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are written as a ratio of sums of Jacobi polynomials with AN + 1 coefficients by, which
parametrize the AN cross ratios. These coefficients have a scaling symmetry by — Aby,
making them naturally valued in CP*Y. We explore limits where various ramified points
on the cover approach each other, which are understood as crossing channel specific OPE
limits, and find that these limits are defined by algebraic varieties of CPAY. We compute the
expressions needed to calculate the group element representative correlation functions for
bare twists. Specializing to the cases AN = 1,2, we find closed form for these expressions
which define four- and five-point functions of bare twists.
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1 Introduction and summary

Symmetric product orbifold conformal field theory (CFT) is a prominent ingredient in

the study of string theory, holographic correspondence, as well as studies of black hole

microstates [1-20] — see [21, 22] for reviews. In particular, various formulations of the

AdS3/CFTy correspondence incorporate families of the symmetric product orbifold CFTs,

distinct by the seed theories on which the symmetric group acts, as either the dual CFT

or a point on its moduli space [23-44]. An important aspect of these solvable theories is

the computation of their correlation functions. While there exist general prescriptions for

computing the correlation functions of symmetric product orbifold CFTs [45-47], as well as

many exact computations (of mainly 3- and 4-point functions) including [48-64], computation



of generic higher-point functions still remains a challenging problem. The goal of this paper
is to compute families of arbitrary higher-point functions and to provide exact formulae.

The necessity of computing higher-point correlation functions of symmetric product
orbifold CFTs is twofold. On the one hand, to perform non-trivial tests of the holographic
correspondence in some of its most powerful incarnations, namely string theory on AdSs
backgrounds, one has to match correlation functions in the symmetric orbifold CFT, string
worldsheet theory, and supergravity [65-79]. On the other hand, to reach points in the
moduli space of the dual CFT which are suitable to describe black holes, one has to perturb
the symmetric orbifold CF'T along specific directions, corresponding to exactly marginal
(1,1) operators in the CFT. Conformal perturbation theory involves computation of multi-
integrals of particular types of higher-point functions, originally considered in [80-84], for
recent progress see [85, 86] and references therein. The correlation functions computed in
this work provide new data for testing the AdS3/CFTy dualities, but are also relevant for
conformal perturbation theory.

Symmetric product orbifold CFTs! are constructed by copying a seed CFT N times,
and then identifying states that are related by permuting the copies of the seed CFT. The
orbifold theory contains new states on the cylinder where fields are periodic up to the action
of the orbifold group: these are the twisted sector states. The twisted sectors are labeled
by the conjugacy classes of the symmetric group Sn, and we denote the “conjugacy class
of g” as [g]. We note that the conjugacy class [g] is a group action invariant concept (by
conjugation), and so is in this sense orbifold invariant. By the state-operator mapping, there
are associated twisted sector operators as well. The lowest dimension operators in their twist
class are called “bare twists” and we will denote these with an un-dressed oj;). When we wish
to consider more general twist fields, with possible excitations, we will denote them as o7.

While the twisted sector operators are labeled by their conjugacy class [g], they may
be expanded in terms of effective operators which have twisted boundary conditions which
are labeled by individual group elements [46, 47, 51, 52]. These non-orbifold invariant
twist operators impose boundary conditions up to the action of specific symmetric group
element g € SN acting on the fields. We denote these by dropping the bracket notation, oy,
emphasizing that they correspond to individual group elements rather than conjugacy classes.
Group elements of SN are decomposed in terms of disjoint cycles, and the non-orbifold
invariant twist operators corresponding to single-cycle group elements may be considered
as fundamental. This is because correlation functions of twist fields corresponding to group
elements with many cycles may be constructed by taking limits of correlation functions
constructed from single-cycle twist operators. We will therefore focus on correlators of
single-cycle twist operators in this work.

Being more explicit, single-cycle orbifold-invariant twist operators are obtained from
summing over the elements in each conjugacy class

(1.1)

1
a[w](z) = w(N = w)!N! QEZSN Og(1--w)g=1 -

'In this work we use the language of symmetric product orbifolds even though the techniques can be

used anytime the group action on the fundamental fields is a permutation — see e.g. [87, 88] for holographic
correspondences of this type.



Above, we have used the shorthand notation @ to represent one of the cycles in the conjugacy
class [@], rather than g, to emphasize that these are single-cycles (windings). Without the
“hat” the w refers to the integer length of the cycle. A generic correlation function of bare
twist operators is of the form

(0111 (21) O] (22) + + - Ty (22)) 5 (1.2)

which may be written as a sum over correlation functions of conjugacy class representative-
dependent twist operators

(w1 (21) 0y (22) - - o, (20)) - (1.3)

Thus, the main challenge remains to compute correlation functions of the form (1.3). To
construct excited twist operator correlators, one may use various techniques [46, 51, 54, 59,
60, 89, 90] to dress the calculations of the bare twists.

The correlation functions computed in this work are of the form

(0w (Y1) owy(Y2) ouy(ys) o3(z1) -+ o5(2k)) (1.4)

k insertions

where 2 refers to some un-specified 2-cycles. We will focus on the connected part of correlation
functions of bare twist operators. We note that these form the skeleton of the higher-point
functions with excited twist operators, particularly those needed in high order conformal
perturbation theory. We explicitly provide new exact formulae for £ = 1,2, and we will
also comment on how to take limits of the above functions to merge the twist-2 operators
into higher twists.

One method to compute correlation functions of twist fields on the sphere in symmetric
orbifold CF'Ts is to find maps to a branched covering surface where the fields twisted under o,
are mapped to a single field with usual periodic boundary conditions [46, 51].2 The covering
space is a Riemann surface whose genus ¢ is determined by the structure of the twists on the
original (base) space. Finding covering space maps is in general a difficult problem. We will
directly construct new maps which allow us to compute the higher-point functions (1.4).

In the large N limit (i.e. large central charge Nc¢ of the symmetric product orbifold CFT),
the leading order contribution to the connected correlation functions (1.2) comes from the
spherical covering surfaces g = 0 [46] — see [55-60] for a partial list of more recent studies of
aspects of large N symmetric orbifolds. This limit in turn corresponds holographically to the
leading order contribution to the genus expansion of the string worldsheet theory [29, 33, 91].
In this work we will compute connected correlation functions (1.4) with genus 0 covering spaces.

To compute n-point functions of bare twist operators, we need certain information about
the covering space maps. The basic procedure for this was worked out in [46], although a more
algebraic approach is taken in the work of [47]. In [47], they take advantage of the fact that a
specific fractional mode of the stress tensor acting on a bare twist state gives a null vector (also

2A different method to compute correlation functions in symmetric product orbifold CFTs is the stress-
energy method of [45]. In this work we use the covering space method pioneered in [46], bypassing the need to
perform the integrals of the Weyl factor by using [47].



noted in [55-57, 59, 60]). This may be used to constrain the form of the n-point functions of

bare twists to a specific function of map parameters, up to a constant. Requiring the n-point

function agree with factorization, i.e. the conformal bootstrap, fixes this remaining constant

and so fixes the form of the n-point function in terms of map parameters. One then only needs

to these map parameters, defined near the ramified points, from the covering space map.
Near the ramified points at finite locations t;, one defines the expansion

2(t) = zi +a;(t — ;)" + O((t — ;) (1.5)

where z is the coordinate of the base space, and t is the coordinate on the cover. For the
point near infinity, we have

2(t) = ap_ 1t + Ot 171 (1.6)

In both of these expressions, w; is the size of the single cycle defining the twist operator.
We will denote

T :wi—l (1.7)

which is the “ramification” of the point in the map, and denotes the number of “extra sheets”

that come together at this point. We also need to define the coefficients of the unramified
images of infinity which are given by

2(t) = S +O((t —t,)"). (1.8)

The n-point functions are given by [47]

(0w (205 20) 000, (21, 21)  * * T, 5 (2n—2, Zn—2) 0, (00, 0)) (1.9)
n—2 _c(w;+1) c(wy_1+1) N— 2 c(u;v—l)
= H w, 12 wn—lm H ‘aj‘ TT2w; |a _1‘ 12wn H|C ‘**7
=0

where c is the central charge of the seed CFT, and we have assumed ¢ = ¢. Note, in the above
we have indexed i = 0---n — 1 for the n bare twists. This allows us to denote (ty = 0, zg = 0),
and (t; = 1,21 = 1), and we use interchangeably 7o, = r,—1 and (t,—1 = 00,21 = 00).
Furthermore, the above is to be read for a specific group element representative. One must
then sum over all preimages of the maps, see [52] and [47].

While (1.9) gives the desired correlation function in terms of map data, one still needs
to find the map and extract this data. It is the purpose of this paper to construct and
explore new covering space maps.

The rest of the paper is organized as follows. In section 1.1 we give a brief introduction to
sphere covering spaces and their connection to ordinary differential equations. In section 2 we
consider the construction of covering space maps. We start in section 2.1 by considering the
hypergeometric differential equation and introduce an interesting limit of the hypergeometric
sum that reconstructs the well known map in [46]. In section 2.2 we consider a construction
from the literature [92] which writes solutions to Heun’s differential equations as a finite



sum of hypergeometric functions. We apply our method for extracting pairs of polynomials
from hypergeometric sums to generate the covering space map

NmaX
Nﬁ%}: by t(N+1)Pr(LiV7+]\1[);I(m+n3_N)(1 —2t)

2(t) = = ]‘\“;m , (1.10)

bNPn—l(N—l—l),—(m-i-m—N) (1 _ 2t)
N=DNmnin

where 11, ng, Nmin, and Nyax are integers, the coefficients by are parameters of the map,
and pva,,@ are the Jacobi polynomials. We show that the Wronskian has the form

W = fofy — fof] = tNmin(t — 1)(mtns=Nma=D g ¢) (1.11)

and so the ramifications of the map at ¢t = 0, 1,00 are given by rg = Npin, 11 = (n1 + n3 —
Nmax — 1), and roc = n3 —ng — 1. The identification of ramifications using the Wronskian is
reviewed in section 1.1, and the specific case above is derived in section 2.1. The polynomial
Q(t) has degree AN = Npax — Nmin, and the zeros of this polynomial determine the location
of a cloud of ramification 1 points in the map: we denote this total ramification by r. = AN.
In section 2.3 we show that these maps are sufficient to cover all group theoretically allowed
r0, 1, Too, and 7r.. The coefficients by and Aby define the same map and we therefore argue
that these coefficients are valued in CPAY | which is of the correct dimension to parameterize
the AN cross ratios of a (3 + AN)-point function.

In section 3 we analyze the maps (1.10). In section 3.1 we consider the OPE limits where
one of the ramified points in the cloud approaches one of the ramified points at t =0, t =1,
or t = oo, summarized in table 1. We find that the by parameterize both the location and
the crossing channel of the OPE limits (i.e. which group element representative is taken
from amongst the product of the conjugacy classes). We also consider other OPE limits,
including in section 3.2 where we consider the special case AN = 2. This is the lowest
value of AN where there are multiple ramified points in the cloud and so we can study the
OPE limits as these points approach each other, and we find explicitly the cases where they
fuse into a ramification 2 point (twist-3), and when they fuse into a ramification 0 point
(untwisted). All examples found in our work give OPE limits as homogeneous polynomials in
the by which are set to 0, giving them as algebraic varieties in CP*". Finally, in section 4,
we construct the correlation functions. We focus on cases where AN is small so that we
may analytically evaluate the Wronskian, and use this to find closed form expressions for
the 4-point and 5-point functions in the AN = 1,2 cases. We end with a discussion and
future directions in section 5. We also provide several appendices which give background for
Jacobi polynomials (appendix A), proofs of Jacobi polynomial identities used in the main text
(appendix B), constraints from group theory that show our maps are general (appendix D),
some detailed examples of taking the OPE limits (appendix C), and an algorithmic technique
for computing the Wronskian (appendix E).

1.1 Brief introduction to sphere covering spaces

In this subsection we briefly introduce some necessary components for motivating our covering
space maps. First, a natural place to start is to consider functions that are well defined on



the sphere, rather than on a general Riemann surface. Furthermore, we expect a generic
point z to be mapped to a finite number of points ¢ in the covering space, and that all generic
points should be mapped to the same number of points on the cover. This strongly suggests
the use of polynomials, and so we consider covering space maps of the form

_ fa(t)
fi(®)

where f1 and fy are polynomials that have been fully reduced so that they share no common

2(t) (1.12)

zeros. At locations where f; is not 0, but otherwise undistinguished, one may expand the map

_ fa(t)
fi(t)

However, there are also a finite number of special points in the map where ¢y = 0, and so the

2(t) = zn +qot —to) + - - (1.13)

above power expansion begins at some power (¢t — t9)" where w; > 2. These special points,
which we denote t;, are where the map z(t) is said to be ramified. In the neighborhood of
one such ¢;, the map is of the form (1.5), which we reproduce here

2(t) = 2+ ai(t — ;)" + O((t — t;)" 1) (1.14)

remembering that we require that a; # 0 so that the order of the zero of z(t) — z; has been
properly identified. We recall the definition of ramification (1.7): r; = w; — 1. When r; =0
this is an ordinary point where the map is one-to-one in a small neighborhood, and is not
really part of the finite list of ramified points. We must have r; > 1 to call these ramified
points in the map. Technically r; = —2 are also ordinary points, and correspond to unramified
images of z = co: these are the simple poles of (1.12). Any points with r; < —3 are also
ramified, and correspond to specific cycles in the twist operator at z = co. We will consider
the case of single-cycle twist operators, and so the point at z = oo is associated with only
one cycle, and we choose to map this to the point ¢ = oo in the cover. Thus, for the case at
hand, we will consider the case where r; > 1 (except for the unramified images of z = oo,
given by the simple zeros of fi). These points, t;, are necessarily finite and distinct from
the zeros of f1, and the full list of such points is a finite list.

Therefore, we are considering maps where the point ¢ = 00,2z = oo corresponds to a
single cycle twist operator, and so the degree of f, is greater than the degree of fi. Further,
the other images of z = oo correspond to the zeros of fi. The zeros of f; must each have
multiplicity 1 such that the neighborhoods of each one of these images of z = oo is locally
one-to-one (unramified). Therefore, fi(¢) is a separable polynomial (i.e. has distinct roots).
As mentioned above, we reserve the notation t; in (1.14) to refer to the finite list of ramified
points at finite locations ¢;, which must also correspond to z; which are finite, given that
all images of z = oo have been identified.

The ramifications r; are related to the group elements in the symmetric group SN, as
explained in appendix D. The ramification of a group element is the minimal number of 2-cycle
group elements it takes to construct the group element: for the single cycle twist operators
we are considering, this is just the relationship r; = w; — 1. Thus, given a group product
that multiplies to the identity, we may count the ramification of group element. For a given



product, the genus of the covering surface is determined by the Riemann-Hurwitz formula
1

== i —S+1 1.15

g 9 ; T + ( )

where S is the total number of sheets in the cover, and is simply the total number of distinct
indices appearing in the cycles of the group elements in the product under consideration.® The
genus of the cover being 0 puts certain restrictions on what group products one can consider.
These correspond in the orbifold CFT to the leading order in the large N limit of the CFT [46].
Let us now begin to address how we may obtain the polynomials f; and fo by more
closely examining the map near the ramified points ¢;. One may combine (1.12) and (1.14)
with w; = r; + 1 to arrive at
o) — 2 = fa(t) = zifr(F)
fi(t)

We note that because fa(t) shares no zeros with fi(t), then fa(t) — z; f1(t) also shares no zeros
with f1(t), and so the left hand side of (1.16) is fully reduced. To reproduce the (r; 4 1)
order zero on the right hand side of (1.16), it must be that

f2(t) = zifa(t) = (t = 1) T f3(2) (1.17)

where fi(t) is a polynomial that is not zero at t = t; because a; # 0. Further, fi(t) shares
no zeros with fi(t) because fa(t) — z;f1(t) shares no zeros with fi(t).
Next, we note that near a ramified point, (1.16) can be rephrased as

= a;(t — ;)" 4 O((t — t;)"2). (1.16)

0z = CLZ‘(Ti + 1)(t — ti)” + O((t — ti)rﬁ_l) (118)

where 0 is the derivative with respect to t. We see that 0z|, = a; if r; = 0, and so the point
is not ramified (and technically should not be on our list of ¢;). We see that dz|;, = 0 if
the point is ramified. Therefore, every ramified point at a finite location is a zero of the
function dz, and any zero of Jz is a ramified point in the map because the expansion begins
at some power (t — t;)"t with r; > 1.
Applying the derivative to z(¢) as presented in (1.12) or (1.16) will give the same answer
since they differ by a constant z;, and we find
9, - 2= zz’fl)’flf—2 (fo—zf)fi _ fﬁf1f—2f2f{ (1.19)
i i

where we have truncated notation df; = f/. The numerator of this expression is the Wronskian

of f1 and fo or of f; and fo — z; f1, which is equivalent because the part proportional to z;
cancels. Analyzing this near one of the points ¢; we see that (1.19) combined with (1.18) gives
g, - 2=z i —(fa—zif)fi _ fohh — fofi

= 2 = L 1) (= 1)+ O((E — 1)
fi fi
(1.20)

3More generally, the Riemann Hurwitz formula can be written in terms of the Euler characteristic of
the base space and the covering surface, in which case it reads x' = Sy — Zl ri, where x is the Euler
characteristic of the base space and x is the Euler characteristic of the S sheeted cover. Using the Euler
characteristic is more natural for disconnected covering surfaces because the Euler characteristic is additive
over the disconnected pieces.



Again, the t; are distinct from the zeros of f1, and so the above 7! order zero on the right hand
side of (1.20) must come from the numerator of the left hand side, i.e. the Wronskian. The
fact that there is a factor of (¢t —¢;)™ in the Wronskian is obvious if we use the factorization
of fo — zif1 in (1.17). Thus, the Wronskian must admit zeros of the form (¢ — ¢;)" near
ramified points ¢; at finite locations, and so one may factor this from the Wronskian. Doing
so for the complete list of ramified points at finite locations in the map, we see that we
may factor out [];(t —t;)™ from the Wronskian.

Finally, we ask whether there can be other zeros of the Wronskian, other than the ramified
points. It is clear that if W (tg) = 0 and fi(to) # 0, then 9z = W (to)/(f1(t0))?> = 0, and so
the point must be ramified. The form of the map is as (1.20) with r; > 1, and so z must be of
the form (1.14). Therefore, to appears in our list ¢;, and is not distinct. The only way to avoid
this conclusion is if fi(¢9) = 0, and so the question becomes whether f; can share zeros with
W. We denote the list of zeros of f1 as t,, and assume that the Wronskian also has a zero
at this point. Plugging in, we find W (t,) = f5(t,) f1(tp) — fo(tp) f1(tp) = —fa(t,) fi(t,) = 0.
Thus, it is either that fy(¢,) = 0, and so fi; and f> share a root and fo/f1 was not fully
reduced, or fi(t,) = 0, and so f; and f] share a root, and so f; is not separable. These
two possibilities conflict with our assumptions, and so we conclude that W and f; share no
common zeros, at least in the case where the ramified point at t = 0o,z = oo is the only
ramified image of z = oco. Thus, the complete set of zeros of 0z are the complete set of zeros
of W, and this is the complete set of ramified points at finite locations. We conclude that

W= fofi = faft = Ao [ ] (¢ — t)" (1.21)

where t; are at finite locations, and z(t;) are also finite locations. We have fixed the Wronskian
up to an overall coefficient Ay, which depends on the normalization of f; and fo. Thus, the
zeros of the Wronskian are one-to-one with the ramified points at finite locations in the map
z = fo/f1 when f; and fs have been fully reduced, and when f; is separable: exactly the case
we are concerned with when the point ¢t = 0o, 2 = oo is the only ramified image of z = oo.

One may also make the following statement. Assume that f; and W share no zeros.
Then, evaluating at one of the zeros of f1, which we call t,, we find W(t,) = (fof1 — faf1)lt, =
—fa(ty) fi(tp). Because W (t,) # 0, it must be that fa(t,) # 0 and f{(t,) # 0. This gives that
if fi and W share no common zeros, then fo/f; is fully reduced and f; is separable.

Seeing the appearance of the Wronskian motivates us to look for guidance from second
order differential equations. We note that given a pair of functions (f1, f2), one may always
write a linear second order differential equation

fa @) f1(t) = fo@) () fy () f1(t) = 5 f1'(2)
f®) A1) = fo() f1(2) fa() f1(t) = fa(8) f1(2)

where the two independent solutions for f are f; and fo. The above is simply the Wronskian

O*f(t) —

of(t) +

Ft)=0 (1.22)

of three functions (f, f1, f2), of which f is kept arbitrary. We notice the above equation
may be written as
2 () f1) — f2() 1)

2 —9ln 2
O = oWmW)OS () + s o = R (D)

ft)=0. (1.23)



For the form of the Wronskian (1.21) the coefficient of 0f becomes

o) =3 . (1.24)
— (t—1t)
Where this function becomes singular are singular points of the differential equation. Re-
stricting the covering space map to be constructed from polynomials means that the local
Frobenius solutions are positive integer power law, and so we expect these to be regular
singular points. In fact, we can see this directly. First, 91n(WW') only has simple poles, given
by (1.24), and so there are only the allowable 1/(¢ — t;) divergences in the coefficient of f’.
One may consider the coefficient of f in (1.23) in the following way. We recall that (1.16)
implies factorization (1.17). Looking at the coefficient of f in (1.23), we see that

YL = BOAW) _ (fo0) = 5hE)HE) = (B0 = =A@V HO g

f3) f1(t) = f2(8) f1(2) Ao TT;(t — t3)"
where in the numerator we have chosen to express the Wronskian using f; and fo — z; f1.

We see that the form (1.17) gives that the numerator of the right hand side of (1.25) has at
-1

least a power of (t — ¢;)" " surviving the differentiation, and so at worst the right hand side
of (1.25) diverges like 1/(t—t;) at each ¢;, a more gentle divergence than the maximum allowed
1/(t —t;)?, and so t = t; is a regular singular point. One can generate 1/(t — t,)? divergences
if we allow fq to have roots t, with multiplicity, however, we do not consider this case here.

Finally, one may also consider a generic linear homogenous differential equation of the form
O*f — Hy(t)Of + Ho(t)f =0. (1.26)
Such a differential equation always has two independent solutions f; and fo. We write

O*f1 — Hi()0f1 + Ha(t) f1 = 0

V. i (1.27)
02fy — Hi(t)dfs + Ha(t)fo = 0.

Viewing this as two equations for two unknowns H; and Hs, one can solve for Hy and Hs and
arrive at (1.23). Thus, given a known differential equation, i.e. that H; and Hj are specified,
then the two solutions to the differential equation are guaranteed to have dIln(W) = Hj.
Because Hj is known in a given differential equation, this determines the Wronskian W of
the two solutions up to an overall constant; this constant can be adjusted by the overall
normalizations of fi; and fs. Thus, the fact that two functions solve a given second order
differential equation guarantees the form of the Wronskian of the two functions, and given
two functions, one may construct a differential equation that they both solve.

