note, yet, that the functions in (B.22) include one
composite double-cycle field, and these are less studied in the literature. But this kind of
structure constant is just what appears in the OPEs we have studied here, see eq. (4.26).
Hence our own results can also be used to complete the computation of the special cases
where the factorization (B.22) exists.

B.4 Untwisted composite fields

Let us compute the normalization factor . of a generic untwisted field (2.27). The sym-
metrization

Sym[®]_, (X} @@ XJ)] (B.24)

24

is a sum of all possible configurations of the copies. A generic term in the sum is

¢ ¢ ¢ ¢ s 5.
(X1§11> Q- ®XI§11)> ® <X1§2> Q- ®XIE?) Q- ® (ij(ff) ®--- ®XI£§)> (B.25)

)

must choose p; copies out of N to enter the first parenthesis (inside of which all fields are

where the copies Ig are all distinct. How many equivalent such terms are there? One

equivalent, i.e. have the same s), so there are (Z]X ) options. Then one must choose ps copies
out of the remaining N — p; copies to enter the second parenthesis, and there are (Np;p B

options. And so on. The total number of equivalent terms is therefore

=1
e (V) (Y o (YRR 2
P P Py (V= =Lp) T )

which is the result appearing in (2.27). Note that we have not required that every one of
the N copies appear in each term (B.25), that is, we have not required that ), p; = N. If
this is the case, then the expression in the last line of (B.26) simplifies

N! N! !
= for E pi = N. (B.27)
(N -7, pi)!H@le(pi!) T, (i) =1

If there are only two powers, p; = ¢ and p2 = N — g, this formula reduces to (2.28).
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Factorization of four-point functions. For untwisted composite fields, since there is
no sum over orbits of trivial cycles, we must redo our computations. For definiteness,
consider the operator in (2.28), and the two-point function

([XBY8) (00) 2y (1) Zigy (v, 0) [XRYEI(0) ), a=N—p. (B.28)

There are two sums over orbits of the 2-cycles, and symmetrization of the copies in the
composite fields. Leaving the normalization factors, a generic term in the sum has the
following permutation structure (coordinates omitted for economy of space)

T ot

<[X11 o X Yo YIp-&-q} Zhl(z)hfl Zm,(2)h;1 [XJI e X Yo ‘ij_q] > (B.29)
The function can factorize in three ways, depending on the interaction of the cycles in the
middle. If the cycles are disjoint, then the factorization is

< Zju()h "'><"‘Zhv(2>h;1'”>:0 (B.30)

which vanishes because the remaining correlators do not satisfy the fundamental condi-
tion (2.8). If the cycles are not disjoint, they can either compose to a three cycle, or be the
inverse of each other. In the former case, if hi(2)hy hy(2)h;* = (3), then the correlator
also vanishes because, again, it fails to satisfy (2.8). The final remaining possibility is that
the cycles are the inverses of each other; then the factorized function does satisfy (2.8), so
this is the only non-vanishing factorization.

C Derivation of the master formula

Here we give details of the derivation of the four-point function (4.11), namely

{6.0} y{5.0} {28} 1) Zlaf} {6.0} y{5.0}

(PP oo 25570 250 [xGP X O), (C.1)
as parameterized by the pre-image x of w on the covering surface. Near a ramification
point z,., where z(t) & z, + b.(t — t4)", the bosonized fermionic exponentials lift to (the
lifted field is in the r.h.s.) [3§]

. 24 g2 ] j
exp [2@ Z [a¢1 1(2x) + 092 I(Z*)]] O (n)(24) < b, a exp [Zgﬁbl (ts) + 22‘9@(75*)]
= (C.2a)
When inserted at z = oo, the exponential lifts with a positive power of b,,
;o o?+o? io i
exp [2 Z [0’¢1 1(c0) + Q¢2,I(OO)” 0 (n) (00) b exp [2¢1 () + 2Q¢2(t*)]
= (C.2b)
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The coefficients at the branching points of (3.17) are

ni+ng —ni
bo=a"2 (z—1)"™ (x—i— Zl> <$+Zl—1> (C.3a)
2 2
— n1tng na—ny
b, = (_m) (x—1)"" (3:—1— m) (x—i— o 1) (C.3b)
no ng na
2 -2
o) (e ) (e L~y
by, =—n1(z—1) (x—i— n2> (az+ - 1> (x—i— 5 ) (C.3¢)
ni-+ns n2—mi _
by = nya™ 22 (g — 1)~ (m1Hn2) (;H”l) <x+”1_1> (:c+”1 ”2) (C.3d)
n9 no 2n9
ng —n2 n2
b, = (m) g™ (z—1)"(mtne) (x+nl) <x+m - 1) (C.3¢)
no no n2
ni na2—ni
boo = (—1)" (z— 1)~ ("772) (a:+nl) (a:+nl—1> (C.3f)
n9 na

and the fields that we use are lifted to
&2+6% 52447

X{é’é}T(OO)X{é’é}T(tOO) — b b, 8ngy e*%[&¢1(00)+@¢2(00)] e*%[&¢1(too)+§¢2(too)} (C.4a)