If the two functions that satisfy a given differential equation are both polynomials, and
f1 and fy are fully reduced, and f is separable, then z(t) = fa(t)/f1(t) is a covering space
map where the ramified points in the map (at finite locations) are precisely the zeros of the
Wronskian. As above, fo and f; are fully reduced and f; is separable if and only if f; and W
share no roots. The former or latter can be easier to check in different circumstances.

We recognize this type of differential equation (1.23) as being of Fuchsian type with
regular singular points. When there are three regular singular points, one may use sl(2)
transformations to bring these points to ¢t = 0, 1, and oo, and one gets a differential equation



of hypergeometric form. The polynomial “cousins” of hypergeometric functions are Jacobi
polynomials, and the covering space maps for this case have been constructed in [46].

For four regular singular points, the story is more complicated: one may not use si(2)
invariance to fix all points. The CFT interpretation of this is that there is a cross ratio
for a 4-point function, and so a non-trivial function of this cross ratio must be calculated.
This type of differential equation is called a Heun differential equation, and has been studied
extensively [93]: in this case, the sum (1.24) has only three terms, which correspond to
the location of three ramified points in the map at finite positions. There are polynomial
solutions to Heun’s equations [94, 95], and these have been previously used in the literature
to address the problem of 4-point functions [47, 52]. However, we find the presentation for
Heun functions as finite sums over hypergeometric functions in [92] particularly useful.

In the presentation of [92], the sum over hypergeometric functions is found to truncate
to a finite sum under certain circumstances. This finite sum has coefficients that must satisfy
a set of algebraic constraints to make them a solution to Heun’s differential equation. We
may take advantage of this form of the solution because, as we will show, one may take a
limit of hypergeometric functions to generate two Jacobi polynomials. We show this in the
next section exploring the 3-point function. This gives us a method of generating a pair of
polynomial solutions to Heun’s equation, recalling that one must also impose the algebraic
constraints. Interestingly, without imposing these algebraic constraints, we find that the
sums over Jacobi polynomials generated in this way satisfy a more general Fuchsian type
of differential equation: one where there are more than three terms in (1.24). We show this
form of the differential equation by finding the form of the Wronskian for the two sums
over Jacobi polynomials. This Wronskian shows that there are three long cycle twists at
(t=0,2=0), (t=1,2=1) and (t = 00,z = 0), and a cloud of twist-2 insertions at other
points. The algebraic restrictions in [92] amount to a particular OPE limit where the twist-2
cycles in the cloud “twist together” into one long twist operator. However, without this
constraint, the sum provides a more general covering space map. One may consider other
types of OPE limits, as we discuss in section 3.1.

The construction of the covering space map as a ratio of sums over Jacobi polynomials
also seems quite natural from a bootstrap perspective. In a CF'T, the building blocks of
higher-point functions are 3-point functions. The higher-point functions are written in terms
of conformal blocks (which are generic) along with conformal weights and structure constants
(which are the CFT-specific data). The construction of higher-point covering space maps
in terms of the covering space maps for 3-point functions, i.e. Jacobi polynomials, therefore
seems quite natural. We now turn to our construction of the covering space maps.

2 Maps for n-point functions with three long twists

2.1 3-point function maps from Jacobi polynomials

We first consider the case where there are only three regular singular points: at t =0, ¢t =1,
and t = co. Thus, there are only two terms in the sum (1.24), which is of hypergeometric form

af
tt—1)

o+ (2 o+

ft)=0. (2.1)
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This is satisfied by the hypergeometric series

a = (« ¢
F=m (F5e) = UG 2.2)

where (), denotes the Pochhammer symbol

/-1 —a
(a); = H)(a +i)= F(FO‘(;@ - (—1)5M. (2.3)

The last expression allows us to more easily consider cases where the argument of gamma
functions is near a negative integer. For ease of notation, from now on we shall drop the
indices p and ¢ of the hypergeometric series ,F,; and exhibit them respectively by the number
of terms in the upper and lower levels of the argument: F(%1 ’gp it).

An important property of the Pochhammer symbol is that («)y becomes 0 when « is a
non-positive integer and £ is sufficiently large: one term will be zero in the product. More
precisely, for m a non-negative integer, (—m), = 0 when ¢ > m + 1. However, such 0 values

may be regulated by shifting m by €,,, giving

m 4 e) (—1)€(mm'£)' + O(em) , ifl<m+1 (2.0
M+ €m)e = ) :
(—D)™m!(en)(l —m — 1)+ O(e2), ifl>m+1

The fact that the leading order approximation is either constant or order O(e,,) is because
at most one term in the product (—m + €,,)s gets close to 0. This means all Pochhammer
symbols, once regulated in the above way, will either be constant or go linearly to zero as
the control parameter €,, goes to zero.* This will allow us to examine the hypergeometric
series in an interesting way.

Consider the “regulated-near-negative-integer” hypergeometric series with constant coef-
ficient A (the reason for the coefficient will become clear in a moment)

AF(-m-ﬁ-Tlf —n3 +r3€ ) AZ n1+7°16 o(— n3+7“36)4ﬁ (2.5)

—Ng + ro€ —n9o + 7’26) i

where we pick three non-negative integers 0 < ny < ny < ng such that no divergences of the
coefficients appear as ¢ — 0. The above coefficients in the power series expansion on the

right hand side of (2.5) have Pochhammer symbols are either constant or go to zero linearly

(=n1tri€)e(=n3+rse)e
(—na2+ra2e),

the limit as € — 0, the above sum is truncated into two “windows” for ¢ where the regulation

when € — 0, depending on ¢. However, the fraction is always finite. In

parameter ¢ does not eliminate the term in the sum (2.5). The second window is empty
unless we have that ny < n3, and so we restrict to the cases 0 < n; < ny < ng. Examining

4The analogous statement using gamma functions is that all gamma functions near non-positive integers

—m behave as I'(—m+z) = (—1)" /(m!z)4+O(1)+- - -, i.e. these exhibit only simple poles. In the Pochhammer
T'(a+4)
(o)
denominator, or only the denominator pole exists, leading to a linear 0 in the control parameter.

symbol oy = the poles in the gamma functions either do not exist, cancel between numerator and

— 11 —



closely how r; appear, we suggest the choice ro = A, r1 = B, although only the ratio appears
r1/7r2 appears in the € — 0 limit. Using this, we may explicitly write that

AW O§€§n1§n2<n3
) (—n1+Be€)(—ng+rse), 0 ni+1<l0<ng<ns
hi%A (—no+ Ae) - (=1)"1+72 (ny)!(¢—n1—1)!(=n3),
€ 2 ¢ B (o) (=rp =11 ny<no+1<l<ns
0 ny<ng<ng+1</
(2.6)

which we may in turn write in terms of factorials.

The choice of regulator in (2.5) is tuned so that powers of € cause no divergences: the linear
zeros in (—nj + Be), cancels the linear zero in (—ng + Ae€), in the window np < ng+1 < £ < ng.
This preserves two linearly independent pieces of the function (with coefficients A and B)
in the limit ¢ — 0. Thus, the terms that survive the limit are for 0 < ¢/ < ny < no < ng,
and n1 < ng + 1 < ¢ < n3. We note that the regulator r3 never plays a role, and so we may
take r3 = 0 from the onset. Doing so immediately truncates the hypergeometric (2.2) to
a polynomial of degree ns, which is a Jacobi polynomial [96, 18.5.7]. While not necessary,
setting r3 = 0 does make convergence issues of € — 0 clear because only a finite number
of coefficients exist.

Therefore, we may simply plug in (2.6) into (2.5), truncate the sums, and find

) —n1+ Be,—ng+rae ) n1'ng! o (ng—20)! (—t)*
limAF it)=A
50 < —ng+Ae 1! g(nl—@!(ng—@! 0

mlng! $& (=m—1)l (=) 27

(E—TLg—l)!(ng—g)! £

+B(—1)"™™ =Afi1(t)—Bfa(t),

|
na: €:n2+1

where now all of the Pochhammer symbols have been replaced by factorials. We see that
the hypergeometric sum has separated into two separate polynomials f; and fs with two
separate coefficients A and —B. Thus, any linear relationship that the hypergeometric series
satisfies must be satisfied by the two separate sums, so long as the linear relationship does
not become singular in the ¢ — 0 limit.

It is not too hard to identify the polynomials f; and f,, finding

n1!n3! ng \2 — N1 ! —(n —(nadni—n
Ay = M gy 2= ) ng! Bt trsnin (1 - 21) .
' 2.8
n1!n3! n (’rlg— ) n na+1 ni+ng—n
Falt) = R () e P D (1 o)

where P,?ﬂ (z) is the Jacobi polynomial («a, 8,7 different from above); see appendix A for
definitions and useful identities. The functions (2.8) are easy to show to be the same as
the sums appearing in (2.7): one need only shift the indices, and identify the Pochhammer
symbols in both the hypergeometric series and the Jacobi polynomials. This is easiest to do

by replacing the Pochhammer symbols with factorials, which one may do in all cases.’

5As an interesting side note, one may consider a set of generalized hypergeometric series

F A1, 3,00, 2W—1 ZHM 1C¥2w 1)e tf
o, 0, Qow 2
’UJ

a?w 2) K'
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The differential equation (2.1) does not become singular in the e — 0 limit: «, £, and
~ approach finite values, and every coefficient in the differential equation remains finite,
and independent of A and B. Therefore, we have obtained two distinct polynomials that
solve the second order differential equation (2.1) with & = —ny,8 = —ns3,v¥ = —ng and
0 < ny; < ng < ng, and thus supply a complete set of solutions. We now show this explicitly.

Consider the hypergeometric function F(af;t) with § = —ng (i.e. 73 = 0). This
function is in fact a Jacobi polynomial of degree ng — see [96, 18.5.7]. Next consider
the differential equation (2.1) with = —ns: this differential equation is just the Jacobi
polynomial differential equation (with variable x = 1 — 2t) where the Jacobi polynomial
f= F(o";"?’;t) solves it. Setting o = —n1 + Be and 3 = —ns + Ae we obtain

82(AF(_n1 + Be, —n3;t)>

—ng + Ae
—ng+Ae —ni+Be—n3g+ng— Ae+1 —nq + Be, —ng
AF ; 2.
+( t + t—1 )8( ( —ng + Ae t)) (2:9)
(—n1 + BG)(—ng) —n1 + Be, —ng
AF it)=0.
t(t—l) ( —n2—|—A€ 7)

Taking the limit ¢ — 0 renders the coefficients of the above differential equation finite, and
so the differential equation, as a linear relationship, does not become singular. Neither do
the truncated hypergeometric sums, which become the functions f; and fo in (2.8). The
limit ¢ — 0 on the above differential equation gives

Ao+ (T2 e TR o 4 CREI 5 )
(2.10)
B (P + (T2 e TR o CRE ) 0,

The above limit exists for any generic finite choices of A and B.% Therefore, the
coefficients of A and B must individually be zero

O f1(t) + (_?2 —m _:g_t m2 + 1) of1 + (_Z;)_(_lglg)fl(t) =0 o
it + (2 T o+ s —o.

We thus conclude that f; and fs both satisfy the above differential equation. This should
agree with any other method for generating solutions to the differential equation.

Consider the a; near negative integers —n;, appropriately regulated, i.e.

F —ni1 +1ri€, —N3 + 7136, , —NEWw-1) +T(2W71)E.t
—ng + 726, —N4 +T4€, -+, —Naw_2) + Tew_2)€’ ’

Above, we require that the n; satisfy 0 < n1, naw-1 < n2w, and naw < Naw+1. The integer w is between 1 and
W labeling the “windows”. In the limit that ¢ — 0 we find W windows where the coefficients of the generalized
hypergeometric sum are non-zero, each with independent coefficients. These W polynomials satisfy the linear
W' order generalized hypergeometric differential equation, providing a complete set of solutions.

5The limits as A = 0 or B = 0 may seem to be problematic because this may compete with the smallness
of €, however, carefully taking these limits before ¢ — 0 gives the same results as taking the limit A — 0 or
B — 0 of (2.10), and so these limits commute.
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One may for example consider the two solutions to the hypergeometric equation (2.1).

These are given by F(af ;) and z1*7F(a_721;i_7+1 ;t). One can consider the strict & = —ny
case in the first solution, giving F' (7”71”8 ;t), which truncates the hypergeometric series, giving

a Jacobi polynomial [96, 18.5.7]. One can then set 8 = —n3, and v = —ng, arriving at fi, up
to normalization. These substitutions are not singular in the Jacobi polynomial. The function

fo may similarly be generated by substituting v = —ng into the second solution finding

Zn2+1F(a+n2—;lf;n2+l 1t

When av = —n; and f = —ng, one arrives at exactly f2 in (2.8), up to normalization [96, 18.5.7].

) which has non-singular coefficients in the hypergeometric series.

The two separate solutions, therefore, may also be arrived at by taking independent
limits of various solutions to the hypergeometric equation. However, we still prefer the
limit € — 0 of (2.5) because this limit may be taken on any linear relationship that the
parent hypergeometric function F(%i gj ;t) satisfies. For example, linear relationships that
F (%125’75) satisfies will descend to relationships that are separately obeyed by f; and
f2 (possibly with index reassignment), so long as the linear relationship is not singular in
the limit € — 0. The linear differential equation is just one such linear relationship. This
allows easier identification for certain proofs for Jacobi polynomials, if one knows the parent
linear relationship for the hypergeometric functions.

It is easy to see that f; and fa give a covering space map z(t) = fa(t)/f1(t). For the

particular fy and f; above, the Wronskian is known. It is given by [46]
W = fofr — fafi = Aot™(t — 1) Fme 7 (2.12)

where A is not presently important (one may also find W directly by using (2.27) which is
proved as (B.1) in appendix B). Thus, the only zeros of the Wronskian are t =0 and ¢t = 1,
neither of which are zeros of fi. Therefore f; and W share no roots, and so fi is separable
and f; and fo are fully reduced. Therefore, z(t) = fa(t)/f1(t) constructs a good covering
space map with ramified points at ¢ = 0 and ¢ = 1, by the discussion in section 1.1. There
is also a ramified point at ¢ = oo, by inspection.

The ramifications at t = 0, t = 1 and ¢ = oo are easy to identify. At ¢t = 0 we have
ramification rqg = no, and at t = 1 we have ramification r{ = ny+ng—no—1. The ramification
at infinity is given by ro, = ng — n1 — 1 which is read from the highest order terms in the
numerator and denominator of fy/f;. Furthermore, the total number of sheets for a generic
point z is given by the maximum degree of the polynomials, i.e. ng, the degree of fs. Thus,
plugging in the r; above and S = n3 in the Riemann-Hurwitz formula (1.15) we find that
the genus of the covering surface is ¢ = 0 as expected. Furthermore, it is clear that all of
these expressions make sense for the range 0 < ny < ny < ns. However, relaxing the first
and last inequality can be useful for certain proofs.

2.2 n-point function maps from sums over Jacobi polynomials

We now wish to consider correlation functions beyond the 3-point function. This suggests
having more than two terms in (1.24). Looking at the case where there are three terms
seems to be the next logical step, where the equation becomes Heun’s differential equation(s)
(see [93] for a monograph on this equation, and its solutions, known as Heun functions).
However, we would like to focus on a construction in the literature [92] where they build
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Heun functions out of hypergeometric functions. This will give us a way to build covering
space maps with multiple insertions.
First, Heun’s differential equation is

F0t) + (Z + % + - a) £+ t(t(fﬁlt)(_t q_)a)f(t) = 0. (2.13)

The extra regular singular point at ¢ = a cannot be fixed with si(2) transformations, and
so must be left with an arbitrary complex location a. For us, ¢ will be a non-positive
integer to give a ramified point in the covering space map. This will lead to ramifications
at t = {0,1,00,a} which we refer to as {ro,r1, 7, s}, respectively. The above constants
satisfy a relation a + 8+ 1 = v + J + €. In addition, there is an extra parameter g above
which is not present in the hypergeometric case (2.1). In the case that ¢ = 0, we recover
the hypergeometric equation setting ¢ = aSa. Recall that in the hypergeometric series (2.2)
depends symmetrically on a and (3, and so the differential equation (2.1) depends only on
a + B and af.

The analysis of [92] builds solutions to Heun’s differential equations from a finite sum
of hypergeometric functions

£(t) :7§an( @ p 't) (2.14)

Y+e+n’

with complex coefficients ¢,. This takes advantage of the fact that F(«, 3;v;t) satisfies
the differential equation (2.1), and this shares some of the singularity structure of (2.13).
Plugging into the Heun equation, and using certain recurrence relations for hypergeometric
functions to combine terms, one finds an algebraic recurrence relation [92]

Rncn + Qn-1¢n—1+ Pp_2cp—2=0 (215)

for the coefficients c¢,,. When this recurrence relation is solved, then this particular combination
of hypergeometric functions solves the Heun equation. The terms in the recurrence relation are

Rn=0—-anle+y+n-1)

Q,=-Ry,+a(l+n—-0)(n+e¢)+ (aaf —q)
a
Pp=——— € € — € —fB). 2.16
= e M tety—a)nte - p) (216)
For the recurrence relation to terminate, it is enough that two of the ¢, vanish in sequence:
subsequent c¢,, then automatically vanish. However, it must be that the first two that vanish,

ie. Cnpaet1 and cp, . 42, are preceded by an npyax where P, . = 0, such that the recurrence

max

relation is satisfied. The function P, in (2.16) can vanish if there is some positive integer
Nmax Such that

€ = —TNmax, or €47y —a=—Nmax, or e+v— = Nmax- (2.17)
We consider only the first of these, namely ¢ = —npax for various reasons. First, the case
€ = —NMmax 1S the easiest to analyze because, similar to the last subsection, a limit of the
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hypergeometric functions appearing in (2.14) will generate two polynomials with separate
coefficients. Furthermore, we will also see that the case ¢ = —npax generates maps which
furnish all group theoretically allowed ramifications for the class of covering maps which (2.14)
can generate.” Therefore, from here on we only consider the case € = —npax.

Now we use the basic construction of the last subsection. Consider the hypergeometric
functions in (2.14), this time for each n

AF( @B ;t> = Ai (@B £ (2.18)
Y — Nmax + N =5 (7 = max +n)e !
We consider the indices near negative integers

o = —n1 + Be, v = —ng + Ae, B = —ng + rse, (2.19)
and take the limit ¢ — 0 to obtain two polynomials: we see that € = —npax guarantees

that v — nmax + n is also near an integer (note that ¢ and e are different). The limit is
well-defined when none of the coeflicients of the hypergeometric series become infinite as
€ = 0. Therefore we need (—ni + Be)y/(—n2 — Nmax + 1 + Ae€)y to be well defined for all ¢
in this limit. This requires that the numerator Pochhammer symbol becomes infinitesimal
“first” (i.e. at a lower value of ¢), which gives the constraint 0 < n; < ng + nmax — n. This
must be true for all n and so 0 < n; < no. In cases where ny < ng < ng + Npax — N i8S
“out of order”, then the n'" term of (2.14) has no second window. However, not all such
second windows for all n may vanish: we need at least one term proportional to B to get
two linearly independent pieces. To ensure at least one piece proportional to B survives,
we must have no < ng, and so 0 < ny < ny < ngs.

Plugging in (2.19) into (2.14) and then taking the limit ¢ — 0 subject to the constraints
from the last paragraph then gives one polynomial proportional to A and the other proportional
to —B, i.e

. sy —ny + Be, —ng + rae ) (=)™ (nq!)(ng — nq)!
lim A F it = A - B 2.2
: <_n2 + Ae — Nmax T n’t | ( fl (t) f2(t)) ( 0)

e—0 =0 (n2 + nmax)-

along with the requirement

0<ns <ng <nsg. (2.21)

"One could use the recurrence relations (2.16) to find a pair of polynomials directly, taking advantage of
the other possibilities in (2.17). This is because both numerator and denominator terms in (2.16) can become
small when parameters are near negative integers. Having these terms become small for different values of n,
as n increases can give two windows with distinct coefficients where ¢, are finite — see equation (20) of [92].
The terms in the recurrence relation (2.16) which become small are also parameters in the hypergeometric
functions in (2.14), and one would also need evaluate the effect of taking parameters near negative integers in
the hypergeometric functions themselves. We have not explored these avenues due to these complications, as
well as the apparent completeness of the case € = —nmax, as discussed below (2.17).
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In (2.20) we have removed a common factor from both windows, which cancel in the covering
space map z = fo/fi. We find explicitly

Mmax

fl(t) = Z Cn(nQ + Nmax — N+ 1)n(n2 —ni+ 1)(”max_n)
n=0
« P*(nQ“anax*n‘i’l)7*(n1+n37(n2+nmax*n))(1 _ 2t)
ni i

T'max

fg(t) = Z cn(ng + Nmax — N + 1)n(n2 —n1+ 1)(nmax_n)t(n2+nmax—n+l) (2.22)

N=Nmin
(n2+nmax*n+1)77(n1+n37(n2+nmax7n))
X Pn37(n2+nmax*n+1) (1 o 2t) ’

Npmin = MAax (O, —(n3 — (n2 + Nmax + 1))) )

In fo we note that certain occurrences of Jacobi polynomials with negative order would
appear if ng — (n2 + Nmax — 1+ 1) < —1. These are simply an indication that the lower index
of the parent hypergeometric function, 1o 4+ nmax —n, is “out of order”, i.e. ng+nmax —n > ng,
and so the second window doesn’t exist for that n (but the limit € — 0 is still well defined). We
have excluded these terms from the sum by adjusting the lower limit of the sum for fs above.
Rather than restricting the sum, we find it much more convenient to use the following rule:

Whenever a Jacobi polynomial appears with negative subscript, we set it to 0, i.e. (2.23)
Pf"f(a;)zo, v E€Zso.

For now we have used the construction in [92] as much as we need to. We can see that
the normalization of the constant ¢;, which seems quite natural in (2.14) in the sum over
Hypergeometric functions, seem somewhat less natural in the sum over Jacobi polynomials.
We therefore define new constants which absorb the Pochhammer symbols following the
¢n’s in (2.22). Furthermore, we identify

N =n9 4+ Npax — N (2.24)

as an effective summation variable, where N has a minimum value of Ny, = ne and a
maximum value of Npax = Mo + Nmax. This gives a more convenient form to write the
two functions as

Nmax
—(N+1),—(n14+n3—N
fi(t) = Z prm( +1),—(n1+ns )(1_215)’
A (2.25)
o N+1),—(n14+n3—N
Pty =Y bytWEDRIT g gy
N=Nmnin
where
ON = by tnmax—n = (N2 + Nmax — 1+ D)p(n2 —n1 + 1) 0 —n) - (2.26)

While these expressions were derived using the constraints 0 < n; < Npin < n3, we show
that the above expressions generate covering space maps with Ny, < n; as well. In such
cases we consider the sums defining f; and fs in (2.25), and therefore the complex numbers
by, as being fundamental. The identification (2.26) is only valid when Npin = ng > ny.
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We now show that (2.25) generates covering space maps z = fo/f; with some ramified
points, which we then go about identifying. First, for generic by, our maps z = fa/f1 are
fully reduced and f; is separable. This can be seen by considering some n; < Ny < ng, and
taking by, # 0 with all of the other by infinitesimal, but otherwise free. In this neighborhood,
f1 is approximately a single Jacobi polynomial, and Jacobi polynomials are separable (with
Ny in this range). To this, we are adding infinitesimal Jacobi polymomials of the same degree:
such changes only change the zeros infinitesimally, and so do not ruin separability. Thus, in
this neighborhood, f; remains separable. The most direct way to see this is to construct the
discriminant of fi, which is written as the determinant of a square matrix My. Adding the
infinitesimal polynomials changes the coefficients of the polynomial infinitesimally, but does
not add new coefficients with higher degree. So, the discriminant is written as a determinant
of a matrix, i.e. disc(f1) = det(My + 0My) where My is infinitesimal (and My and 6 My are
the same dimension because the infinitesimal polynomials are the same degree as the order
one polynomial). This is clearly not 0 when det(My) # 0 (which is true for a single Jacobi
polynomial with Ny in the range specified) and 6M; is small.

Similarly, in this same neighborhood, the function fs becomes approximately the numer-
ator of a map for a three-point function, and to this we are adding infinitesimal polynomials
of the same degree. Again, this cannot affect the zeros of the polynomial more than in-
finitesimally. The polynomials that approximate f; and fs, i.e. the polynomials that are
appropriate for the three-point function, share no roots. Infinitesimal changes to these roots
cannot make them coincide, and so f; and fs still share no roots in this neighborhood. More
concretely, one can argue from the resultant res(fi, f2), which may also be written as the
determinant of a square matrix M,. Therefore, res(f1, f2) = det(M, + dM,). This is clearly
not 0 when det(M,) # 0 and 6M, is small. These two statements are true simultaneously in
this neighborhood, i.e. z = fa/fi is fully reduced and f; is separable: it is therefore generically
true as we vary the by, and it must be sets of measure 0 that have either disc(f;) = 0 or
res(f1, f2) = 0. From this, we know that the zeros of the Wronskian directly correspond
to ramified points in the map for generic by.

To identify some of the ramified points, we use two identities

Pnfl(NJrl),*(nﬁrnst)(l _ Qt) _ tN+1PT]L\;"_"}\}__(1"1+n3_N)(1 — 2t)

(N4+1). ) (2.27)
_ N ni4+ns—N p—(N+1),(n1+n3—
()N (1 gy N LD nsN) () gy
which, using the identity (A.7), we may also write as
Py (mtns=N)=(NH1) (9 _ 1) 4 (—1)mtns= NN+l p-(ina=N).N+L g,y
ni ng—IN—
(2.28)

o ni+ns—N pni+n3—N),—(N+1)
=(1—¢t)ymm™s PN_lmd (2t—-1),

which are proved as (B.1) and (B.2) in appendix B. Importantly, the above identities hold
for all integers —oo < N < oo subject to the rule (2.23). We will also need the identity

_ 2
Pﬁ’ﬁ(l —2t) =t7 PW (2v+a+B+1),8 (1 _ t) , (2.29)

which we prove in (B.21) and is true for all integers —oo < v < oo, using the rule (2.23).
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Using these identities, we may write the covering space map in three equivalent ways.
First, we have

S bNt(N—i-l)PT(LN_-F]\l[)_,I(nl-i-n:s—N)(1 _ Qt)
f2(t) N=Nmin ?
2(t) = 0 = ~ (2.30)
1 RO (R D

which is adapted to be expanded near the point ¢t = 0,z = 0. We refer to this as the “near
0” form of the map. We may use (2.27) to write

E bN(l _ t)ru+n3*NP](\;Zl:'L‘1”3_N):—(N+1)(2t _ 1)

1= () = DO =Pl _ VR (2.31)

t Nmax —(ny+4na— _
fi(t) N,% | by PN =N (9

which is adapted to be expanded near the point ¢t = 1,z = 1. We refer to this as the “near
1”7 form of the map. We finally may use the identity (2.29) to write

N,
mpx (n3—n1),—(n1+n3—N) 5
1 Py g OB (1-3%)
(= =Nomin (2.32)
2(t) <t> Neng ~(n3—n1),~(n1+n3—N)
L2 bvE IR (1-32)

which is adapted to the point at t = o0,z = co. We will refer to this as the “near oco”
form of the map. These three forms of the map make it easy to identify the ramifications
at each point, namely

70 = Nmin , 1 =mn1+n3 — Npax — 1, Too =ng—ny — 1. (2.33)

We require all of these ramifications to be greater than or equal to 1, such that these points
are ramified. We note that Ny, may in fact be less than ny. In such a case some of the
Jacobi polynomials are 0 in the numerator of the “near 1” form of the map (2.31), given
the rule (2.23).

From equations (2.30), (2.31), and (2.32), it is clear that the Wronskian has the gen-
eral form

W — féfl _ fzf{ — tNmin (t _ 1)(n1+n3*NmaX71)Q(t) . (234)

The power of tVmin in (2.34) is guaranteed by the common factor of tVmintl appearing

in the numerator of (2.30). Note that the Wronskian is identically equal to W = (fy —
1) f1 = (f2 = f1)f1, and so the power of (¢t — 1) in (2.34) is guaranteed by the common
factor of (¢ — 1)™+ms~Nmax in the numerator of (2.31). Finally, we see that the polynomial
Q(t) must have the form

AN
Q)= AN AN = N — Vo (235)
=0
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by matching degrees of polynomials in (2.34): f; is of degree ny and fs is of degree n3. Above,
AN is the range of the sums appearing in f; and fo — see (2.25). The coefficients A; in Q(t)
are quadratic homogeneous polynomials of the coefficients by. Three combinations of the
A; may be found in the general case, which we discuss in section 3.1. Interestingly, these
give all the information needed to find ) in the AN = 0,1,2 cases. For cases AN > 3,
one may iteratively generate the A;, as explained in appendix E, and if AN is finite, this
is finitely many steps.

We see that the polynomial Q(t) has degree AN. Below we argue that the parameter
space spanned by the by is AN-dimensional, and so we expect the polynomial Q(¢) has AN
zeros which are generically distinct. The locations of these zeros therefore define the location
of points with ramification 1. The maps defined by (2.30), therefore, correspond to having a
cloud of twist-2 operators surrounding the three long twists at (t =0,z =0), (t=1,z2=1),
and (t = 00,z = 00). The total ramification of this cloud of operators is r. = AN. It is
important to realize that these are a cloud of operators, not a single operator, and so they
may have interesting OPE limits amongst themselves.

Note that the simultaneous scaling of the coefficients by — Aby give rise to the same
covering space map. There are AN +1 such by coefficients, and so the space of maps is clearly
AN dimensional, exactly the dimension spanned by the cross-ratios in a (3 + AN)-point
function, and matching the number of ramification one points in the cloud r. = AN. The
scaling symmetry suggests that these coefficients are valued in CPAN. We will see that the
map parameters by parameterize more than just the cross-ratios, but also control which type
of OPE limit is produced when two ramified points come together (i.e. which group product
is taken amongst the many possibilities in the conjugacy class product). We will find in
section 3.1 that our conditions for OPE limits are given by homogeneous polynomials in the

PAN'

by set to 0. These are natural subspaces of C : algebraic varieties.

2.3 Generality of the maps

In this subsection, we consider whether the maps (2.30), or equivalently (2.31), or (2.32)
are general enough to give any rg, 11, e, and r. = AN. We will find that they are by
showing that all maps corresponding to group theoretically allowed ramifications can be
constructed for some choice of nq, ng, Nmin and Npax.

We begin by pointing out some restrictions that the maps (2.30), (2.31), or (2.32) must
obey so that they are not pathological. First, in (2.30), it is clear that we must have at least
some terms with ng — N — 1 > 0, otherwise z(t) = 0. Therefore Ny, < ns. Similarly, by
examining (2.31) we see that we need some terms with N —n; > 0, and so Npax > nq. This
guarantees that there exists some N that have n; < N < n3. This is the special window
where (2.27) and (2.28) have all three Jacobi polynomials present, and corresponds exactly to
case 3 in appendix B where these identities are proven. All in all, we find the set of constraints

n3—mny > 2, Nuax = Nnin 1 < Npin < 13, 0<ny < Npax <np+n3z—1,

(2.36)
such that the maps are not pathological, and the points (t = 0,z = 0), (t = 1,z = 1),
and (t = 00,z = 00) are ramified.
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We now consider how the ramifications of the map (2.30) can be restricted by group
theoretic considerations. First we recall the ramifications

70 = Nmin , rr=n1+n3— Nmax — 1, oo =N3—n1 — 1, re =AN, (2.37)

where r,. is the total ramification from the cloud. We define the ramification of a group
element by 7y = Y. 7, = >, (wi — 1) where 1, = wy, — 1 are the ramifications of each cycle
appearing in the group element when it is expressed as a set of disjoint cycles, and wy, is
just the length of each cycle. We have the following statement that

if Hgi =e, then ngi >y, for each g; in the product (2.38)
i i#]
where e is the identity element and g; are cycles. We refer to this as ramification subadditivity
and prove it in appendix D.
Applying restriction (2.38) to each of the ramifications associated with individual cycles

for our maps, we have
ro <114 Too +Te, 1 S 1o+ Teo + Te, Too <10+ 71+ 7c. (2.39)

One must not enforce r. < rg + r1 + r« because the cloud is composed of distinct ramified
points which correspond to distinct cycles. These can merge and lower the total ramification
in the cloud independently. Inserting (2.37) in (2.39) we find

Nmin Sn3_]—7 ni SNmaX7 Oénl (240)

We combine (2.40) with the restrictions that the points at 0, 1, and oo are ramified r¢9 > 1,
r1 > 1, reo > 1, along with 7. > 0, and find exactly the constraints (2.36).
We can consider this in another way by inverting (2.37), finding
g+ 71— Too + Tec

ny = 5 s Nmin=7m0, n3

B Ml W ol = ol

5 +1, AN =r7r,.

(2.41)

The equation for ng is exactly the Riemann Hurwitz formula (1.15) with genus g = 0, and
insists that the sum of the ramifications is an even number. This is also guaranteed by
group theory because the twists must multiply to the identity, which is an even element of
the group Sn. That ng is an integer also guarantees that n; is an integer because flipping
the sign of ro, differs by 2r, in the numerator of the expression for ny. The constraints
from (2.39) guarantee that equations (2.41) define integers which satisfy (2.36) when ro > 1,
rn > 1, reo > 1, and r, > 0.

Therefore, the constraints imposed by insisting that the maps are well defined (2.36) are
the same constraints one gets from the above group theoretic considerations. Thus, any group
product []; g; = e composed of three long cycles and an arbitrarily large number of 2-cycles
is captured by one of our covering space maps (2.30), or equivalently (2.31), or (2.32). To
construct the map, one starts with ramifications rg, 1, and 7, and the desired number of
ramification 1 points in the cloud r. = AN: these must be specified in a way that is consistent
with group theory. Using (2.41) one obtains the parameters of the map which fix ramifications
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N1, N3, Nmin, and Npax, and these obey the constraints (2.36) automatically. The by, valued
in CP2Y, parameterize the location of the AN twist-2 operators, or equivalently the AN
cross ratios present in a (3 + AN)-point function. If, as was suggested in [47], all maps to
sphere covering spaces are connected by analytic continuation, i.e. transport of twist operators
around each other, then our maps (2.30) represent a complete set up to transport.

We return briefly to discussing the approach of [92], and ask whether the maps (2.30) gives
a general set of maps of for the general four-point function of single-cycle operators. Following
the above discussion for the general maps, we find that the ramifications in this case are

T0:Nmin7 7’1:n1+n3—NmaX—l, 'roo:ng—nl—l, TGZAN,(2.42)

where now r, is the ramification of the additional fourth point (we use the subscript a to
emphasize this is not a cloud of ramified points, but a single ramified point at ¢ = a, following
the notation of [92], and equation (2.13)). One may also arrive at these ramifications by
following the discussion of [92] and reading the relevant coefficients in the Heun equation:
one can read (In(W))" by comparing (2.13) to (1.23).

One must again impose ramification subadditivity (2.38), which gives

rg <711+ T+ 7, 71 <70+ Too +Ta, (243)
Too STO+T1+7g, e <Trog+71+ o,
and substituting (2.42), we find
Nmin < ns — 1 y ni < Nmax, 0 < ni, 1 < ns. (2.44)

We can generate another constraint by considering the following. Given four ramifications, ¢,
q2, q3, and qq, it must be that ¢ +¢2 > g3+ q4 or g1 +¢2 < g3+ q4. In either circumstance, we
map the two points with the larger sum of ramifications to ¢ = 0 and oo, and map one of the
others to t = 1 leaving the fourth ramified point at ¢t = a. Thus, without loss of generality,

70+ Too 271+ Tq (2.45)
which gives
Nmin 2 ni. (246)

This constraint reduces us to the case where the sum of hypergeometric equations (2.14) with
the near integer values (2.19) admits a well defined ¢ — 0 limit, and directly generates the
polynomials appearing in (2.30), i.e. the case where Ny, = ng and n; < ng < nz. Thus, this
single case appears to be sufficient to generate maps with arbitrary ramifications for four
single-cycle operators, and so up to transport, generates the complete set of maps.

We now recall the additional algebraic constraints in [92]. Their approach is to find
recurrence relations between the coefficients ¢, in (2.22) (equivalently the by in (2.25)), which
ultimately come from the Heun equation. These determine the ¢, in terms of ¢y, a, and ¢ —
see (2.13) and (2.14). In [92], ¢o is usually set to 1, which we may also do by scaling. The
rest of the ¢; only depend on the parameters of the recurrence relation. The parameters
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that define the recurrence relation are the parameter a, which gives the location of the new
ramified point, and ¢, the parameter in the Heun equation, and the integers n, ni, and ns.
Writing the recurrence relation in matrix form gives a matrix which must have determinant
0, giving an algebraic relationship relating a and ¢, i.e. this constraint gives an effective
q(a). In this way there is only one complex parameter remaining: a, the location of the new
ramified point. For the polynomials that we have extracted, this means that there is only one
remaining parameter, once the algebraic constraints of [92] are imposed. This is expected to
parameterize the single cross-ratio for a four point function of four single-cycle twists.

One may consider reparameterizing the algebraic constraints from [92]. For example,
one could solve for a in terms of ¢; to keep dependence on map parameters, and then the
determinant relationship would give g(a(c1)). Thus, all of the quantities could ultimately
be related to the single map parameter c; via algebraic constraints. However, given the
discussion above, we have a physical interpretation for these algebraic constraints: we view
these as the OPE limit where the AN twist-2 operators fuse into a single-cycle twist with
ramification AN, i.e. a (AN + 1)-cycle operator. Thus, the general map (2.30) along with
the algebraic constraints from [92], which we interpret as an OPE limit, give the general map
for four single-cycle twist operators where the covering surface is a sphere, up to transport.

We will see one example of an OPE limit where ramified points in the cloud approach
each other, specifically for the case AN = 2 in section 3.2. There, we will see that the
algebraic constraint that fuses the two twist-2 operators into a single twist-3 operator is
again given by a homogeneous polynomial in the by set to 0, in this case a cubic, and so is
an algebraic variety subspace of CP2V=2. In section 3 we consider what constraints on the
by can generate OPE limits. This will help us identify singularity structures that appear
in the correlation functions, which we address in section 4.

3 OPE limits

We start our analysis by considering the OPE limit when one of the ramification 1 points
in the cloud approaches one of the points at (t =0,z =10), (t=1,z2=1), (t = 00,2 = 0).
We use the forms of the maps (2.30), (2.31), and (2.32) which are adapted to the points
(t=0,2=0), (t=1,2=1), (t = 00,z = x0), respectively. We consider how to identify other
types of OPE limits as well. We then consider the Wronskian in the general case, and are
able to construct certain coefficients of the Wronskian which are written in terms of the OPE
limit polynomials. All of this helps us to construct the n-point functions in section 4 by
identifying singularity structures. We specifically concentrate on the AN = 1,2 cases, where
we can find Q(t) exactly, and construct the n-point functions in closed form.

3.1 OPE limits using by coefficients and small AN Wronskians

In this subsection we construct the OPE limits where one of the ramification 1 points in
the cloud approaches the points at t =0, t = 1, and ¢ = co, which are structurally similar,
and write the limits as restrictions on the by. The twist 2 operators in the cloud may either
“twist up” the operator they approach when they share one copy index, or “twist down” the
operator they approach when they share two copy indices. We will show that the by can
parameterize both types of OPE limits, each as different linear constraints on the by.
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We may address this rather generically, and so we consider the general structure of the
three forms of our maps (2.30), (2.31), and (2.32). The three functions z(t), 1 — 2(¢), and
1/2(t) given in (2.30), (2.31), and (2.32) will be represented generically as some function
Z. These should be thought of as functions of either ¢, (1 —t), or 1/t, respectively, and we
use the generic variable T to represent these three possibilities in the three respective cases.
Thus, all three versions of the map are of the basic structure

_ Trq-i-lp2 (T)

20) = =5 (3.1)

where 7, is the ramification of the point for which the map is adapted (7' = 0), and P, and

P, are polynomials with lowest order terms which are constants. To generate a “twist up”

at the point of concern, we simply take P»(T = 0) = 0, which sets the constant part of this

polynomial to 0. This will be a linear constraint on the by. Under this constraint, we may

factor out a T', writing Py (T) = T'Po(T) where P,(T) is the remaining polynomial. This gives
Trq+1p2 (T) T(rq+1)+1p2 (T)

2P0 mucow i T E@m (3.2)

We see that the linear constraint P>(7 = 0) = 0 leaves one fewer degree of freedom amongst
the by (and so there is one fewer ramified point in the cloud), but increases the ramification
at T' = 0, identifying it as the twist up. To twist down, we simply impose P;(T = 0) = 0,
which is a different linear constraint on the by. Under this constraint, we similarly factor
Pi(T) = TPy(T), and so we find

B Trq+lp2(T) T(rq—1)+1P2(T)

Z= P(T)  P(T=0)=0 7= Py(T) ' (8:3)

In this case, the linear constraint leaves one fewer degree of freedom amongst the by (so
there is one fewer ramified point in the cloud), and also decreases the ramification at 7' = 0,
identifying it as the twist down. Furthermore, it should be noted that because a power of
T has been cancelled, the map has one fewer sheet. In this case, the total ramification has
been lowered by 2, but the number of sheets has been lowered by 1, leaving result of the
Riemann-Hurwitz formula for the genus ¢ = 0 unaffected.®

There are three forms of the map with two possible OPE limits each, giving six OPE
limits we may find in this way. Following the above prescription, we arrive at the following

identifications
. (=1)"™ Nnin! . fa(t) (n3)!
lim f(t) = lim =
1) = o N — 1900 3 ENtT = (Wi 1)1 — Vo — 10T
(3.4)
80ne may also consider simply decreasing the ramification by 2, giving g = —1, which is also technically

true: this is the genus for two disconnected spheres, interpreting the genus through the Euler characteristic
X = (2 — 2g), and realizing that the Euler characteristic is additive. This has the added benefit of emphasizing
that indeed the other copy of the seed CFT is present. It is simply inert under the group elements chosen
to represent their conjugacy classes for the operators in the correlator, and so this inert copy “lives” on its
own sphere.
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and

(n1 +n3g — Nmax — 1)!

lim f1(t) = , 3.5
P = W — N — DY Y0 (3:5)
B) = A ()Nl ()
t—1 (t — 1)n1+n3—Nmax (nl + nsg — Nmax>!(Nmax _ nl)lg(lvT) ’
and
o fo(t) (=) Nmin (g —ny — 1) . fi(t) (n3)!
1 = 1 —
toe (73 (Nmax — n1)Y(n3 — Nmin — 1)!9(00,@ 't (n1)!(ng — nl)!g(oo’ﬂ ’
(3.6)
where we have named the linear constraint polynomials of the coefficients by
Nmax
g(O’T) - bNmin ’ g(o"l’) = Z (N7n1+1>(Nmax—N) (Nmin+1)(N—Nmin)bN )
N=Nmnin
Nmax
91,1) = OV » gan= Y (M+13=Ninax) N (3= N) (v Ny v (3.7)
N=Nmnin
Nmax Nrnax
Joo)= D Ny Goony= D, (FDWTIN —n £ 1) (v (75 N) (v N V-
N=Nmnin N=Nmin

The definitions of the constraint polynomials g, 1) have been chosen such that the sums over
N are unconstrained between Ny, and Nyax, although some of the Pochhammer symbols
may be 0 (but not all of them). The cases when these Pochhammer symbols are zero directly
correspond to cases where rule (2.23) applies, setting some Jacobi polynomials to 0 in one
of the three forms of the map (2.30), (2.31), or (2.32).

In addition, one may solve the linear constraints as some set of linear functions by ({Bas})
of new variables Bjs, where there is one fewer Bj; than there are by (and so the bounds
of the sum on M are smaller, i.e. AM = AN — 1). Written in this way, the new functions
reproduce the form of our maps exactly after taking the OPE limit, using the Bjy;. To find
these linear functions by ({Bas}), we start with the known final form of the covering space
map after the OPE limit has been taken, written in terms of the Bj;. We shift the sums
appropriately, and find Jacobi polynomial identities that shift indices in appropriate ways.
This allows us to directly find the functions by ({Bas}). We give example calculations for the
twist up and twist down OPE limits as one of the operators approaches t = 0 in appendix C.
We simply summarize the other OPE constraints in table 1 below. The solutions by ({Bar})
always solve the linear homogeneous equation in the by by making this equation a telescoping
sum in the Bjs which telescopes to 0, which is straightforward to verify.
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We can see that the OPE limits in table 1 seem quite natural geometrically. We have
claimed that the maps (2.30) correspond to the most general set with three long twists
operators and a cloud of AN twist-2 operators, and that the parameters of the maps by are
valued in CPAY. One way of testing such a claim would be to consider OPE limits. One
can immediately see that a twist-2 operator approaching a long single-cycle twist has two
non-trivial OPE limits: where the twist two increases the ramification of the long twist, or
where it decreases the ramification of the long twist. In either case, one is left with a cloud of
AN — 1 twist-2 operators, and three long twists. By our claim, this should correspond to a
map of the same form (2.30) with some coefficients By which take values in CPAN =1, This
suggests that the OPE limits are given by embedding CP*Y~! inside of CP*". The natural
way of accomplishing this embedding is with linear homogenous polynomials in the by which
are set to 0. This is exactly the implementation of the OPE limits in table 1.