2462 52482

X{&’@}(O)X{‘}’@}(to) _ b(; 8n1 big §na 51601(0)+0602(0)] 3 [5¢1(to)+¢2(to)] (C.4b)
02482 )

24BN (1) = b, T dladn () +80a(0) (C.4c)
2452

Z{a,ﬂ}(x) _ b; 6 e%[a¢1($)+5¢2(ﬂc)] (C_4d)

Lifted fields carry no twist indices because they are untwisted. Apart from the b, fac-
tors, the function (4.12) is a six-point function of exponentials only, whose computation is
immediate. Therefore,

1 1 11 1 1

aBl60|50 __ p4nypdng 38378y 4nyp dng
A TL‘l,nlg () cover = bos btoo bt1 bz ® by bto
86 05486 55400 (C.5)

<zsoo—t1><1to—ac>rij (F) " () 7 et T

(too — 2)(t0 — 1) t too

where we need to express ti,tp,tx all in terms of z via (3.18). The final result for

the base sphere four-point function, parameterized by z, is (4.13), i.e. Aa@f’?g ox) =
eSt Aaﬂi ?L‘f é(m)covcr, where 52 is the bare-twist correlation function; using either the re-
sults in [52] or the stress-tensor method of [41, 53], we can find
_Qn% + (24 3n2) (ng — n2) nq
8n1n2
2n3 +(2+3
n ns + (24 3n2) (n1 + n2) ny log (z — 1)
8711712
QH% + (2 — 3712) (m + nz) ny n
+ log (x + ) (C.6)
8ning 2

B 2n3 + (2 — 3n2) (n1 — n2) m log (1‘ n no 1)
8ning n2

1 ny —ng
— -1
4og(x+ 9 )

Sp(z) =

log

~52 -
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{r.s} [ 0.0) Loy {01} {11}

Table 2. Parameters r, s for different NS chirals.

apart from a constant which we fix later by looking at OPE limits of the final correlator.
Combining (C.5) with (4.13)—(C.6), we obtain the final result (4.14).

D List of double-cycle four-point functions

Here we list a collection of selected examples of functions Ao‘/ﬂﬁ %‘f ¢(x) and Ainﬁl‘i%f o(x).
For economy of space, we omit the arguments of the fields.

Functions with NS chirals

~(0.0) 5(0,0)] 530.0) 0.0) [ (0.0) 00T\ _ 1 (1—2)°
(000|050 [0} 0l |) = dn o+ B
(22) 52:2)] 3(00) 5 (00) [ (22) (22) )
2(2,2) A(2,2)] A(0,0) A(0,0) [ H(2:2) A2\ _ 1 na
([0 0|05 00" [0 0 ) = Iy o+ B2

= (1£,1%) A (14,14) ] A (0,0) A(0,0) [ (12, 14) A (1£,14)]
([Ofy 00y 105" 0" [0 0k

[na] “n2] |12 L2 [n1] ~n2] |

~(1+,1+) 5(1F,1F)] A(0,0) ~(0,0) (1£,1£) A (1F,1F)]
([0fy ™00 105" 0" [0 0hs

)

)
<[0(2,2)0(0,0)}6(0,0)0(0,0) [0(2,2)0(070)'> _ _Lmi_

)

)

’(O,U) *(0,0) *(1+,1+) (1+,1+) (0,0) (0,0)-
([Opmy O [0 o™ ol o

4
o - 1 x(r+0t) (x4 =02
([0 Ot |O0™ 0™ 017 Opar']) = 162 ( (3() )

(D.1)

Functions with Ramond ground states and NS chirals. With parameters (r,s)
such that the NS chirals are given by the choices in table 2,

AClC%(p)('U,@) _ <[R<1 R® }]T(OO)O(PJ’)T(1)0(1’:?)(@,@) [RCl R[%Q]](O)> (D.2)

n1,n2 [n1] " "[n2 (2] 2] [n1]

is given by formula (4.14) as

ni+ng—4—2s+s
n1+ng—2(r+s) - 2

A () =Ca T (m— 1) T (9: + ”1>

ni,n2 N9

ni—ng . —1—r(r4+1)—s(s+1)
x(w—l—i—m) : (w+n1 n2)
ng 2
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