There are also OPE limits where the group product is trivial, i.e. no indices are shared
between the twist at the point of concern and the twist-2 that approaches the operator
at this point. Let us consider the case where the point of concern is ¢ = 0, and so we
consider the form of the map (2.30). This type of “inert” OPE limit would be found by
insisting that a zero of Q(t), determining a ramified point, is shared by the polynomial

%r;"‘]’\} byt *Nmi")PééVjAl,)_’I(nﬁm_N)(1 — 2t) which defines a place where z = 0 but that

min

t # 0. This would be determined by the resultant

NII]BX
Res (Q(t), 3yt Nmin) pOVED S s (g 2t)) =0 (3.8)
N=Nmin

which is again a homogenous polynomial constraint on the by set to 0, given that the
coefficients of Q(t) are quadratic homogenous polynomials in the by. This makes this
constraint another algebraic variety subspace of CPAY. The fact that two distinct ramified
points on the cover are both mapped to z = 0 means that the cycles defining the group
element at z = 0 are in fact disjoint: different copies of the CF'T are twisted together, but
not into each other. We have not explored these types of OPE limits further.

We can also use the above considerations to extract the leading order coefficients of Q(t)
as t — 0,1, co by realizing that these only depend on the leading order behavior of f; and f>
in these limits, and these have been computed in (3.4)—(3.6). We find

Ag = lim - lim o) _ (ng —n1) <lim fQ(t)) (tliglo ft1751t)>

t—o0 tn1tnz—1 t—oo0 AN t—oo {73

(_1)(”3_Nmin_]-) (ng)l

1 (N — 1)1 (13 — N — 1)1 900020 922 (3.9)
Asy = Jim o f)Vngle — Q)
= e 1) (fing 257 (J )
n3—Nmax—1
N n1!(Nr(n;<1)—( 73%1)!(7”63 —) gz;i?r‘l —rdengen: (3.10)
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and

w

AN
Ap=) A= i tNmin (£ — 1)1 Fns—Namax—1 Q(1)
=0

= (n1 +n3 — Nmax) <1im () = A) ) (Eﬂ fl(t)>

t—1 (t — 1)nl+”2_Nmax

_ (—1)na—Nmax—1(ng)!
= )1 (13 — Nt — DNy — 7)1 70901 - (3.11)

To help understand the above, consider the identification of Ag. Here we have used the fact
that only the leading order coefficients of f; and fo in the t — oo limit need to be computed:
the ng — n1 comes about from taking the derivative of the top term in fo and f1, which have
degrees ng and ny respectively. The identification of Axy is arrived at by realizing f}f1 has
lowest power tVmin but fo /1 has lowest power tNmint1l gince the leading order in f; near t = 0
is a constant (faf{ is identically 0 if f; is constant). Thus, only the f5f1 term contributes to
the leading order term in the Wronskian in the t — 0 limit. This also explains the factor of
Npin + 1 on the second line of (3.10), since f2 goes to 0 as tNmintl - Qimjilar logic applies to As.

The above solves for the Wronskian analytically in the cases AN = 0,1,2. We note
that the AN = 0 case is trivial: W = tNmin (t — 1)”1+”3_Nmi“Ag and Npin = Npax = N9,
giving the answer quoted, for example, in [46].

In the case AN = 1, we have

Qt) = Aot + Ay (3.12)

where Ap and A; are given in (3.9) and (3.10), respectively, and Npax = Npmin+1. In this case
we have found a map with three long twists and a single twist-2 insertion. These polynomials
are of Heun type, which have been considered previously [47, 52] for use as covering space
maps, however, using recursion relations to solve for coefficients. These recursion relations
may be feasibly solved for finite size twists. Here we have the solution in closed form, at
least for a case where three of the twists are large, and one is a twist-2 insertion. Further,
for us the location of the new twist insertion on the cover is known analytically in terms
of the map parameters: to = —A;/Ap.
Finally, in the AN = 2 case, we have Q(t) = Agt?> + Ait + As, and A; is also found
analytically,
A=Ay — Ag— As. (3.13)

Therefore, for AN = 2 we have
Q(t) = Aot® + (A — Ag — Ag)t + Ay (3.14)

where Ag, Az, and Ay, are respectively given by (3.9), (3.10), and (3.11), with Nmax = Nmin+2.
A general method for finding Q(t) for AN > 3 is discussed in appendix E. This algorithmic
approach finds the polynomial Q in AN steps, and so is feasible when AN is not too large.
The form of Q(¢) in (3.14) makes the discriminant of ) in the AN = 2 case easy to write

Disc (Agt? + (Ax, — Ag — Ag)t 4+ Ag) = A2 + A% + AL — 240Ay — 2A0Ax, — 24A5Ay, (3.15)

which has an obvious interchange symmetry amongst Ay, Ao, and As.
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3.2 AN = 2 special OPE limits

In the case that AN = 2, there are two twist-2 operators in the cloud. These cloud operators
can approach the points at (¢t =0,2=0), (t=1,z2=1), or (t = 00,z = 00), as discussed in
the previous subsection. However, now we have the possibility that the two twist-2 operators
in the cloud can approach each other. These may “twist down” into an untwisted operator, or
“twist up” into a twist-3 operator. This can be easily addressed by insisting that the two zeros
of Q(t) = ?:0 A;t*7" are coincident, which we explore by calculating the discriminant of Q

Disc (Q(t)) = A} —4AgAy = A2+ A2+ AL — 24045 — 240 Ay — 245 Ay, (3.16)

. TL3! >2
B (nll(Nmin +2 —n1)!(n3g — Nuyin — 1)! ) Gt

where Ap, Aa, and Ay, are given by (3.9), (3.10), and (3.11) for the case AN = 2, and where
9(c,) and g(cp) define a factorization of the discriminant. We give these factors momentarily.
Insisting that the discriminant vanishes so that the zeros of Q(t) are coincident now breaks
into two separate cases: g(.|) = 0; or g() = 0. The first case reads

9(e.1) = (Nmin—n1+2)(n1 473 — Nmin — 1) 0N, + (Nmin =11 42) (73 = Nmin — 1)0(Npi+1)
+ (Nmin+2) (13 = Nmin—1)b . +2) = 0 (3.17)

and can be shown to be the “twist down” case. We show this in appendix C.2.
The other possibility is an OPE limit where the operators in the cloud “twist up” into a
twist-3, i.e. a ramification 2 point, and this is given by the other factor in (3.16),

9iest) = 4(Nmin — n1 + 1)(n1 4 13 — Nanin — 2)b, 1 OV +2) (3.18)
— (Nmin — 11 4 2)(n1 + 13 — Ninin — 1) bin 41
+ 4((Nmin + 1)(n1 + 13 = Nin — 2) — 2113) DNy O(Nowin+1) D Nonin +2)
+ 4(Nuin + 1)(n3 — Ninin — 2)bNia Dinin 12)
— (13 = Nmin — 1) (Nmin — 11 +2)b{x. . 11y
— (Nain + 2)(n3 — Ninin = Db(N,141)b{Npin+2) = 0

which is a homogenous cubic constraint on the by. We note that this restriction is an algebraic

PAN=2 similar to all other OPE limits found. The above constraint applied

variety inside of C
to the map (2.30) furnishes a map that has three long twists and a single twist-3 operator.
Enforcing either constraint so that the discriminant vanishes, the position on the cover

that the two ramification 1 points approach is given by

+ 9(c0 oo,l)
ty = _;X _ 900901 29( Do) ~ I0NILL) (3.19)
0 9(o0,1)9(00,))

Thus, there are two OPE limits where the two points in the cloud on the cover approach
each other. One case is the requirement (3.17) in which the two twist-2 operators merge to
give an untwisted operator at (3.19). The map simplifies to

o _ P pgt) oty

= E = P_(Nmin+1),—(n1+n3—Nmiﬂ_2)(1 — Qt)

ni—1

2(t)

(3.20)
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= Nmim
= n9 and there is no sum. Furthermore,

which we show in appendix C. This is just a case where we replace n) = n; — 1, N},
and N}.. = Nmax — 2 so that N/ .. = N},

these replacements leave the ramifications of the points at ¢t = 0, 1, co unaffected. We may
simplify (3.19) in this case, realizing that (3.17) is linear. We solve (3.17) for by, . 11y and

substitute into (3.19), finding

_ bNmin (len - nl + 2)
Do (NVmin — 11 + 2) + b(npn+2) (73 — Niin — 1)

t, (3.21)
This agrees with (C.36) which is the zero of the linear (C.35). This linear cancels between the
numerator and denominator polynomials, identifying it as a twist down — see in appendix C.2.

Note that the original 5-point function, i.e three long twists and a pair of twist-2 insertions,
has two cross ratios. One might be concerned that the OPE limit (3.17) is only a linear
relationship between the by, and so should decrease the dimension of the space of maps only
by one. However, it is important to note that ¢ is a marked point on the cover where the
ramified points approach each other. At this point we expect a full OPE expansion. Even
the bare twists have such an expansion, given by fractional modes of the stress tensor acting
at the corresponding position in the base space, or equivalently modes of the covering space
stress tensor (along with terms arising from the Schwarzian) acting at the point ¢ = ¢| [55]. If
the twists are excited twists, rather than bare twists, other fractional modes of fields can also
appear, for example modes of the superconformal currents [57]. Therefore, the above OPE
limit still results in a four point function: the fourth operator is in the untwisted sector, and
so does not show up in the covering space map directly. Furthermore, the expression (3.21)
is scaling invariant under by — Aby, and so is determined by a point in CP!, as should be
expected: a linear algebraic variety (3.17) inside of CP? is CP!. Of course CP! is just the
sphere, and so the marked point ?| takes values on the covering space sphere.

In the twist up case, when (3.18) is enforced, the two ramification 1 points merge into
a ramification 2 point located at (3.19), which is also by scaling invariant. If we take this
in a limiting way, the 5-point function becomes singular, as expected: this is a contact
singularity. However, to get the correct 4-point function, we recognize that the two zeros
are coincident, and so the Wronskian is given by

W = tNmin (¢t — 1)mFne=Nmin D=1 g (4 ¢, (3.22)

where t3 is (3.19) with (3.18) imposed. In this case, there is only one additional ramified
point, other than ¢ = 0, 1, co, which contributes to the 4-point function calculation. This is
distinct from the case where we impose (3.18) in a limiting way, which would correspond
to the singular limit of a 5-point function, where the zeros of Q(t) are close, but distinct
— see the discussion surrounding (4.20).

4 Correlation functions

In the previous sections, we have attempted to be as general as possible analyzing the
maps (2.30). We will continue this for the time being while considering the n-point function
calculation.
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First, the n-point functions are given by [47]

(0o (20, 20) 0y (21, 21) * +* Oy, 5 (2n—2, Zn—2) 0w, (00, 50)) (4.1)
n—2 _c(wi+1)  e(wp_1+1) N 2 c(w;—1)
= H w; 12 wn—lm H ‘CL]‘ 12w |an 1‘ 12wn H|C ‘,,
i=0

which is to be read for a specific group element representative. In the above a; are defined to
be the leading order coefficients of the expansion of z(t) near a ramified point, as in (1.5),
the w; = r; + 1 are the lengths of the single-cycle twists, the C, are the coefficients describing
the unramified images of z = oo, see (1.8), and ¢ is the central charge of the seed CFT
(and we have assumed ¢ = ¢). One must then sum over all preimages of the maps, see [52]
and [47]. Recall that we have indexed i = 0,--- ,n — 1 for the n bare twists. This allows
us to denote (tg = 0,z9 = 0), and (t; = 1,23 = 1), and we use interchangeably 7o, = 1,1
and (tp—1 = 00,21 = 00).

The a; may be computed by noting that

2(t) = zj +aj(t —t;)"7 + -,

W 2t — ) (4.2)
0z(t) = wja;(t —t;)"7 + - = Ao # )
7 fi
where Ay is the leading order coefficient appearing in Q(¢). We can therefore identify
I1(t; —t)"
aj<—_A.Z¢] (4.3)

i (f1(25))?

The ramified points at finite locations are given by ¢t = 0, t = 1, and the AN zeros of
Q(t), i.e. t; fori=2,--- /AN + 1 where AN + 1 = n — 2. This gives us

ag = (_1)7»1 Q(O> _ (—1)"1 (nl)!(ng)!(NmaX — 77,1)' g(o’T) (4 4)
(Nmin + 1)(f1(0))2 (Nmin + 1)(<Nmin)!)2(n3 — Npin — 1)' 9(0,)) ’ )
. Q)
! (nl + ng _Nmax)(fl(l))2
(—1)ms=Nmax=1(n)l(n3)!(n3 — Nmin — 1)! 9a.)

(nl +ng — Nmax)((nl +n3 — Nmax — 1)!)2(Nmax - nl)' 9(1,)) .

We note that the generic expression (4.3), and the specific expressions (4.4) depend on the
leading coefficients of the polynomial Q(t), i.e. Ag, Aan, and Ay, which have been found
in the general case in (3.9), (3.10), and (3.11), respectively.

For the other points, we recognize that we do not need to calculate the a; individually,
but rather the product of the a;: these all have the same ramification of 1. Individually,
they are given by

tﬁvmin (tl _ 1)n1+n3 Nmax—1 th_{? (tQ(?)

2(f1(t:))? ’

a; =

i£0,1,n—1. (4.5)
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The above ¢ only runs over the ramified positions labeled by 2 < i < n — 2, and these
are associated with the cloud of twist-2 operators. These therefore refer to the zeros of
Q(t). We recognize that

AN+1

Q) =4y ] (t—t) (4.6)
=2

and so we may write the product over the a; as

AN+1 (—gmmg(o,uf)]vmm (—g“’“g(mr)nl+n3_Nmax_1 (-1 FANAN " Upige(q)
9(o0,1)9(00,4) 9(00,1)9(c0,1) AN 2
I[ ai= 5 .4
=2 9AN (Res(gfl)>
Ag?

Above we have written the answer in terms of the resultant Res(Q, f1)/Ay*, where Ap has
been given in (3.9). In what follows, we will be considering @ with small degree, and so
it is more convenient to evaluate this as Res(Q, f1)/Ap" = H?:_f f1(t;) so that there are
just a few evaluations of the known function f; at the location of the zeros of Q). We will
approach this in a systematic way momentarily.

We next consider the point at infinity, writing

2(t) = ap_1tn " + Ot

[L(t — t)" (4.8)
w;(f1(t)*

Remembering that w,—1 — 1 =r,_1 = n1 —ng — 1, and that the Wronskian diverges like
tmstmi—l - we identify

az(t) = wn_lan_ltrn—l + R AO

(1) N (g — y) ((ng — 1 — D)D) groe
= (n3)!(Nmax — n1)(n3 — Npin — 1)! o) (4.9)

One may also read this directly from the ratio z = fa/f1 in the limit ¢t — oo.
0,}) divided by the “twist up”
9(co,)- Interestingly, this restores some of the symmetry between the ramified points at

The result (4.9), up to a constant, is the “twist down” 9

finite locations, and the ramified point at infinity by noting the extra minus sign in the
powers of a,_; appearing in (4.1). This is also noted in [47] and [33] by a redefinition of
the coefficient a,,_1 for the point at infinity, although we have noted it rather directly here
by identifying the polynomials in the by that compose these coefficients, and how these
correspond to different types of OPE limits.

Finally, we need the product over the C,. These are the unramified images of infinity and
are given by the zeros of f1, which we have denoted ¢, where p runs from 1 to n;. We see that

dy=—S0 4.
e (4.10)
Oz = ;CP b= w B $Nmin (t— 1)n1+n37NmaX71Q(t) .
S (t—tp)? (1) (1)) 7
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and so

tNmin (¢ 1)21+n3—=Nmax—1) (¢
N U Q) i

2
. f1(t)
(};% m)

We note that

(n3)! I
t) = ——FF t—1t,). 4.12
fl( ) n1!<n3 _nl)'g(oo,T) pl_]:l( P) ( )
With this, we have
-n™JJc, (4.13)
p=1

(13)!'(Nmax—711)'9(c0,1) (n3)!(n3—Nmin—1)!9(c0,1)

2
Disc(f1)
(n3)! ny—2
( 1 !(n337n1)! g(oo,T))

Each piece of the n-point function in (4.1), namely (4.4), (4.7), and (4.13), includes terms

( (Nmin)!'(n3—n1)'g(0,1) )Nmi" ((—1)“1 (ng—n1)!(n1+n1—Nmax—l)!g(LJ,)>n1+n3_Nmax_1 < (—1)"'1ANRes(Q,f1) >
( AN

(n3)!
11,1!(!1,3‘5—'”1 31 -‘7<°0=T))

which are the polynomials in the by which give OPE constraints discussed in section 3,
helping identify the singularity structure.

In this last expression, we have a formula that depends on Disc(f;), which is a homo-
geneous polynomial in the by (possibly factorizable). We expect this discriminant to be
expressible using Res(@Q, f1) for the following reasons. First, if Disc(f;) = 0, then f; has
repeated roots. If this is the case, then the repeated zeros must also be zeros of the Wronskian.
This type of zero must not be part of the prefactor ¢tNmin(¢ — 1)m1#n2=Nmax—1 of 1/ since
these are generic, and independent of the values of the by. Therefore, if Disc(f;) = 0 for
some specific values of by, then @ has a zero at the repeated root, and so Res(@, f1) = 0 at
those same values of by. This implies that every zero of Disc(f1) is contained in the zeros
of Res(Q, f1). This means that we expect the polynomials in the by that compose Disc(f1)
must be contained in the polynomials in the by that compose Res(Q, f1). In addition, if for
some values of by the polynomials f; and fo share a zero at some t;, the Wronskian must also
be zero at this t;. These are exactly the “twist down” OPE limits we have seen in section 3,
but will also involve the additional “twist down” OPEs that occur when distinct members of
the cloud come together in an OPE limit. We also expect the “twist up” to appear, given
that the discriminant and resultant depend on the leading coefficient of the polynomials
involved. We will have one example of such a limit below in the AN = 2 case.

Thus, we expect Res(Q, f1) to contain Disc(f1) along with additional factors of the “twist
down” and “twist up” OPE constraint polynomials. In what follows, we simply reverse
engineer Disc(f1) for the specific cases at hand, AN = 1,2. We do so by calculating specific
examples, identifying polynomials in the by, and fixing powers and coefficients. As mentioned
above, Res(Q, f1)/Ay" = ?:_21 f1(t;) will be more efficient for us because the latter product
will contain only AN terms, which will be small for the examples considered. Given the
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discussion above, we must find the Wronskian in the special cases, and then reverse engineer
Disc(f1) in terms of Res(Q, f1), and this will furnish the n-point functions in closed form.
We start with the case AN = 1. We have

Q(t) = Aot + A, (4.14)

where the coefficients are given by the generic formulas (3.9) and (3.10). The location of
the new ramified point is given by

A
t:tQZfJ:M (4.15)

Ao Yoo (o0,l)

bNmin((Nmin —n1 + ]‘)bNmm + (Nmin + 1)bNrnln+1)
(bNmin + bNmm“Fl)((n?’ - Nmin)bNmin - (lel’l —m + ]‘)bNrn1n+1) '

One may check the above by considering the case —¢ = nyax = 1 in [92], constructing the
2 X 2 matrix equation (20) in that work. Solving this system of 2 equations for ¢ and to
(they call to = a in their work) in terms of ¢y and ¢; gives the same answer as the above
for ty, keeping in mind one must change notation from ¢; to the by as in (2.26). Reverse
engineering the discriminant, we find

J1(t2)(9(001))™  (g(00,1))™

Disc(f1) = (4.16)
9(0,)9(1,1)
ny ni—1 ) ny ) ni
L1727 TG Wi+ 1) TT G (143 = Nia)) ™ [[ G = =)™
j=1 j=1 =2 j=1
One may check that the above gives the correct answer in the limiting cases by, = 0 and

bNpim+1 = 0, when these limits are allowed. In these cases fi reduces to a single Jacobi
polynomial. These discriminants are known [97] and are in fact part of how we have reverse
engineered the answer.

In the case AN = 2 we have

Q(t) = A0t2 + At + Ay (417)

where the A; are given by (3.9), (3.10), and A; is given in this special case by (3.13),
using (3.11). The two zeros of @ are given by

— Ay £ \JA2 — 4A0A,
. (4.18)

24,

tL =

We again reverse engineer the discriminant of f; finding

J1lt) F1(E ) (9(oom)™ H(9(00,))™

Disc(f1) = (4.19)
90,)9(1,1)9(e.b)
ny n1—2 - n1 3 n1 ]
<L I G- Wi+ D)) [T G = (1 tng = Nonin)) ™ [[ (G —ms =)™
j=1 j=1 7=3 j=1
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Equations (4.16) and (4.19) therefore give the last remaining ingredients to express the
n-point function (4.1) in closed form for AN = 1,2.

In the case that AN = 2 and (3.18) is enforced, there is only a single a; associated
with the point ¢ = t3, rather than the two a;. This is because (3.18) enforces that @ has
the form Q = Ag(t — t3)? with t3 given in (3.19). Thus, rather than H?:z a; for the two
zeros of @, there is only one new a; to calculate

7févmin (t3 _ 1)n1+n3*Nmax*1A0

2(f1(t3))?

(4.20)

az =

which we can use in (4.1), keeping in mind that all equations in this case must be read

with an extra algebraic constraint (3.18).

5 Discussion

In this paper we have considered covering space maps where both the covering space and
base space are spheres. We have shown that the maps (2.30), or equivalently (2.31), or (2.32),
have arbitrarily large ramifications at (t =0,z =0), (t =1,z =1) and (t = 00,z = 00), and a
cloud of ramification 1 points by computing the Wronskian W in (2.34). The location of the
ramification 1 points are given by the zeros of the polynomial Q(¢) in (2.35), which is part of W.
We have shown that the class of maps (2.30) cover all group theoretically allowed ramifications
in this class. The integers in the map ni, n3, Nmin, and Npax can be found directly from
these ramifications through (2.41), and give non-pathological maps satisfying (2.36).

There are AN + 1 coefficients defining the maps (2.30), which we have called by. We
argued they are valued in CP" due to an invariance of the maps under the scaling by — Aby.
Therefore, the space of maps is AN dimensional, the correct dimension to parameterize the
AN cross ratios for a (3 + AN)-point function. The map parameters by control the cross
ratios, but also control which group product channel is taken when considering an OPE limit,
i.e. when the ramified points approach each other. We considered a set of these OPE limits for
the general map (2.30), which are summarized in table 1. We also considered other OPE limits
in section 3.2 and in appendix C. These OPE limits are all seen to be given by homogenous
polynomials in the coefficients by, and so are algebraic variety subspaces of CPAV.

To compute n-point functions, one generally needs to be able to compute certain co-
efficients in the maps. First, we need to evaluate the Wronskian (2.34), which we have
shown can be computed in closed form algorithmically in AN steps (see appendix E), finding
the polynomial @) analytically. We have done this explicitly up to AN = 2. Next, we
need the discriminant of @, which furnishes polynomials in by that encode OPE limits of
operators in the cloud approaching each other. One also needs to compute the resultant
Res(Q(t), f1(t)), and for small AN this is simply evaluation of f; at the zeros of Q). Finally
one also needs to compute the discriminant of f1, which we argue can be written in terms
of the polynomials in by which make up the resultant Res(Q(t), fi(t)), and other OPE
limit polynomials already found. Thus, our previous identification of the OPE limits helps
express the coefficients that we use to construct the correlators, and in such a way that
the singularity structure is clear. Concentrating on the cases AN = 0,1, 2, we were able

,35,



to write closed form answers for the Wronskian, and the constants necessary to construct
the 4-point and 5-point functions in these cases.

One of our primary motivations for this work is with an eye towards holography. A
canonical example is the D1-D5 CFT. To move to the point on the moduli space that is well
described by classical supergravity, one must deform the theory along a specific direction
in the moduli space. In the D1-D5 CFT, the pertinent exactly marginal operator is in
the twist-2 sector [13, 15, 16]. Thus, to track the parameters of the theory, and ultimately
observables, amounts to using conformal perturbation theory to high order. These calculations
would involve a large number of twist-2 operators to be inserted, for which our maps have
direct relevance.

These considerations also begin to outline our future directions. We would like to use
our maps to further explore conformal perturbation theory applied to candidate holographic
orbifold CFTs. This includes programmes of finding the change of the dimensions of operators
and the change of structure constants — see [86] and references therein. The problem of
studying the changes to the structure constants has been limited to low twist operators. Here,
we have constructed maps for correlation functions with large twists in closed form, and
obtained in some cases closed form solutions for the n-point correlation functions.

Importantly, the closed form expressions are given in terms of the covering space map
parameters by. One must sum over all images of the map to construct the full correlation
function. For a given point in the base space, zg = f2(t)/f1(t) has many solutions in ¢, even
for ramified points [47, 52, 53]. However, at least part of this sum is encoded in the map
parameters. Consider one of the simplest cases, a 4-point function with a single twist-2
insertion, which needs to be integrated over to compute a perturbation to the structure
constant. In this case we have the location of the ramified point as

b=ty = -2
2 A

— — . (5.1
I 9(s0l)  (ONin T ONipin+1) (73 = Ninin)bNwin — (Ninin — 11 4 1)bN,p 1) (51

Given a specific value for the local coordinate r = by,_. +1/bn,,. on CP! we see that we
can read a value ¢ = fa(ta(r))/ fi(t2(r)): i.e. this specific value of r defines the cross ratio (.
However, the equation ¢ = fo(ta(r))/ f1(t2(r)) for a fixed value of ¢ has many solutions, and
corresponds to distinct maps. The number of these maps are called the connected Hurwitz
number H. One may check that the above computation agrees with [98] (also used in [47])
which gives the number of such maps in this case H. :l_l})lln (wi(S +1- wl)) with S = ns,
wog = Nmin + 1, w1 = n1 + n3g — Npax, we = 2, and w37:7 n3 — n1; we have checked this
for many values of n; and Npyjy.

In conformal perturbation theory one has to integrate over the position of the deformation
operator, i.e. over all possible values of (. This would be integrating over a set of H patches
of CP!, and each patch represents one cover of the base space (the cross ratio ranges over the
base space sphere). It seems it might be more efficient to simply change to the coordinates
of CP' and integrate over this coordinate, and this would account for these H transport
equivalent maps. One would have to be careful about how to regulate the integrals, given
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the non-trivial form of the maps z = fa/f; and the nontrivial form of t5 in (5.1): hard disk
regulators in the original z plane would have complicated pre-images in the ¢t-plane cover, as
well as in the CP' parameterized by by

min

and by, +1, and so a careful treatment would be
necessary. Similarly, the twist-3 deformation operators in [34] would presumably be integrated
over the 1 complex dimensional algebraic variety inside of CP? defined by (3.18) with similar
complications. We hope to explore these problems in future work.
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A Collected identities for Jacobi polynomials

The Jacobi polynomials are defined through the series expansion

Pﬁ"ﬁ(x)—i(7+a+ﬁ+1)é(a+g+1)y—e (x_1>e "

= Oy —0)! 2

where (k)s = (k)(k+1)---(k+ ¢ — 1) is Pochhammer’s symbol (i.e. the “rising factorial”
with ¢ terms). This can be written in terms of the gamma function

m»=”§;® (A.2)

keeping in mind that regulation may be necessary for negative integer values. There is
also the identity

(—)s = (1) (x = 3+ 1)s. (A.3)

Some particularly useful values of Jacobi polynomials are (assuming v > 0, and that
a, 3,7 are integers)

e ifa>0
(a+1) 1)l )
P’?’B(l):Tﬂy: (—1)7% fa<-1 anda—l—fy+1§0 . (A4>
0 otherwise
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Using the reflection symmetry (A.7) below, one finds

(-1 ) if 8>0
PO (1) = (~1)"PY(1) = ¢ 2 if f<—land B+y+1<0. (A5)
0 otherwise

The Jacobi polynomials can also be written using the Rodrigues formula
TR G D LR 8 (4N (1 potr B9
Prow) = S (=) e) 7 (o (1= 214 2)™7) . (A.6)

The Jacobi polynomials have the following recursion relations and symmetries, most
of which can be proved relatively quickly using either the series expression or Rodrigues
formula above

PyP(—a) = (~1) P) (), (A7)
Pyl (@) — Py (a) = P () (A8)
O;”“’)Pgﬂﬁ () + U S ™) pestl (z) = P () (A.9)
2y +a+ B+ 1)PYP(z) = (y+a+ B+ )PP (@) + (v + a) P2 (2), (A.10)
2y +a+f+ 1P ) = (y+a+ B+ )P @) = (v + BPIN (@), (A1)
@y +a+ s+ Tt = (L D) + (4 B+ DP), (A12)

(2’y+oz+ﬁ+2)( 5 )PO‘H’B( ) = (7+1)P7+1( )+(’y+a+1)P§“’5(m). (A.13)

The following identity connects Jacobi polynomials of different order, but equivalent indices:

Py (@) = (ASP2 + BY?) Pef(z) — O P (), (A.14)
Aa’ﬁ_(2’y+a+ﬁ+1)(27+a+ﬁ+2) s _ (@® - B2y +a+p+1)
T 20+ (v +a+p+1) Y T2y 4+ D)y +a+ B+ D)2y +a+B)]

cob_ (1T +B) 2 +a+5+2)
T T v+ Dy +a+ B+ )2y +a+8)

In addition, the Jacobi Polynomials have the following first derivative
20, PP (x) = (v + a+ B+ )P (@) (A.15)

and satisfy the differential equation

aﬁPﬁﬁ(as)Jr(Z‘fhﬁE)a Pz 4 ORI (=) @ =0
(A.16)

For more complete treatment of Jacobi Polynomials, see [96] (this entry in the bibliography

includes a link to an online version which is frequently updated).
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B Proofs for specific identities used

B.1 Identities used to adapt maps tot =1 and t = c©

We consider the identity
(_1)n1pn—1(N+1),—(n1+n3—N)(1 _ Qt) _ (_1)n1tN+1P7fl\;J_r}\}:(ln1+n3*N)(1 . 2t) (B.l)

_ (_1)N—n1(1 i t)m+n3—NP];(_1XL;r1),(n1+n3*N)(1 _ 275)
used in the main text (2.27). Here and throughout we will assume that n; and ns are integers
satisfying 0 < nj < ng, and we will be able to show that (B.1) is true for all integers N,
using (2.23), i.e. Pff = 0 for n > 1. The above is written as a power series in ¢, and we
will often find it convenient to write it as a power series in (¢ — 1) which we can do using
the identity PF(z) = (—1)7P,yﬁ’a(—ac), giving an equivalent form of (B.1) as
Pn—l(n1+n3—N),—(N+1)(2t —1)+ (_1)n1+n3—NtN+1Pn—3(il]1V—&;nl3—N),N+1(Qt —1) (B.2)
— (1 _ t)n1+n3—NP](VTL_1:1HS*N)’*(N+1)(Qt _ 1) .
We explore the equivalent identities (B.1) and (B.2) in three cases:
1. N > ng such that PT;@}VJF_?_N)’NH is set to 0 in (B.2) (similarly in (B.1))

(a) N >ny+ns
(b) ny < N <nji+ns

2. N < ny such that P](\?_l:f3_N)’_(N+1) is set to 0 in (B.2) (similarly in (B.1))

(a) 0SS N+4+1<m
(b) N+1<0

3. n1 < N < ng such that all Jacobi polynomials are present in (B.1) and (B.2)

The main cases above are motivated by the absence of certain Jacobi polynomials. The
sub-cases are motivated by the powers of ¢t and (1 —t) appearing in the identity (B.1) or (B.2):
when these powers become negative, the Jacobi polynomials multiplying them will be seen
to truncate, making the expressions evaluate to polynomials.

We can prove the cases 1-3 using a set of standard manipulations which is worth pointing
out. First, if a Jacobi polynomial has a negative subscript it is omitted (2.23). Next, in any
given Jacobi polynomial the Pochhammer symbols only involve integer arguments, and some
of these Pochhammer symbols are zero: a Pochhammer symbol (—m),, is 0 when n > m + 1
(with m,n integers and where m non-negative). This will truncate the sums defining certain
Jacobi polynomials. After doing so, we will often shift summation indices, which does not
affect whether a given Pochhammer symbol is 0 or not. After this, the remaining Pochhammer
symbols are all non-zero with integer arguments, and we express such Pochhammer symbols
in a “normal form” by writing them in terms of factorials, noting that

(m+n)! m!

(m+1), = , (—m)y, = (-1)"(m—n+1), =(-1)" (B.3)

m! (m—mn)!"
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-1 ny n3 (ny + ng3)

case 2b A case 2a A case 3 A case 1b A case la

}— Max range for sum over N where ¢t = 0, 1, oo all ramified *’

1 (n1+n3)—2

Figure 1. The ranges of IV for the different cases 1-3.

Here we have assumed that m and n are non-negative in the first equation and that 0 <n <m
in the second equation. In the case where there are only two Jacobi polynomials, these make
identities (B.1) and (B.2) simple to check: the bounds of the sums and the individual terms
become identically equal. We show one such example (case 1b) where all the above steps are
executed. The other cases where only two Jacobi polynomials are present, i.e. cases 1la, 2a,
and 2b follow the same steps, or with a simpler set of steps. Case 3 is sufficiently different
that we include its proof separately, although the above manipulations still prove to be useful.

We now address case 1b as our example where only two Jacobi polynomials are present.
In this case N > ng, which eliminates the Jacobi polynomials with subscript N —ng — 1,
making (B.2) become

py (s =N)=(N+1) (91 _ 1) — (1 — yratnas=N p{rfna=N),=(NH) 9y _ (B.4)

N —ny
Plugging in the expansion (A.1) for the left hand side of (B.4), we find

n
—(n14n3—N),—(N+1 (—n3)e(=(n1 +n3 = N) + L+ 1), —g)
Pn1( 1+n3 )s—( )(Qt _ 1) ;:0 gl(nl — E)

(t-1)°  (B.5)

We note that the Pochhammer symbol (N — (n1 4+ n3) + £+ 1),, ¢ is 0 unless ¢ is sufficiently
large: ¢ must be large enough to make the smallest term in the product greater than 0. This
gives that ¢ > (n1 +n3) — N, and we note that 0 < (ny+ngz) — N < n; for case 1b. This gives

py (mtna=N),=(N+1) (94 _ 1)
(e s = N) + 0+ 1)y

= 2 0(ny — 0)!

f{=n14+n3—N

(t—1)f

( (n1+n3 N) Z n3 (U+nitns— N)(g + 1)(N—"3—f) (t _ 1)Z (B'6>

(1 + 13— N+ OI(N —ng — 0)
= (1 —¢t)mtns=N) Nz? (=1D)*ng!(N — ng)! ’
= (N —=n1—OW(ny +ng— N+ (N = ng — 0)!

_ 1)3

where in the third line we shift the summation index and the last line write the Pochhammer
symbols (which are all non-zero) in terms of factorials and absorb some factors of —1 into
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the prefactor. Plugging in the expansion (A.1) for the right hand side of (B.4), we find

I & R

- (1 n1+n3 NNzrfl ng — N)E(nl +n3—N+L+ 1)(N—n1—€) (t B 1)Z (B.7)
(N —ng —0)! :

We note that the Pochhammer symbol (n3 — N)y = 0 if £ > lpax = N — ng + 1, which
truncates the sum to

(1 t)n1+n3 NP(nl-‘rns N), —(N+1)< 1)

N—n,
Nn3 n3_N) (n1+n3—N+€+1)(N ni 5)( 1)4
O(N —ny —0)! (B8)

_ (1 _ n1+n3 N

NTL3

= (1 —¢)mtns=N) Z
=

where in the last line we write these non-zero Pochhammer symbols in terms of factorials.
This matches (B.6) to (B.8), concluding case 1b. Cases la, 2a, and 2b follow the same steps.
We now address case 3 where n; < N < ng and all Jacobi polynomials are present in (B.1).

(—1)Zn3!(N—n3)! (t
N —n; — E)'K‘(nl +ng — N-I-E)'(N —ng — f)'

_ 1)5

We start with the hypergeometric identity [99, section 9.13] multiplied by a constant A
IF'(yT(y—a-—
ap () 2 a0 ()
~

F(y-—a)T(v=8) \a+pf—-y+1
L)+ B8 —7) —a,y-p ()
0 AR (L )
We take as before
o = —ny + Be, ~v=—N + Ae, 8= —n3+re,
v—a=—N+n; + (A— B)e, yY—=B=-N+nz+(A—-re, (B.10)

y—a—-—pF=—-N+ny+n3+(A—B—r)e,
where B and r are also constants. We note that with the ordering n; < N < ns, only certain
combinations of «, 3,7 are close to negative integers. Further, the hypergeometric function
on the left hand side of (B.9) has two windows of ¢ that survive the limit, as does the first
hypergeometric function on the right hand side of (B.9). However, the second geometric
function on the right hand side of (B.9) has only one surviving window for ¢. Taking the
€ — 0 limit of the identity we find

Y= Npl(l—ny—1)!(—n3),
A§ Em)d=ns)e e g § ! ! # B.11
+ o NI(I—N—1)1f! (B-1)

_(—1) (n3_N)n1 s (=na)e(=n3)e B
= NemiD, A B);(—nl—n3+N+1)g£!(1 2

(=D™(n3—N)n, (A-B)B f’: (D)™ M (0—n1—1)(—ng),

+ 1-t
(N=m+ 1, (A=B=1),_ &= (nit+ns—N—1){((— nl_n3+N)w.( )

B ny!ng! Br (1—tym+na- NNZm —N+n1)e(—N+n3), (1—t)€
Nl(ni+n3—N)! (A—B—r) (=N4nz+ni+1)L!
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Interestingly, the last two sums on the right hand side of the above expression are the same
function with different coefficients. This can be shown by examining the second to last
line of the above equation

(=" (n3=N)n, f’: (=1)" Vnal(€—n1—1)(—n3)e

(N=n141)n, (n1+n3—N—1)!(£—ny —n3+N)/! (1-t)* (B.12)

l=nq +n3—N

_ (—1)n1n1!(n3_N)n1 Ninl (_1)n3—N(€+n3—N—l)!(_HS)(Z—&—nl—&—ng—N) (1_t)f+n1+n37N
(N—n1+1)n1 (n1—i—ng—N—l)'E'(f—{—nl—an—N)'

=0
~ npl(ni+n3—N—-1)Y(N—ny)! (1—pym+na=N
(ng—N—l)!N!
XNim (_1)4(£+n3—N—1)!n3! (l—t)é
=0 (N—n1—€)!(n1—|—n3—]\7—1)!6!(€+n1+n3—]\7)!
_ m!(N—m)! (1—gym-+ms— NNZEM (=1)*(¢+ns—N—1)Ing! (1-1)
(n;;—N—l)'N' =0 (N nl—ﬁ)'ﬂ'(€+n1+n3—N)' '

Above we have shifted the sum, and used identities to write all Pochhammer symbols in
terms of factorials. Doing a similar replacement in the last line of (B.11) we find

N— nl
ny!ng! ni+ns—N N+n1 ( N—{—?’Lg) Y
1—¢)mTns= 1-t B.13
N!(ni+n3—N)! ) Z (=N +ng+n;+1)£! “(1-1) (B.13)
_ nilng! (1) g bns— NNXEH (N —ny)! (n3—N+€—1)!(n1+n3—N)!( 9
Nl(ny4+n3—N)! (N—n1—0)!(ns—N—=1)(n1+n3—N+2£)!¢!
N (=1)Y(N —n1)!(ng— N+£—1)!

1—-t)".
N 2 (N- 03— N—1){(m g~ NV

The coefficients of (1 — ¢)¢ in the last lines of (B.12) and (B.13) are seen to be equivalent.
This allows us to rewrite the identity (B.11) as

me Nn '(5 —ni— 1)!(—')13)@
A ‘+B - : ! B.14
Z w' o MXV:H NI{E— N — 1)l (B-14)
(—1) '(ng — N)n, - (—=n1)e(—n3)e ¢
= A—-B 1—t
(N —=n1+ 1)y, ( );)(—m—ng—i-N—l—l)M!( )
N-—n
n1'ng! N ' (=N +n1)e(=N +n3), ¢
1 1 3— ].—t
+N!(nlJrng—N)!B( Z N+n3+n1+1)£gl( )

where we see that the regulator r plays no role on the right hand side, which we should have
anticipated because it plays no role on the left hand side.
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All the sums in the above equation are related to Jacobi polynomials:

o (=n)e(=n3)e o (=)™ l(N=n1)! _ - -
= PN+, =(natng=N) (1 _ o) B.15
2N N m (1-2t) (B.15)
230 (1) N l(l—ny— 1) (—ns)y D)™ (N=n1)! (N1 .—(ni+neeN
(=1) '1£ o ‘)( 3)ee_ (21) 1(' 1) PN (msns=N) () gy
Z:ZNJrl NI({—N—1)ld! N1
(B.16)

(=)™ (n3=N)ny o~ (=n1)e(=n3)e (1_t)£:nl!(N_nl)!Pnfl(n1+n37N)7*(N+1)(2t_1)7

(N—n1+1)p, =0 (—n1—ng+N+1),0! N!
(B.17)
ni!ns! N8 (= N+n1)o(—N+ns), (1—t)f = nll(N_nl)!Pn1+n37Nﬁ(N+1)(2t_1)
N!(n1+n3—N)! (—N—I—ng—l—nl—l—l)gﬁ! N! N—m '

/=0
(B.18)

These statements can be proven similarly to the last cases: truncating sums, and then
replacing Pochhamer symbols by factorials.

Plugging in (B.15)—(B.18) into the identity (B.14) and canceling the common factor
of ni!(N —ny)!/N! gives

A(_l)nl P7:1(N+1),7(n1+’n37N)(1_2t) _B(_1)77,1tN+1PT(LéV_+]\]/;)_,I(n1+n3—N)(1_2t)

(B.19)
— (A= B) Py mAns=N),=(N+1) (94 _ 1) 4 B(1—p)mtne—N pratna=N=(NHD 9y 1),

—n1

We see that the above represents two identities, given that A and B are independent. We
see that the B = 0 case is the familiar identity Pfy’"ﬁ(x) = (—1)’7P757a(—3:) identity. The
case of interest for us is A = B = 1 and gives

(—1)™ Pn—l(N—l—l)ﬁ(m—i—ns—N) (1—2t)— (—1)"1tN+1P7§iV_+]\17)_’I(m+n37N) (1—-2t)

_ (1_t)nl—l-ng—NP]?\lfl_tngN,f(NJrl) (2t—1) _ (_1)(N—nl)Pjg(_]\rijl),n1+n3*N(1_2t)
(B.20)
concluding case 3.

Effectively, (B.1) works by swapping the long twist operator at (t = 0,z = 0) with the
long twist operator at (t = 1,z = 1). We wish to also consider swapping the operators at
(t =0,z =0) and (t = 00,z = 00). This is accomplished by showing that

_ 2
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which appears as (2.29) in the main text. We prove this by examining the right hand side:

t"/P’Y—(QW-&-a-&-ﬂ-&-l)ﬁ (1_?) (B.22)

T (= (2v+a+B+1)+841)(— (2y+a+B+1)+04+1)(—p 1\*¢
Z_: A(y—0)! <_t)
B Y (= (v4a) (= y+atB+1)+0+1) (g _
—(—1)”;:% : O(y—20)! (=
(_(7+a))(7,g)(_('V‘i'a“‘ﬁ)_g)g
= O(y—20)!

where in the last line we have changed the order of the sum, swapping ¢ <> v — £. We end by

_t)f

reversing the order of the Pochhammer symbols, i.e. using (a),, = (=1)"(1 —m —a),, and so

t'yp—(2'y+a+,3+1),,8 1_ 2 _ z’y: (a +1+ e)('yfe) ('Y + o+ ﬁ + 1)@
v t) & 0y — 0)!

(—t)" = P2P(1 - 2t)

(B.23)

proving the assertion.

B.2 Identities used for OPE limits

We start with by commenting on the identities used in table 1 to show that the OPE limit
gives a map of the same form. In this table, one should use the form of the map (2.30), (2.31),
r (2.32), depending on the approach point. To verify that the map is of the same form,
one may plug in by ({Bas}) in the table into the appropriate form of the map. By shifting
the summation indices in the numerator and denominator, the sums can be written as sums
where the coefficients are B, rather than By_1 or other shifts. Once this is accomplished, a
combination of Jacobi polynomials appears as the coefficient of By, and this combination
of Jacobi polynomials can be addressed using the stated identities to simplify them to one
Jacobi polynomial. If table 1 has only one identity listed, then this identity is used both in
the numerator and denominator; if table 1 has two identities listed, then the upper identity
is used in the numerator and the lower identity is used in the denominator. This final form
of the map matches the general form (2.30), (2.31), or (2.32), appropriate to the point, with
by — By and shifts to n1, n3, Nmin, and Nyax labeled as the “equivalent shift” column in
the table. These shifts accomplish the change to the ramifications at the points (t = 0,z = 0),
(t=1,2=1) and (¢t = 00,z = o0) appropriate for the OPE. We now turn to proving the

identities in table 1 by using the basic identities in appendix A.
We start by proving the identities used when the approach point is t = 0. First, we show

B _ po—1,-1 1,8
tP&? = Pt - poohe (B.24)

This identity is easy to establish, using (A.1), which we use on the right hand side, finding

Pl el Z( (v+a+B)e (06+£)»y+1—z_(7+a+ﬁ+1)é(a+5)w+1—z)(_t)g
1 A +1-0)! A+1-0) '

(B.25)
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We note that the £ = 0 term vanishes, and so we may start the sum at ¢ = 1. Shifting
the sum indices down, we find

TS T (B.26)
_ ﬁ: (+a+Durnla+ +Dre (atPt Demlatlair) o
= €+ 1)y = £)! (€ +1)(y —0)!

Ot B+gla+ltl)yy ((Y+a+B) (y+a+B+L+1) ,
- g} Oy = 0)! ( r+1 1 ) (=)
= (tat B+ plat+l+1), 1 e

_Zg (O — 0)! (1) (=) =t PP (1 —2t)

establishing the identity (B.24). Shifting v we find
P (1 — 20) = PO (1 —21) — P11 - 21). (B.27)

We similarly use identity (A.13), but written using the ¢ variable i.e. x = 1 — 2t and shifting
~v down by one and shifting o down by one. This gives

2y +a+B-1)tP A —2t) = —y P 4 (v + a— )P (1 - 21) B2%)
= Py P —2t) + (v + a = 1) (PO (1 = 2t) — PO (1 - 2t))

where in the second line we have used identity (A.8). Now, we take v times (B.27) and
subtract it from (B.28), finding

(Y+a+B-1)t P (1-2t) = (a = HPII71 (1 = 2t) — (y+a — )PS5 (1 — 2t) (B.29)

which we use in showing (C.7). It should be noted that the above identity is still valid for
v = 0, recognizing that P} # =1 and defining Pf’lﬂ = 0. It continues to be trivially true
for v < —1 as well, given rule (2.23). This identity is the only one used in the approaches
to t = 0 and so concludes these cases.

Next, we consider the approaches to the point t = 1. We redefine ¢t — (1 —¢) in (B.29)
to arrive at the related identity

(Yy+a+B-1)(1-t) P& (2t —1) = (a—1)PI 12t —1) — (y+a—1) PP~ 2P (2t —1) (B.30)

which is the only identity needed for the OPE limit when the approach point is t = 1,
concluding this case.
We may substitute ¢ — 1/t into (B.24) and get

1 o 2 ~1,8-1 2 1,8 2

which is used for the twist up OPE at t = oo for the numerator sum. The basic identity

PPN (@) — PO (2) = PO () (B.32)
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is used for the twist up OPE near t = oo for the denominator sum. We take (B.27) with
t — 1/t to give

(7+a+6—1)%Pfﬁ (1 - i) = (a—1)py~HA! (1 - i) ~(v+a=1)py20 (1 - i) (B.33)

which is used for the twist down OPE near ¢ = oo for the numerator sum. We next start
with (A.10) and (A.8) with some indices shifted as

PO (z) = PA1OH L (z) 4 PO (2) (B.34)

We take v + « times the above equation, subtract it from (A.10), and evaluate at x =1 —2/¢.
This gives

(y+B+1) PP (1 - i) = (y+a+p+1) Pyt (1 — i) —(y+a) P (1 - i) (B.35)

which is the identity needed for the twist down OPE near ¢ = co in the numerator sum. We
next begin with (A.13) with some shifts to the indices.

(1—x)
2
and compare with (A.10). We eliminate the first Jacobi polynomial on the right hand side
by multiplying (B.36) by (v + «a + 8+ 1), multiplying (A.10) by ~, and then adding. Doing

so, a common factor of (2y + a + 8+ 1) cancels and we find

(27 +a+B+1) PO (@) = —y PO (2) + (y + @) P2 (@) (B.36)

(y+a+B+1) c ; z) PO (2) = —y PP (2) + (v + ) P& (). (B.37)

Specializing to x = 1 — 2/t we obtain

1 2 2 2
(yta+p+1) potAt (1 - t) = —y PP (1 - t) + (v + a) PSS (1 - t) (B.38)

which is the identity needed for the twist down OPE limit near ¢ = oo for the denominator
polynomial.
C OPE limit examples

C.1 OPE limits for approaches tot =0

Here we will construct the OPE limits explicitly for the case where one of the ramified points
in the cloud approaches the point at ¢ = 0. We begin by considering the “near 0” maps (2.30)

Nmax o —
X bNt(N+1)P7EéV_+]\1[)_7;(nl+nd N)(l _ 2t)
2(t) = YN . (C.1)
N_% | bNPnfl(NJrl),f(nHrns*N)(l . Qt)

Factoring out a tVmin*1 from the sum, we see that the remaining polynomial has a constant
term coming only from N = Nyi,. Therefore, the situation where the ramification at t = 0
increases is given by

by, = 0. (C.2)
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This is a homogeneous polynomial in the by, making it a well defined algebraic variety
subspace of the CPAY defined by the by. Enforcing this changes the map to

Nmax
e bNt(N+1)P7(LiV+1)_,*(n1+n3fN)(1 —21)
z(t) = — “]‘me . (C.3)

Thus, AN has decreased by one, making the cloud smaller by one twist-2 operator, but
increasing the ramification at t = 0, i.e. 19 = Npin + 1. This, therefore, represents an OPE
limit where one of the twist-2 operators in the cloud approaches the operator at (t =0,z = 0)
and increases the length of the cycle by one. This is a “twist up” part of the operator product
expansion, and corresponds to the ramification preserving product between simple cycles —
see appendix D. There is no further processing to be done: (C.3) is already in the correct
form. To generate (C.3) one takes (C.1) and replaces Nyin — Npin + 1.

We note that if Nyi, = ng — 1, then the numerator of (C.3) would become identically
zero. This means that one may not “twist up” the operator at the origin. If one does this,
the ramification subadditivity constraints become impossible to satisfy, i.e. there is no group
product with those ramifications that can multiply to the identity. This does not mean
that the operators on the base space cannot approach each other: it simply means that the
exchange channels produced in the OPE limit only contain the “twist down” or “ramification
lowering” products, which we now discuss.

So, how do we identify the “twist down” OPE? This can be accomplished by requiring
that the constant term in the denominator of (C.1) is 0. This allows one to factor a t and
cancel one power in the numerator, lowering the ramification at the origin by 1. This is easy to
write as a condition on the by by setting the denominator of (C.1) evaluated at ¢t = 0 to 0, i.e.

Nmax Nmax
Z by P, N+1 —(n1tns— N) Z by N)nl — (_1)n1Nmin G0 = 0
N=Nnmin N=Nmin n1 ' (nl)'(Nmax —n )

(C.4)
which is also a homogeneous polynomial in the by and so defines an algebraic variety subspace
of CPAN. We note that many of the above Pochhammer symbols may be 0, given that
—N is negative, while —N + n; — 1 may be non-negative: these correspond exactly to the
cases where the Jacobi polynomials in the numerator of (2.31) are 0 by rule (2.23). However,
not all such terms are zero given that some N are in the range n; < N < ng3, and so the
above does represent a constraint.

We do have a solution to the constraint (C.4), written in table 1. However, it might be
concerning exactly how one arrives at this solution as being the correct one that gives a new
map in the same form. We may generate the solution in table 1 by knowing the answer. This
situation we are examining is where the twist at the origin has had the ramification decreased
by 1, i.e. Nmin — Nmin — 1. We see that this is possible if one of the twists in the cloud had
approached the operator at (¢t = 0,z = 0) and a “ramification decreasing” product has been
taken, lowering AN by 1 as well, and s0 Npax — Nmax — 2. However, we require that the
ramifications at ¢ = 1 and t = oo remain unchanged. This can be accomplished by n; — ny—1
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and ng — ng — 1. Therefore, we expect the condition (C.4) to transform the map to the form

Nmaxf2
L Byt WD pIVED Clmtna 2N (1 gy
o(t) = YNl (C.5)
e ByR AT gy

for some set of constants By, which we now set about identifying. Note that there is one
fewer non-zero By than there are by, and this should span the same space as the by with
the constraint (C.4). For the ease of notation we define

By =0 for N < Npip — 2 and N > Npax — 1. (C.6)

This will allow us to extend the sums in what follows.

We first consider the denominator of (C.5) and substitute in the identity

(Y+a+B—DtPM (1 —2t) = (o — 1)PS 711 = 2t) — (v + o — 1) PS5 (1 — 2t)
(C.7)

which is proved in appendix B — see (B.29). It may not be obvious why identity (C.7) is the
correct one to use. This identity is found by seeking an identity where shifts in indices «, 5, v
can be compensated for by shifts in the summation index N in (C.5), making them the Jacobi
polynomial on the right hand side the same after shifting summation indices. This gives us
an idea of how to manipulate basic Jacobi polynomial identities to find one that is useful.

The identity (C.7) is true for all integer v using rule (2.23). Inserting (C.7) in the
denominator of (C.5) gives

Nmax72
N By, N2 N (g gy
N:Nmin_l
1 Nmax*Q
=— Y By(N+2)p, Nt (uinsml=N) (g o) (C.8)
N:Nmin_l

N, -2
1 max
—— Y BN(N —ng+2)p, N udnam2mN) () oy
131 N N1

We make the functions look identical by shifting summation indices separately:

Nmax—2
N=Nmnin—1
Nmax—1
1 max
= Z By_1(N + 1)pn—1(N+1),—(n1+n3—N)(1 —2t)
ngt N:Nmin

N,
1 max
-— > Byoo(N —mny) P, VD mdns=N) () 9p) (C.9)
n3 N:Nmin+1
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Now, given our definitions (C.6), we may extend both of the sums, writing

NII\aX
Z B Pn (N+1) (n1+n3727N)(1 . 2t)
N len
1 Nmax
=— > ((N+1)By_1— (N —n1)By_g) P, N1—lmtns=N(q _2t)  (C.10)
nSt N=Nmin

which is of the form of the denominator of (2.30), dressed with an additional factor. This
allows us to identify

bN = n13((N + 1)BN_1 — (N - nl)BN_g) (Cll)

for Npin < N < Npax. We have written the AN + 1 constants by as linear functions of the
AN constants By, and so there must be a liner relationship between them, which is precisely
the relationship (C.4). This is easy to show by plugging in the above constraint. We find

Nmax 1 Nmax (_N)n1
> by = > ((N+1)By-1— (N —ni)By-2) o (C.12)
N= len n3 N:Nmin 1’L1.

The constant By appears in the sum above when N = N +1 or when N = N + 2. The
total coefficient of By is

njng ((]\7 +2)(=(N 4+ 1)p, — (N =y +2)(—(N + 2))n1)
— (;11'7); (N +2)(N =1+ 2)n, = (V= n1 +2)(N =01 +3),,) (C.13)

= (_1)n1 ((N —ny + 2)n1+1 — (N —n9 + 2)n1+1) =0.

ni'ng

Thus, the sum (C.4) becomes a telescoping sum with 0 end contributions when (C.11) is
implemented, making the identification (C.11) equivalent to the constraint (C.4). This can
also be seen by taking the summation bounds in (C.12) and replacing them with a sum over
N that goes from —oo to co and shifting the two sum indices. This is possible because most
of the By are 0 in this sum, automatically truncating it.

Thus, we find that (C.11) implements the linear relationship (C.4). Plugging (C.11)
into the denominator of (C.1) gives

Z by Py (N+1),—(n14+ns—N) (1-2t) =t Z BNP, ]\Q'H (n1_1+n3_1_N)(1—2t). (C.14)
N len N Nlnln 1
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We may also check that (C.11) transforms the numerator in the appropriate way. Plugging
n (C.11) into the numerator of (2.30) we find

Nmax
Z bNt(N+1)P,Sév,—"_]\l[);;(nl-i—n?’_]v)(1 _ 2t)
N:Nmin
N,
1 max
— Z (N +1)Bn_1 t(N+1)p7(LiV+]\1[)vl(n1+n3 N)( — 2t)
ng N:Nmin
—— 3 (N —ny) By_gtVHY PN S tmtna =N (g (C.15)
n3 N:Nmin
- Z (N +2) By t(N—l—Z)péiV‘*‘l{)];(m-l-ng 1- N)( —2t)
ng N:aninfl

Nmax—2
1 max B
~ LN (V4 2) By s PO 2o (g
3 N=Nmpin—2

where in the last step we have shifted the sum indices such that By appears as a coefficient
in both. In the last equality, we may drop the top term in the first sum, and the bottom
term in the second sum, given (C.6). This allows us to combine the sums into

N, Nmax—2
max 7 7 1 max
N:Nmin nS N:Nmin_

x ((N+2) P mtns oM (o) — (N =y +2) PAD G022 (1 o))

We again use (C.7) with « = N +3,y=n3— N —2and f = —(n1 +n3 —2— N) and obtain

Nmax Nmax72
Z b tN+1 Pr(z,év+]\17)1(nl+n3_N)(l_2t): Z t(N+2)B PN+1 —]s]nj 1+n3—1— N)(l 2t)
(C.17)
All in all, plugging in (C.14) and (C.17) into (2.30) we find
Nmax
B e
Z(t) — min
SN v P AT (g oy
Nmax_ (N+2)B PN+1 (TL1 1+n3—1—N)(1 _ 21‘:)
_ N=Nuin— e (C.18)
tz maxmiﬁl BNPm(Nl-l-l), (n1—14nsz—1— N)(I—Qt)
Nmax—2 N+1,— 14+ 1-N
3 1t(N+1)B NP, T ]g[”ll s )( —2t)
T S BB gy

which has the exact same form as our covering space maps (C.1) with ny — n1—1, n3 — ng—1,
Nmin — Nmin — 1, and Npax — Nmax — 2. This implements a “twist down” at the origin from
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a twist-2 in the cloud approaching the origin, i.e. r9 — r9 — 1 and r. — r. — 1. However, the
ramifications 1 and ro, remain unchanged. We note that in this operation the covering space
has lost a sheet, directly implemented by n3 — ns — 1, which is the total number of sheets.
Thus, the general solution for a point zg = z(¢) will have one fewer solution after (C.11) or
equally (C.4) is implemented. This loss of a sheet is seen as the direct cancelation of common
polynomials in the numerator and denominator; ¢ in this case. The order of the polynomial
canceled in the reduction of the polynomials is exactly the number of sheets lost.

We have therefore identified both kinds of OPE limits that give non-trivial group products
when a twist-2 operator approaches the operator at the origin.

As pointed out in the main text, the other forms of the map (2.31) and (2.32) are similar
in structure, and so one may read off the constraints analogous to (C.2) and (C.4). These
are given in table 1. The identities used above, as well as those needed for t =1 and t = oo
OPE limits, are proved in section B.2. The appropriate identities to use are always found
by insisting that the final form of the Jacobi polynomials are the same after shifting the
index IV, helping us identify the relevant identity needed. One may, of course, simply plug
in by ({Bar}) in table 1 into the relevant form of the map, shift the sum index so that By
is the coefficient in the sums, and then use the quoted identity (which should be obvious
how to use, given the coefficient of By ). This will result in a map of the same form (2.30)
or (2.31) or (2.32) depending on the point of approach.

C.2 AN = 2 cloud twist down OPE

We consider the OPE constraint for the AN = 2 case (3.17), which we claim is a “twist down”
OPE limit. We show this here. First, we take f; with a convenient prefactor

(Nmin —ni+ 2)(”3 - Nmin - l)fl
Nmin+2
= (Nmin =11 +2)(n3 — N — 1) > by P,V FD—mdns=N)(q 94y (C.19)
N:Nmin

We solve (3.17) for by;

min

+1 and substitute into the above, finding

(Nrnin —nj+ 2)(”3 — Npin — 1)f1
= bNrnin (Nmin — nl + 2) ((nS — Nmin _ 1)Pf(Nmin‘i’l)7*(n1+n3mein)(1 _ Qt)

ni

— (n1 4 n3 — Nigin — 1) Py (Nmint2),=(n14n3=Nmin=1) (] _ 2t)) (C.20)

ni
+ D(Npin+2) (13 — Niin — 1) ((Nmin —ny + 2)p1;1(Nmin+3)f(n1+n37Nminf2)(1 —21)

— (Nmin + 2)Pn_1(Nmin+2),_(n1+n3_Nmin_1)(1 _ Qt)) ]
Next consider the identity (B.30) and use the (—1)7P$’f3(—ac) = Pf’o‘(x) identity to write it as

(yHa+B-1)(1-t) P (1-2t) = —(a—1) PP 1 (1-2t)+ (y+a—1) PP "2 (1-2t) . (C.21)
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Evaluating this at « = —(n1 + 13 — Npin — 2), 8 = —(Nmin + 1), and v = nq, we find
_ n3(1 o t)Pn_l(ij\flmin'i‘l),_(n1+n3_Nmin_2)(1 _ 2t)
= (n1 4 ng — Nigin — 1) P, (Nmint2),=(madna=Nuin=1) (1 _ 9¢) (C.22)

ni

- (n3 - Nmin - 1)P;(Nmin+1)7_(nl+n3_Nmin)(1 - 2t)

and immediately recognize the coefficient of by, in (C.20). We similarly use identity (B.29)

with @« = —(Npmin + 1), 8 = —(n1 + n3 — Nmin) + 2, and v = ny and find

_ n3tpn_1(i\gmm+1),_(nl"l‘nd_len_Q)(1 _ 2t)

= _(Nmin + 2)Pn_l(Nmin+2)7_(n1+n3—Nmin—l)(1 _ zt) (023)
+ (Nmin — np + 2) P, Nmin#3),=(nafna=Nawin=2) (1 _ 9¢)

which allows us to identify the coefficient of by, . 4oy in (C.20). Using (C.22) and (C.23),
we find that f; (C.20) becomes

(Nomin —11+2) (13— Nugin — 1) f1 = —ng P, (prin D= (mbns=Nawin=2) (1 _ o4 (C.24)
X (DN i (Nmin —11+2) (t—1) + 0N, +2(13 = Ninin —1)).

We note that this single Jacobi polynomial is the appropriate one for the denominator of (C.1)
with n; — n; — 1, Nmin — Nmins Nmax = Nmin + 2 — Nmin for the “twist down”. To be a
twist down, the linear function appearing as a coefficient must cancel with the numerator,
which we now set about showing.

Exploring fo the same way, and introducing the same convenient coefficient, we find

(Nmin_nl +2)(n3_Nmin_1)f2

Nmin+2

= (Numin—11+2) (13— Negin—1) > ot pIVED T mans= oy
N=Nnin

= 50 (Vs =101+ 20 (= Ny = 1) Py 0 0707 m) (13

ng—Nmin—2

— (n1+n3— Nagin — 1) ¢ pPDmin 2.~ (105 =Nawin =1 () —2t))

- B(Ngat2) (13 = Ninin = )22 (N =g -2) ¢ B iy FOM (motma =i =2) (3 _ gy

1n3—Nmin—3

nl?t*]\fmin*2

_ (Nmin+2)P(Nmin+2),_(n1+n3_Nmin_1) (1 _Qt)) .
(C.25)

To start, we take (A.12) and subtract off (v + 5+ 1) times (A.9) to arrive at

(Y+a+1)(1—t)PPPT(1—2t) = BtPOTLP(1—2t) + (y+1) (tP$+1’5(1 —2t)+ P (1 —2t)> .
(C.26)

The term in parentheses above can be rewritten using (B.27) to give

(v+a+1)(1 = )PP (1 = 2t) = Bt PAFYA(1 — 2) + (v + NPT (1 —2t). (C.27)
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Substituting v = n3 — Nin — 2, @« = Nyin + 1, and 8 = —(nq +n3 — Npin — 1) above we have
TL3(1 _ t)P,?”B—"_l(l _ 2t) - _ (nl +ng — Nmin _ 1) tP(Nmin+2)7*(n1+n3*Nmin*1)(1 _ Qt)

n3_Nmin_2

+ (ng _ Nmin _ 1)P(Nmin+1)7_(n1+n3_Nmin)(1 o Qt)

n3—Nmin—1

(C.28)

allowing us to identify the term proportional to by, . in (C.25). We next consider the

identity (B.27) with indices shifted
) -1 )
tPotA(1 — 2ty = PO - 2t) — PO (1 - 2t). (C.29)

We take identity (A.13) and subtract off (7 4+ 1) times the above equation to find

(Y+a+ B+ PO —2t) = (v + o+ 1)PSF(1 - 2t) — (v + )P (1 - 2t) . (C.30)
We now rewrite the lowest degree Jacobi polynomial on the right hand side using (A.8), finding

(Y+a+ B+ DPIB (1 —2t) = —(y+a+ 1)PS (1 —2t) + aPY T (1 - 2t). (C.31)
Identifying v = n3 — Npin — 3, @ = Npin + 2, and 8 = —(ny + n3 — Nyin — 2), we have

(Nmin _ Tll + 2) tP(Nmi11+3)77(n1+n3*Nrnin*2)(1 _ 2t)

n3_Nmin_3
— (Nigin + 2) Pt 2), - (mna =N =1 (1 o)
=~ Pyt DTN o) (C.32)

allowing us to identify the coefficient of by, 42 in (C.25). We find

(Nomin =11 42) (13— Nigin — 1) f = —ngtVmin 1 pNmin # 1), (n1bma=Nmin =2) (1 _ o) (C.33)

13— Nmin—

Thus, starting with the covering space map z = % in (2.30) for the case AN = 2, impos-
ing (3.17), and using (C.33) and (C.24), we obtain

sy = L2 R SRR — 2)
- fl - P_(Nmin+1)7_(n1+n3_Nmin_2)(1 _ Qt)

nyp—1

(C.34)

which is the appropriate covering space map with no cloud of twist-2 operators, and ram-
ifications ro = Npin, 71 = (1 + n3 — (Nmin + 2)) = (n1 — 1 + ng — 1 — Nyin), and
Too =M1 —ng —1 = (ng —1) — (n3 — 1) — 1. Hence, the ramification of these points
have not been affected. In this case, the 3-point function is simply that given in [46] for
three long twists.

Note that the original 5-point function, i.e three long twists and two twist-2, has two
cross ratios. One might be concerned that the above OPE limit is only a linear relationship
between the by, and so should decrease the space of maps only by 1. However, it is important
to note that the function that has been canceled, namely

ONin (Nmin — n1 + 2)(t = 1) 4 by, +2(n3 — Niin — 1) ¢ (C.35)
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determines the two coincident zeros of Q(t), i.e. where the ramified points come together
on the covering surface when (3.17) is enforced. This point is given by

bNmin (Nmin —nm + 2)

t = C.36
. bNmin (Nmin —ni + 2) + b(Nmit\+2) (n3 - Nmin - 1) ( )

matching (3.21) in the main text. This is a marked point on the cover where the ramified
points approach each other, and we expect an OPE expansion, as explained in the main
text after (3.21).

D Ramification subadditivity

In this appendix we briefly discuss ramification subadditivity under group multiplication
in the symmetric group (or permutation groups).

We recall several facts about the symmetric group. First, every group element can be
written as a product of disjoint cycles. This is simply argued by considering the permutation
group acting on a set of distinct elements in ordered positions, finding how these are acted
on by permutation. We start with the objects in their respective positions (first object in
first position, etc). We track where each element gets mapped in the following way. We
consider an element, say the first, and see where it gets mapped. This displaces the object in
that position and we can ask to what position that object is mapped, and so on. Eventually,
one must find the object that maps back to the first position. This gives one of the cycles.
One then considers one of the elements outside of the cycle(s) already discussed and repeats
this procedure. Eventually, all elements are addressed, and each cycle refers to distinct
elements and positions, and so the cycles are disjoint. This decomposition is unique up to
the ordering of these commuting cycles. Trivial cycles are those that have only one element,
corresponding to unmapped elements, and are usually omitted from notation. We refer to this
form of the group elements as their canonical form. One may still regard the decomposition
as unique if one includes the trivial cycles, however, each trivial cycle is included only once.
In this way we may guarantee that each index appears precisely once in each group element’s
product of cycles. We call this form the canonical form as well, realizing that the trivial
cycles may be dropped if one wishes.

Next, every single cycle may be written as a product of two-cycles which only include
the indices of the cycle itself. By direct construction

(1,2,3,-- ,n) = (1,2)(2,3)(3,4) - - (n — 1,n). (D.1)

Therefore, each non-trivial cycle of the canonical form may be decomposed into a product of
two cycles which is unique using the above prescription, up to cyclic reordering of original
cycle. Each block of two cycles, corresponding to each non-trivial cycle of the canonical form,
refers to a set of indices that is disjoint from every other block of two cycles. We call this the
decomposed form of the group element. The total ramification of the group element is given
by the sums of the ramifications of each cycle in the group element, and the ramification of a
single cycle is the number of indices in the cycle minus 1. This total ramification is the same
as the total number of two cycles it takes to build the group element in the above way, and
represents a minimal number of such two cycles: the two concepts coincide.
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Next, we consider the action of a group element g; on a group element go. We consider
decomposing g into two cycles. Of these two cycles, one may be regarded as being in the
right-most position in g1, and without loss of generality, we consider this cycle to be (1,2).
We consider its action on g9, and consider gs in canonical form, but explicitly writing the
trivial cycles out, once each. In this way, all indices appear in go exactly once.

There are different possibilities. First, it may be the case that the indices of (1,2) appear
distinct cycles in go. In this case, we write

g2 =(1,3,4,--- ;n)(2,n+1,--- ,n+m)ga, (D.2)

where §o is a product of disjoint cycles. One may pull both of these two cycles to the
left in go because they commute with each other, and they each commute with all cycles
in go. In this case,

(172)92 = (172)(173747' o ,n)(2,n+ 17"' ,Tl-i—m)gg

(D.3)

= (173747”' ,n,2,n+1,'~ 7n+m)§2-
The right hand side is already in canonical form: the indices appearing in (1,3,4,--- ,n,2,n+
1,--+ ,n+m) do not appear in go. This product even works in the case that either or both of the

original cycles brought to the left of go is trivial, simply by deleting the indices 3, --- ,n from
both sides, or deleting the indices n+1, - - - , n+m from both sides, or doing both simultaneously.
Before the product the total ramification was 1+rg, =1+n—24+m+rg =n+m— 1415,
After the product, the ramification is n +m — 1 + rg,, and so the ramification is maintained
before and after the product. We refer to this operation as a “join” which joins two previously
disjoint cycles, and is “ramification preserving”. Some of the cycles that have been joined
may have been trivial cycles.

The other possibility is that the indices 1 and 2 may both appear in the same cycle of gs.
This may only happen when the cycle of go in question is non-trivial. In this case, we write

g2=(1,3,4,--- ;n,2,n+1,n+2,--- ,n+m)go (D.4)

by bringing the cycle in gs that has the indices 1 and 2 to the left-most position in gs. Neither
1 nor 2 appear in the remaining cycles of go. Multiplying out we find

(172)92 - (172)(173747 >n727n+17n+27"' 7n+m)92

=(1,3,4,---,n)2,n+1,n+2,--- ,n+m)jo. (D.5)
The above again applies even when deleting the indices 3,- - ,n from both sides, or deleting
the indices n+1,--- ,n+m from both sides, or doing both simultaneously, in which case trivial

cycles appear on the right hand side and may be omitted. The product on the right hand side
above is already in canonical form, and so the ramification is easy to read. The total sum of
ramifications of the individual group elements is 1 +rg, =14+n+m — 141z =n+m+ry,,
and the ramification of the product is n — 2 4+ m + ry,, and so the ramification has decreased
by 2. This counting is still valid even in the special cases where the indices are deleted,
explained above. This operation we regard as a “split”, and is “ramification decreasing”.
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Iterating this with all of the two-cycles in the decomposed form of g gives that the
ramifications obey
Tg1 + Tgo 2 T(g192) - (D'G)
Iterating this again with a series of group elements we see that
Tgy T Tgo +Tg3 oo+ 7g, 2 T(g192+gn) * (D-7)

Thus, the group product is at best ramification preserving, but often reduces total ramification.
As an important consequence, if we have a group product gigo - - - g, = €, where € is the

identity element, then the initial product g; - -- g,—1 = g,, . The ramification of g,, and g,

are the same (they are made out of the same size cycles). Therefore, one must have that

Tgr+Tgy+ o +Tg, 1 =Tg, - (D.8)

One may reach the same conclusion by moving any of the r, to the right, finding that
the group product must obey

Z Tgi 2 Tj (D.9)
i#j
for all terms in the product whenever considering a case where g192 - - - g, = e. This must, in

fact, be the case for individual cycles in each of the g; as well, given that we can decompose
each group element into cycles.

E Finding the Wronskian for finite AN > 3

The form of the Wronskian may be used to fix the coefficients A; in (2.35), given the expansion
of the Jacobi polynomials by looking at the first AN + 1 highest powers of ¢, which we now
show. Expanding the right hand side of (2.34) we find

W= Aotn1+n3—1 + (_(nl +TL3 _Nmax - 1)A0+A1)tnl+n3_2

(nl +n3_Nmax_2)(2)
+< 2l

(E.1)

Ao—(m —l-ng—Nmax—l)Al +A2)tn1+n33+. ...

Above we have only shown the first three terms although one can expand to any order. We
can see that the highest powers of ¢ in the polynomials f; and fy fix Ag. With this in hand,
the highest and second highest powers of ¢ in f; and fs fix (—(n1 + n3 — Nmax — 1) Ao + A1),
which given the last step, gives A;. Repeating this process gives the A; in terms of the
coefficients of the AN + 1 largest powers of ¢ appearing in f; and fo. We now turn to
finding these coefficients.

We expand

p—(N+1)7—(n1+n3—N)(1 —2t)

n1
_ ((ni’) —n1+ 1)(n1)tn1 + (ng —mn1 + 2)("1*1)(711 -N- 1)n1t”1—1
nq! n!

N (n3 —ny —+ 3)(”{172)(”1 - N — 2)(2)(n1 — 1)(2) tnl_z + .. ) (EQ)

n1!2!
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and

tN+1P(N+1)7_(n1+n3_N)(1 _ 2t)

’n,ng*l
) (_1)n3—N—1<(N —ny+ 1)<"3*N*1)t”3 (N 1)(n37N72)n3tn3—1 (E.3)
(ns — N 1) (m = N 2] |
L+ (N —n1+ 1)(n37N73)(n3 B 1)(2) tn3_2 + .. )
(n3 — N — 3)!2!

keeping track of the denominator term, interpreting it as being infinite when (ng — N — 1) is
a negative integer, i.e. removing the Jacobi polynomial following the rule (2.23). Plugging
these expressions into fi; and fy we arrive at the expansions

fi=diot" +diat" T b diot™ T L, fa=doot" +dot™ T+ doot™ 24, (E4)
with
Nmax (g —ng +1) Noax (ng —my +2)(n,_1y(n1 — N — 1)y
dio = Z ' (m1) by, di1 = Z (1 1|) by,
ny: ni:
N=Nnin N=DNmnin
N
max  (pe —n1 +3),, _o(ng — N —2 ny—1
S (n3 — 11+ 3)(n, —2)(M1 )(2)(m1 )(2)bN,
Ne=Noin n1!2!
and
Nmax (N - n + 1)
_N— (ns3—N-1)
dao = (—1)ns= N1 by,
N:z]\;min (’I’Lg — N — 1)'
Nmax (N - n _|_ 1) n
_N— (n3—N—-2)"t3
doy=— Y (~1y=N b, (E:5)
N_zjv:min (TL3 — N — 2)'
Nomax (N—n1+1) (ng—1)
_N— (n3—N-3)\"t3 (2)
do = C by .
N_zN:min (n3 — N — 3)'2'
Putting these expansions into the Wronskian, we obtain
Ag = (n3 —n1)dipdap,
A =(n14+n3— Npax — 1) Ao+ (ng —n1 — 1) digdai + (ng —n1 + 1) di1dayp,
— N, -2
AQ:—(n1+n3 51 max )2 Ao—i-(m—l—ng—NmaX—l)Al
+ (ng —n1 —2)diode2+ (n3 —ni1)diader + (3 —n1 +2)diaday. (E.6)

The above Aj agrees with the generic expression (3.9). Extending these to higher order
terms is straightforward and algorithmic. One may also use similar procedures by expanding
near t = 0 or t = 1.

Data Availability Statement. This article has no associated data or the data will not
be deposited.

,57,



Code Availability Statement. This article has no associated code or the code will not

be deposited.

Open Access. This article is distributed under the terms of the Creative Commons Attri-

bution License (CC-BY4.0), which permits any use, distribution and reproduction in any

medium, provided the original author(s) and source are credited.

References

[1]
2]
[3]

[4]

<

[15]

[16]

[17]

L.J. Dixon, J.A. Harvey, C. Vafa and E. Witten, Strings on Orbifolds, Nucl. Phys. B 261 (1985)
678 [INSPIRE].

L.J. Dixon, J.A. Harvey, C. Vafa and E. Witten, Strings on Orbifolds. 2, Nucl. Phys. B 274
(1986) 285 [INSPIRE].

R. Dijkgraaf, C. Vafa, E.P. Verlinde and H.L. Verlinde, The Operator Algebra of Orbifold Models,
Commun. Math. Phys. 123 (1989) 485 [NSPIRE].

C. Vafa, Gas of d-branes and Hagedorn density of BPS states, Nucl. Phys. B 463 (1996) 415
[hep-th/9511088] [INSPIRE].

C. Vafa, Instantons on D-branes, Nucl. Phys. B 463 (1996) 435 [hep-th/9512078] [INSPIRE].

A. Strominger and C. Vafa, Microscopic origin of the Bekenstein-Hawking entropy, Phys. Lett. B
379 (1996) 99 [hep-th/9601029] [INSPIRE].

R. Dijkgraaf, G.W. Moore, E.P. Verlinde and H.L. Verlinde, Elliptic genera of symmetric
products and second quantized strings, Commun. Math. Phys. 185 (1997) 197 [hep-th/9608096]
[INSPIRE].

J.M. Maldacena, The large N limit of superconformal field theories and supergravity, Adv. Theor.
Math. Phys. 2 (1998) 231 [hep-th/9711200] [nSPIRE].

A. Giveon, D. Kutasov and N. Seiberg, Comments on string theory on AdS(3), Adv. Theor.
Math. Phys. 2 (1998) 733 [hep-th/9806194] [INSPIRE].

S. Elitzur, O. Feinerman, A. Giveon and D. Tsabar, String theory on AdSs x 83 x S x S', Phys.
Lett. B 449 (1999) 180 [hep-th/9811245] [INSPIRE].

J. de Boer, Large N elliptic genus and AdS/CFT correspondence, JHEP 05 (1999) 017
[hep-th/9812240] [INSPIRE].

J.M. Maldacena, G.W. Moore and A. Strominger, Counting BPS black holes in toroidal Type II
string theory, hep~-th/9903163 [INSPIRE].

N. Seiberg and E. Witten, The D1/D5 system and singular CFT, JHEP 04 (1999) 017
[hep-th/9903224] [INSPIRE].

J. de Boer, A. Pasquinucci and K. Skenderis, AdS/CFT dualities involving large 2D N = 4
superconformal symmetry, Adv. Theor. Math. Phys. 3 (1999) 577 [hep-th/9904073] [INSPIRE].

F. Larsen and E.J. Martinec, U(1) charges and moduli in the D1 — D5 system, JHEP 06 (1999)
019 [hep-th/9905064] [INSPIRE].

J.R. David, G. Mandal and S.R. Wadia, D1 / D5 moduli in SCFT and gauge theory, and
Hawking radiation, Nucl. Phys. B 564 (2000) 103 [hep-th/9907075] [INSPIRE].

R. Dijkgraaf, J.M. Maldacena, G.W. Moore and E.P. Verlinde, A Black hole Farey tail,
hep-th/0005003 [INSPIRE].

— 58 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0550-3213(85)90593-0
https://doi.org/10.1016/0550-3213(85)90593-0
https://inspirehep.net/literature/17034
https://doi.org/10.1016/0550-3213(86)90287-7
https://doi.org/10.1016/0550-3213(86)90287-7
https://inspirehep.net/literature/227375
https://doi.org/10.1007/BF01238812
https://inspirehep.net/literature/24933
https://doi.org/10.1016/0550-3213(96)00025-9
https://doi.org/10.48550/arXiv.hep-th/9511088
https://inspirehep.net/literature/402214
https://doi.org/10.1016/0550-3213(96)00075-2
https://doi.org/10.48550/arXiv.hep-th/9512078
https://inspirehep.net/literature/403475
https://doi.org/10.1016/0370-2693(96)00345-0
https://doi.org/10.1016/0370-2693(96)00345-0
https://doi.org/10.48550/arXiv.hep-th/9601029
https://inspirehep.net/literature/415163
https://doi.org/10.1007/s002200050087
https://doi.org/10.48550/arXiv.hep-th/9608096
https://inspirehep.net/literature/422138
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.48550/arXiv.hep-th/9711200
https://inspirehep.net/literature/451647
https://doi.org/10.4310/ATMP.1998.v2.n4.a3
https://doi.org/10.4310/ATMP.1998.v2.n4.a3
https://doi.org/10.48550/arXiv.hep-th/9806194
https://inspirehep.net/literature/472215
https://doi.org/10.1016/S0370-2693(99)00101-X
https://doi.org/10.1016/S0370-2693(99)00101-X
https://doi.org/10.48550/arXiv.hep-th/9811245
https://inspirehep.net/literature/480060
https://doi.org/10.1088/1126-6708/1999/05/017
https://doi.org/10.48550/arXiv.hep-th/9812240
https://inspirehep.net/literature/481525
https://doi.org/10.48550/arXiv.hep-th/9903163
https://inspirehep.net/literature/497004
https://doi.org/10.1088/1126-6708/1999/04/017
https://doi.org/10.48550/arXiv.hep-th/9903224
https://inspirehep.net/literature/497378
https://doi.org/10.4310/ATMP.1999.v3.n3.a5
https://doi.org/10.48550/arXiv.hep-th/9904073
https://inspirehep.net/literature/498082
https://doi.org/10.1088/1126-6708/1999/06/019
https://doi.org/10.1088/1126-6708/1999/06/019
https://doi.org/10.48550/arXiv.hep-th/9905064
https://inspirehep.net/literature/499599
https://doi.org/10.1016/S0550-3213(99)00620-3
https://doi.org/10.48550/arXiv.hep-th/9907075
https://inspirehep.net/literature/503526
https://doi.org/10.48550/arXiv.hep-th/0005003
https://inspirehep.net/literature/526744

18
19
20
21
22]
23]
24
25
26
27
28
20
30
31
32
33
34

[35]
[36]

[37]

[38]

[39]

R. Argurio, A. Giveon and A. Shomer, Superstrings on AdS(3) and symmetric products, JHEP
12 (2000) 003 [hep-th/0009242] [iNSPIRE].

S. Gukov, E. Martinec, G.W. Moore and A. Strominger, The Search for a holographic dual to
AdS3 x §3 x §3 x S, Adv. Theor. Math. Phys. 9 (2005) 435 [hep—th/0403090] [NSPIRE].

S.G. Avery, Using the D1D5 CFT to Understand Black Holes, Ph.D. thesis, The Ohio State
University, U.S.A. (2010) [arXiv:1012.0072] [INSPIRE].

O. Aharony et al., Large N field theories, string theory and gravity, Phys. Rept. 323 (2000) 183
[hep-th/9905111] [INSPIRE].

J.R. David, G. Mandal and S.R. Wadia, Microscopic formulation of black holes in string theory,
Phys. Rept. 369 (2002) 549 [hep-th/0203048] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, Higher Spins & Strings, JHEP 11 (2014) 044
[arXiv:1406.6103] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, Stringy Symmetries and the Higher Spin Square, J. Phys. A
48 (2015) 185402 [arXiv:1501.07236] [INSPIRE].

L. Eberhardt, M.R. Gaberdiel and W. Li, A holographic dual for string theory on
AdS3 x 83 x §3 x S, JHEP 08 (2017) 111 [arXiv:1707.02705] [NSPIRE].

S. Datta, L. Eberhardt and M.R. Gaberdiel, Stringy N' = (2,2) holography for AdSs, JHEP 01
(2018) 146 [arXiv:1709.06393] INSPIRE].

G. Giribet et al., Superstrings on AdSs at | = 1, JHEP 08 (2018) 204 [arXiv:1803.04420]
[INSPIRE].

L. Eberhardt and 1.G. Zadeh, N' = (3, 3) holography on AdS3 x (S3 x S3 x SY)/Zy, JHEP 07
(2018) 143 [arXiv:1805.09832] [INSPIRE].

L. Eberhardt, M.R. Gaberdiel and R. Gopakumar, The Worldsheet Dual of the Symmetric
Product CFT, JHEP 04 (2019) 103 [arXiv:1812.01007] [nSPIRE].

L. Eberhardt and M.R. Gaberdiel, String theory on AdSs and the symmetric orbifold of Liouville
theory, Nucl. Phys. B 948 (2019) 114774 [arXiv:1903.00421] [INSPIRE].

L. Eberhardt and M.R. Gaberdiel, Strings on AdSs x $® x §* x §', JHEP 06 (2019) 035
[arXiv:1904.01585] [INSPIRE].

A. Belin, A. Castro, C.A. Keller and B. Mithlmann, The Holographic Landscape of Symmetric
Product Orbifolds, JHEP 01 (2020) 111 [arXiv:1910.05342] [INSPIRE].

L. Eberhardt, M.R. Gaberdiel and R. Gopakumar, Deriving the AdSs/CFTs correspondence,
JHEP 02 (2020) 136 [arXiv:1911.00378] [iNSPIRE].

A. Belin et al., N' = 2 Minimal Models: A Holographic Needle in a Symmetric Orbifold Haystack,
SciPost Phys. 8 (2020) 084 [arXiv:2002.07819] [INSPIRE].

L. Eberhardt, AdS3/CFTs at higher genus, JHEP 05 (2020) 150 [arXiv:2002.11729] [NSPIRE].

L. Eberhardt, Partition functions of the tensionless string, JHEP 03 (2021) 176
[arXiv:2008.07533] [INSPIRE].

M.R. Gaberdiel, R. Gopakumar, B. Knighton and P. Maity, From symmetric product CFTs to
AdSs, JHEP 05 (2021) 073 [arXiv:2011.10038] [INSPIRE].

B. Balthazar, A. Giveon, D. Kutasov and E.J. Martinec, Asymptotically free AdSs/CFTs, JHEP
01 (2022) 008 [arXiv:2109.00065] [INSPIRE].

L. Eberhardt, A perturbative CFT dual for pure NS-NS AdSs strings, J. Phys. A 55 (2022)
064001 [arXiv:2110.07535] INSPIRE].

— 59 —


https://doi.org/10.1088/1126-6708/2000/12/003
https://doi.org/10.1088/1126-6708/2000/12/003
https://doi.org/10.48550/arXiv.hep-th/0009242
https://inspirehep.net/literature/534409
https://doi.org/10.4310/ATMP.2005.v9.n3.a3
https://doi.org/10.48550/arXiv.hep-th/0403090
https://inspirehep.net/literature/645873
https://doi.org/10.48550/arXiv.1012.0072
https://inspirehep.net/literature/878999
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.48550/arXiv.hep-th/9905111
https://inspirehep.net/literature/499969
https://doi.org/10.1016/S0370-1573(02)00271-5
https://doi.org/10.48550/arXiv.hep-th/0203048
https://inspirehep.net/literature/583776
https://doi.org/10.1007/JHEP11(2014)044
https://doi.org/10.48550/arXiv.1406.6103
https://inspirehep.net/literature/1302836
https://doi.org/10.1088/1751-8113/48/18/185402
https://doi.org/10.1088/1751-8113/48/18/185402
https://doi.org/10.48550/arXiv.1501.07236
https://inspirehep.net/literature/1341638
https://doi.org/10.1007/JHEP08(2017)111
https://doi.org/10.48550/arXiv.1707.02705
https://inspirehep.net/literature/1609287
https://doi.org/10.1007/JHEP01(2018)146
https://doi.org/10.1007/JHEP01(2018)146
https://doi.org/10.48550/arXiv.1709.06393
https://inspirehep.net/literature/1624451
https://doi.org/10.1007/JHEP08(2018)204
https://doi.org/10.48550/arXiv.1803.04420
https://inspirehep.net/literature/1662306
https://doi.org/10.1007/JHEP07(2018)143
https://doi.org/10.1007/JHEP07(2018)143
https://doi.org/10.48550/arXiv.1805.09832
https://inspirehep.net/literature/1674947
https://doi.org/10.1007/JHEP04(2019)103
https://doi.org/10.48550/arXiv.1812.01007
https://inspirehep.net/literature/1706786
https://doi.org/10.1016/j.nuclphysb.2019.114774
https://doi.org/10.48550/arXiv.1903.00421
https://inspirehep.net/literature/1722880
https://doi.org/10.1007/JHEP06(2019)035
https://doi.org/10.48550/arXiv.1904.01585
https://inspirehep.net/literature/1727947
https://doi.org/10.1007/JHEP01(2020)111
https://doi.org/10.48550/arXiv.1910.05342
https://inspirehep.net/literature/1758759
https://doi.org/10.1007/JHEP02(2020)136
https://doi.org/10.48550/arXiv.1911.00378
https://inspirehep.net/literature/1762625
https://doi.org/10.21468/SciPostPhys.8.6.084
https://doi.org/10.48550/arXiv.2002.07819
https://inspirehep.net/literature/1781421
https://doi.org/10.1007/JHEP05(2020)150
https://doi.org/10.48550/arXiv.2002.11729
https://inspirehep.net/literature/1782647
https://doi.org/10.1007/JHEP03(2021)176
https://doi.org/10.48550/arXiv.2008.07533
https://inspirehep.net/literature/1812099
https://doi.org/10.1007/JHEP05(2021)073
https://doi.org/10.48550/arXiv.2011.10038
https://inspirehep.net/literature/1831446
https://doi.org/10.1007/JHEP01(2022)008
https://doi.org/10.1007/JHEP01(2022)008
https://doi.org/10.48550/arXiv.2109.00065
https://inspirehep.net/literature/1914775
https://doi.org/10.1088/1751-8121/ac47b2
https://doi.org/10.1088/1751-8121/ac47b2
https://doi.org/10.48550/arXiv.2110.07535
https://inspirehep.net/literature/1944927

[40] M.R. Gaberdiel, B. Guo and S.D. Mathur, Tensionless strings on AdSs orbifolds, JHEP 04
(2024) 057 [arXiv:2312.01348] INSPIRE].

[41] O. Aharony and E.Y. Urbach, Type II string theory on AdS8xS3x T/ and symmetric orbifolds,
Phys. Rev. D 110 (2024) 046028 [arXiv:2406.14605] [INSPIRE].

[42] M.R. Gaberdiel and V. Sriprachyakul, Tensionless strings on AdSzx S*x $3x S', JHEP 05
(2025) 003 [arXiv:2411.16848] [INSPIRE].

[43] S. Chakraborty, A. Giveon and D. Kutasov, Effective AdSs/CFT>, JHEP 03 (2025) 030
[arXiv:2501.09119] [INSPIRE].

[44] L. Eberhardt and M.R. Gaberdiel, A localising AdSs sigma model, SciPost Phys. 19 (2025) 060
[arXiv:2505.09226] [INSPIRE].

[45] L.J. Dixon, D. Friedan, E.J. Martinec and S.H. Shenker, The Conformal Field Theory of
Orbifolds, Nucl. Phys. B 282 (1987) 13 [INnSPIRE].

[46] O. Lunin and S.D. Mathur, Correlation functions for M~ /Sx orbifolds, Commun. Math. Phys.
219 (2001) 399 [hep-th/0006196] [INSPIRE].

[47] A. Dei and L. Eberhardt, Correlators of the symmetric product orbifold, JHEP 01 (2020) 108
[arXiv:1911.08485] [INSPIRE].

[48] G.E. Arutyunov and S.A. Frolov, Virasoro amplitude from the SN R?* orbifold sigma model,
Theor. Math. Phys. 114 (1998) 43 [hep-th/9708129] [INSPIRE].

[49] G.E. Arutyunov and S.A. Frolov, Four graviton scattering amplitude from S™ R® supersymmetric
orbifold sigma model, Nucl. Phys. B 524 (1998) 159 [hep-th/9712061] [INSPIRE].

[50] A. Jevicki, M. Mihailescu and S. Ramgoolam, Gravity from CFT on SN (X): Symmetries and
interactions, Nucl. Phys. B 577 (2000) 47 [hep-th/9907144] INSPIRE].

[51] O. Lunin and S.D. Mathur, Three point functions for MY /Sy orbifolds with N = 4
supersymmetry, Commaun. Math. Phys. 227 (2002) 385 [hep-th/0103169] [InSPIRE].

[52] A. Pakman, L. Rastelli and S.S. Razamat, Diagrams for Symmetric Product Orbifolds, JHEP 10
(2009) 034 [arXiv:0905.3448] [INSPIRE].

[53] A. Pakman, L. Rastelli and S.S. Razamat, Eztremal Correlators and Hurwitz Numbers in
Symmetric Product Orbifolds, Phys. Rev. D 80 (2009) 086009 [arXiv:0905.3451] [InSPIRE].

[54] B.A. Burrington, A.W. Peet and 1.G. Zadeh, Twist-nontwist correlators in M~ /Sy orbifold
CFTs, Phys. Rev. D 87 (2013) 106008 [arXiv:1211.6689] INSPIRE].

[55] B.A. Burrington, I.T. Jardine and A.W. Peet, The OPE of bare twist operators in bosonic Sy
orbifold CFTs at large N, JHEP 08 (2018) 202 [arXiv:1804.01562] [INSPIRE].

[56] K. Roumpedakis, Comments on the Sy orbifold CFT in the large N-limit, JHEP 07 (2018) 038
[arXiv:1804.03207] [INSPIRE].

[57] T. De Beer, B.A. Burrington, I.T. Jardine and A.W. Peet, The large N limit of OPFEs in
symmetric orbifold CFTs with N = (4,4) supersymmetry, JHEP 08 (2019) 015
[arXiv:1904.07816] [INSPIRE].

[58] S. Li and J. Troost, The Topological Symmetric Orbifold, JHEP 10 (2020) 201
[arXiv:2006.09346] [INSPIRE].

[59] B.A. Burrington and A.W. Peet, Fractional conformal descendants and correlators in general 2D
Sn orbifold CFTs at large N, JHEP 02 (2023) 091 [arXiv:2211.04633] [INSPIRE].

— 60 —


https://doi.org/10.1007/JHEP04(2024)057
https://doi.org/10.1007/JHEP04(2024)057
https://doi.org/10.48550/arXiv.2312.01348
https://inspirehep.net/literature/2729884
https://doi.org/10.1103/PhysRevD.110.046028
https://doi.org/10.48550/arXiv.2406.14605
https://inspirehep.net/literature/2801270
https://doi.org/10.1007/JHEP05(2025)003
https://doi.org/10.1007/JHEP05(2025)003
https://doi.org/10.48550/arXiv.2411.16848
https://inspirehep.net/literature/2852195
https://doi.org/10.1007/JHEP03(2025)030
https://doi.org/10.48550/arXiv.2501.09119
https://inspirehep.net/literature/2869658
https://doi.org/10.21468/SciPostPhys.19.2.060
https://doi.org/10.48550/arXiv.2505.09226
https://inspirehep.net/literature/2921220
https://doi.org/10.1016/0550-3213(87)90676-6
https://inspirehep.net/literature/230342
https://doi.org/10.1007/s002200100431
https://doi.org/10.1007/s002200100431
https://doi.org/10.48550/arXiv.hep-th/0006196
https://inspirehep.net/literature/529319
https://doi.org/10.1007/JHEP01(2020)108
https://doi.org/10.48550/arXiv.1911.08485
https://inspirehep.net/literature/1766185
https://doi.org/10.1007/BF02557107
https://doi.org/10.48550/arXiv.hep-th/9708129
https://inspirehep.net/literature/447585
https://doi.org/10.1016/S0550-3213(98)00326-5
https://doi.org/10.48550/arXiv.hep-th/9712061
https://inspirehep.net/literature/451975
https://doi.org/10.1016/S0550-3213(00)00147-4
https://doi.org/10.48550/arXiv.hep-th/9907144
https://inspirehep.net/literature/484996
https://doi.org/10.1007/s002200200638
https://doi.org/10.48550/arXiv.hep-th/0103169
https://inspirehep.net/literature/554351
https://doi.org/10.1088/1126-6708/2009/10/034
https://doi.org/10.1088/1126-6708/2009/10/034
https://doi.org/10.48550/arXiv.0905.3448
https://inspirehep.net/literature/820993
https://doi.org/10.1103/PhysRevD.80.086009
https://doi.org/10.48550/arXiv.0905.3451
https://inspirehep.net/literature/820995
https://doi.org/10.1103/PhysRevD.87.106008
https://doi.org/10.48550/arXiv.1211.6689
https://inspirehep.net/literature/1204623
https://doi.org/10.1007/JHEP08(2018)202
https://doi.org/10.48550/arXiv.1804.01562
https://inspirehep.net/literature/1666034
https://doi.org/10.1007/JHEP07(2018)038
https://doi.org/10.48550/arXiv.1804.03207
https://inspirehep.net/literature/1667050
https://doi.org/10.1007/s13130-019-11019-2
https://doi.org/10.48550/arXiv.1904.07816
https://inspirehep.net/literature/1730082
https://doi.org/10.1007/JHEP10(2020)201
https://doi.org/10.48550/arXiv.2006.09346
https://inspirehep.net/literature/1801475
https://doi.org/10.1007/JHEP02(2023)091
https://doi.org/10.48550/arXiv.2211.04633
https://inspirehep.net/literature/2178481

[60]

[61]

[62]

[63]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[74]

[75]

[76]

[77]

B.A. Burrington and A.W. Peet, Larger twists and higher n-point functions with fractional
conformal descendants in Sy orbifold CFTs at large N, JHEP 02 (2023) 229
[arXiv:2212.03993] [INSPIRE].

A. Alves Lima, G.M. Sotkov and M. Stanishkov, Four-point functions with multi-cycle fields in
symmetric orbifolds and the D1-D5 CFT, JHEP 05 (2022) 106 [arXiv:2202.12424] InSPIRE].

B. Guo and S.D. Hampton, Bootstrapping multi-wound twist effects in symmetric orbifold CFTs,
JHEP 10 (2024) 117 [arXiv:2307.14255] [INSPIRE].

B. Guo and S.D. Hampton, Four-twist effects and monodromy in symmetric orbifold CFTs,
JHEP 02 (2025) 180 [arXiv:2411.01774] [INSPIRE].

B. Guo and S.D. Hampton, Four-twist effects on excitations in symmetric orbifold CFTs,
arXiv:2503.21644 [INSPIRE].

M.R. Gaberdiel and I. Kirsch, Worldsheet correlators in AdSs/CFTy, JHEP 04 (2007) 050
[hep-th/0703001] [INSPIRE].

A. Dabholkar and A. Pakman, Ezact chiral ring of AdS(3) / CFT(2), Adv. Theor. Math. Phys.
13 (2009) 409 [hep-th/0703022] [INSPIRE].

M. Taylor, Matching of correlators in AdSs/CFTs, JHEP 06 (2008) 010 [arXiv:0709.1838]
[NSPIRE].

A. Dei, L. Eberhardt and M.R. Gaberdiel, Three-point functions in AdSs/CF Ty holography,
JHEP 12 (2019) 012 [arXiv:1907.13144] [NSPIRE].

A. Dei, M.R. Gaberdiel, R. Gopakumar and B. Knighton, Free field world-sheet correlators for
AdSs, JHEP 02 (2021) 081 [arXiv:2009.11306] [INSPIRE].

H. Bertle, A. Dei and M.R. Gaberdiel, Stress-energy tensor correlators from the world-sheet,
JHEP 03 (2021) 036 [arXiv:2012.08486] [iNSPIRE].

A. Dei and L. Eberhardt, String correlators on AdSs: three-point functions, JHEP 08 (2021) 025
[arXiv:2105.12130] [INSPIRE].

A. Dei and L. Eberhardt, String correlators on AdSs: four-point functions, JHEP 09 (2021) 209
[arXiv:2107.01481] [INSPIRE].

A. Dei and L. Eberhardt, String correlators on AdSs: Analytic structure and dual CFT, SciPost
Phys. 13 (2022) 053 [arXiv:2203.13264] [INSPIRE].

M.R. Gaberdiel and B. Nairz, BPS correlators for AdSs/CFT,, JHEP 09 (2022) 244
[arXiv:2207.03956] [NSPIRE].

A. Dei, B. Knighton and K. Naderi, Solving AdSs string theory at minimal tension: tree-level
correlators, JHEP 09 (2024) 135 [arXiv:2312.04622] [INSPIRE].

B. Knighton, S. Seet and V. Sriprachyakul, Spectral flow and localisation in AdSs string theory,
JHEP 05 (2024) 113 [arXiv:2312.08429] [NSPIRE].

B. Knighton and V. Sriprachyakul, Unravelling AdSs/CFTs near the boundary, JHEP 01 (2025)
042 [arXiv:2404.07296] [INSPIRE].

Z.-F. Yu and C. Peng, Correlators of long strings on AdS3xS®x T*, JHEP 01 (2025) 017
[arXiv:2408.16712] INSPIRE].

Z.-F. Yu, On the CFT dual of superstring on AdSs, arXiv:2504.20227 [INSPIRE].

L.P. Kadanoff and A.C. Brown, Correlation functions on the critical lines of the Baxter and
Ashkin-Teller models, Annals Phys. 121 (1979) 318 [INSPIRE].

— 61 —


https://doi.org/10.1007/JHEP02(2023)229
https://doi.org/10.48550/arXiv.2212.03993
https://inspirehep.net/literature/2612921
https://doi.org/10.1007/JHEP05(2022)106
https://doi.org/10.48550/arXiv.2202.12424
https://inspirehep.net/literature/2038913
https://doi.org/10.1007/JHEP10(2024)117
https://doi.org/10.48550/arXiv.2307.14255
https://inspirehep.net/literature/2681747
https://doi.org/10.1007/JHEP02(2025)180
https://doi.org/10.48550/arXiv.2411.01774
https://inspirehep.net/literature/2845332
https://doi.org/10.48550/arXiv.2503.21644
https://inspirehep.net/literature/2905035
https://doi.org/10.1088/1126-6708/2007/04/050
https://doi.org/10.48550/arXiv.hep-th/0703001
https://inspirehep.net/literature/745581
https://doi.org/10.4310/ATMP.2009.v13.n2.a2
https://doi.org/10.4310/ATMP.2009.v13.n2.a2
https://doi.org/10.48550/arXiv.hep-th/0703022
https://inspirehep.net/literature/745666
https://doi.org/10.1088/1126-6708/2008/06/010
https://doi.org/10.48550/arXiv.0709.1838
https://inspirehep.net/literature/760597
https://doi.org/10.1007/JHEP12(2019)012
https://doi.org/10.48550/arXiv.1907.13144
https://inspirehep.net/literature/1747261
https://doi.org/10.1007/JHEP02(2021)081
https://doi.org/10.48550/arXiv.2009.11306
https://inspirehep.net/literature/1818856
https://doi.org/10.1007/JHEP03(2021)036
https://doi.org/10.48550/arXiv.2012.08486
https://inspirehep.net/literature/1836708
https://doi.org/10.1007/JHEP08(2021)025
https://doi.org/10.48550/arXiv.2105.12130
https://inspirehep.net/literature/1865629
https://doi.org/10.1007/JHEP09(2021)209
https://doi.org/10.48550/arXiv.2107.01481
https://inspirehep.net/literature/1876828
https://doi.org/10.21468/SciPostPhys.13.3.053
https://doi.org/10.21468/SciPostPhys.13.3.053
https://doi.org/10.48550/arXiv.2203.13264
https://inspirehep.net/literature/2058457
https://doi.org/10.1007/JHEP09(2022)244
https://doi.org/10.48550/arXiv.2207.03956
https://inspirehep.net/literature/2107981
https://doi.org/10.1007/JHEP09(2024)135
https://doi.org/10.48550/arXiv.2312.04622
https://inspirehep.net/literature/2734117
https://doi.org/10.1007/JHEP05(2024)113
https://doi.org/10.48550/arXiv.2312.08429
https://inspirehep.net/literature/2737249
https://doi.org/10.1007/JHEP01(2025)042
https://doi.org/10.1007/JHEP01(2025)042
https://doi.org/10.48550/arXiv.2404.07296
https://inspirehep.net/literature/2776365
https://doi.org/10.1007/JHEP01(2025)017
https://doi.org/10.48550/arXiv.2408.16712
https://inspirehep.net/literature/2822813
https://doi.org/10.48550/arXiv.2504.20227
https://inspirehep.net/literature/2916528
https://doi.org/10.1016/0003-4916(79)90100-3
https://inspirehep.net/literature/134059

[81]

[82]

[83]

[84]

[85]
[86]
[87]
[88]
[89]
[90]

[91]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

L.P. Kadanoft, Multicritical behavior at the kosterlitz-thouless critical point, Annals Phys. 120
(1979) 39.

J.L. Cardy, Continuously Varying Fxponents and the Value of the Central Charge, J. Phys. A 20
(1987) L891 [NnSPIRE].

D. Kutasov, Geometry on the Space of Conformal Field Theories and Contact Terms, Phys. Lett.
B 220 (1989) 153 [INSPIRE].

R. Dijkgraaf, E.P. Verlinde and H.L. Verlinde, On moduli spaces of conformal field theories with
¢ > 1, in the proceedings of the In *Copenhagen 1987, proceedings, perspectives in string theory™
117-137, (1987) [INSPIRE].

C. Behan, Conformal manifolds: ODEs from OPEs, JHEP 03 (2018) 127 [arXiv:1709.03967]
[INSPIRE].

B.A. Burrington and I.G. Zadeh, Conformal perturbation theory for n-point functions: structure
constant deformation, JHEP 06 (2024) 078 [arXiv:2312.13337] [INSPIRE].

A. Belin, C.A. Keller and A. Maloney, String Universality for Permutation Orbifolds, Phys. Rev.
D 91 (2015) 106005 [arXiv:1412.7159] [INSPIRE].

A. Belin, C.A. Keller and A. Maloney, Permutation Orbifolds in the large N Limit,
arXiv:1509.01256 [DOI:10.1007/s00023-016-0529-y] [INSPIRE].

B.A. Burrington, S.D. Mathur, A.W. Peet and 1.G. Zadeh, Analyzing the squeezed state
generated by a twist deformation, Phys. Rev. D 91 (2015) 124072 [arXiv:1410.5790] [INSPIRE].

B.A. Burrington, A.W. Peet and 1.G. Zadeh, Bosonization, cocycles, and the D1-D5 CFT on the
covering surface, Phys. Rev. D 93 (2016) 026004 [arXiv:1509.00022] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, Tensionless string spectra on AdSs, JHEP 05 (2018) 085
[arXiv:1803.04423] [INSPIRE].

T.A. Ishkhanyan, T.A. Shahverdyan and A.M. Ishkhanyan, Ezpansions of the Solutions of the
General Heun Equation Governed by Two-Term Recurrence Relations for Coefficients, Adv. High
Energy Phys. 2018 (2018) 4263678 [arXiv:1403.7863] [INSPIRE].

A. Ronveaux, Heun’s Differential Equations, Oxford University Press (1995)

[DOI :10.1093/0s0/9780198596950.001 . 0001].

M.N. Hounkonnou and A. Ronveaux, On a polynomial transformation of hypergeometric

equations, Heun’s differential equation and exceptional Jacobi polynomials, arXiv:1306.4889
[INSPIRE].

K. Takemura, Heun’s equation, generalized hypergeometric function and exceptional Jacobi
polynomial, J. Phys. A 45 (2012) 085211.

F. W. J. Olver, D. W. Lozier, R. F. Boisvert, and C. W. Clark, The NIST Handbook of
Mathematical Functions, online version https://d1lmf.nist.gov/, Cambridge University Press
(2010).

G. Szego, Orthogonal Polynomials, Colloquium Publications, American Mathematical Society
(1939).

F. Liu and B. Osserman, The irreducibility of certain pure-cycle hurwitz spaces, Am. J. MAth.
130 (2008) 1687 [math/0609118].

L.S. Gradshteyn and I.M. Ryzhik, Table of Integrals, Series, and Products, Gostehizdat (1943)
[INSPIRE].

— 062 —


https://doi.org/10.1016/0003-4916(79)90280-x
https://doi.org/10.1016/0003-4916(79)90280-x
https://doi.org/10.1088/0305-4470/20/13/014
https://doi.org/10.1088/0305-4470/20/13/014
https://inspirehep.net/literature/253253
https://doi.org/10.1016/0370-2693(89)90028-2
https://doi.org/10.1016/0370-2693(89)90028-2
https://inspirehep.net/literature/266499
https://inspirehep.net/literature/257297
https://doi.org/10.1007/JHEP03(2018)127
https://doi.org/10.48550/arXiv.1709.03967
https://inspirehep.net/literature/1623049
https://doi.org/10.1007/JHEP06(2024)078
https://doi.org/10.48550/arXiv.2312.13337
https://inspirehep.net/literature/2739861
https://doi.org/10.1103/PhysRevD.91.106005
https://doi.org/10.1103/PhysRevD.91.106005
https://doi.org/10.48550/arXiv.1412.7159
https://inspirehep.net/literature/1335443
https://doi.org/10.48550/arXiv.1509.01256
https://doi.org/10.1007/s00023-016-0529-y
https://inspirehep.net/literature/1391787
https://doi.org/10.1103/PhysRevD.91.124072
https://doi.org/10.48550/arXiv.1410.5790
https://inspirehep.net/literature/1323164
https://doi.org/10.1103/PhysRevD.93.026004
https://doi.org/10.48550/arXiv.1509.00022
https://inspirehep.net/literature/1391350
https://doi.org/10.1007/JHEP05(2018)085
https://doi.org/10.48550/arXiv.1803.04423
https://inspirehep.net/literature/1662310
https://doi.org/10.1155/2018/4263678
https://doi.org/10.1155/2018/4263678
https://doi.org/10.48550/arXiv.1403.7863
https://inspirehep.net/literature/1682222
https://doi.org/10.1093/oso/9780198596950.001.0001
https://doi.org/10.48550/arXiv.1306.4889
https://inspirehep.net/literature/1239378
https://doi.org/10.1088/1751-8113/45/8/085211
https://dlmf.nist.gov/
https://doi.org/10.1353/ajm.0.0031
https://doi.org/10.1353/ajm.0.0031
https://doi.org/10.48550/arXiv.math/0609118
https://inspirehep.net/literature/2614823

	Introduction and summary
	Brief introduction to sphere covering spaces

	Maps for n-point functions with three long twists
	3-point function maps from Jacobi polynomials
	TEXT-point function maps from sums over Jacobi polynomials
	Generality of the maps

	OPE limits
	OPE limits using b(n) coefficients and small Delta N Wronskians
	Delta N=2 special OPE limits

	Correlation functions
	Discussion
	Collected identities for Jacobi polynomials
	Proofs for specific identities used
	Identities used to adapt maps to t = 1 and t = infty
	Identities used for OPE limits

	OPE limit examples
	OPE limits for approaches to t = 0
	Delta N=2 cloud twist down OPE

	Ramification subadditivity
	Finding the Wronskian for finite Delta N >= 3

