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1 Introduction

In the twenty years since Maldacena first introduced holography [1], there has been sig-
nificant progress made in understanding this duality between gravity and conformal field
theories. One major line of investigation has been to determine what properties a CFT
must possess in order to have a holographic dual. Early results [2] showed that having
an Einstein gravity dual requires a large central charge and constrains the CFT to have
a sparse spectrum of low-lying operators. These conditions are necessary, but it is still
an open question whether they are sufficient. For bulk duals not well approximated by
Einstein gravity, other conditions may be expected. Still, it is an important goal to find
CFTs that satisfy these basic requirements.

One set of CFTs that has been explored for their holographic properties are per-
mutation orbifold CFTs [3-10]. These theories have a built-in way of satisfying the two
restrictions. Having large numbers of copies gives the required large central charge, but at



the cost of a large number of low lying states. The orbifold then restricts states, giving a
more sparse result.

A well studied subset of these orbifold CFTs is symmetric permutation orbifolds. The
conditions these satisfy imply that they are dual to some semiclassical string theory, not
Einstein gravity, as the growth of states in the high energy regime is Hagedorn. The reason
for this growth is that although the action of the orbifold projects out many states for a
copied CF'T, it adds in new states with twisted boundary conditions. These twisted sector
states dominate the density of states of the theory at high energy. Understanding the
twisted sector is important to understanding the general structure of orbifold CFTs.

One specific symmetric orbifold CFT that has been explicitly shown to play a role
in holography, and in microscopic modelling of black hole physics, is the D1D5 CFT at
the orbifold point. At this specific point in moduli space, the CFT is a 1+1 dimensional
symmetric permutation orbifold. For a review of the D1D5 system, see [11]. In order
to recover a dual description that is semiclassical, one has to deform the theory using
an operator from the twisted sector. This gives extra incentive for understanding twist
operators, beyond their dominance at high energy. There has been a large body of work
studying the effects of twist operators on states in this CFT [12-20].

Our work here will take a slightly different approach. In an earlier work [21], we used
the techniques of [22-24] to lift computations of an Sy orbifold CFT to a covering space,
where the boundary conditions associated with twist operators are encoded in the lifting
map. In the lift, operators on the base are lifted to corresponding operators in the cover,
and the computation is dressed with a Liouville term accounting for the conformal anomaly,
which depends on the central charge ¢ of the base CFT (copied N times to construct the
orbifold). In [21] we found that the OPE of operators on the base could be read off from
the covering space OPE, but only in the restricted case that one of the operators was in
the untwisted sector. Taking OPEs by moving twist sector operators seemed to be less
straightforward to analyze, because of two complications: the map to the cover changes,
and this in turn alters the Liouville term. While [21] dealt with the specific D1D5 CFT
near the orbifold point, we expect that the difficulties of moving twist operators to find
their OPEs will persist for all orbifold CFTs. This is because of the change in the map
from the base to the cover and resulting changes to the Liouville term is always present.
For this reason, we start by working with the simplest class of twist operators available:
the bare twists of a bosonic Sy orbifold CFT, the topic of this paper.

The bare twists of an orbifold CFT are the lowest conformal dimension operators in a
given twist sector. The general structure of the correlators of bare twists for bosonic Sy
orbifold CFTs was explored in [22]. First, the bare twists are lifted to operator insertions
of 1 in the covering surface, making the lifted computation trivial, pushing all of the
information about the correlator into the Liouville action which depends on the map to
the cover. Further, in [22], this general structure of n-point functions of bare twists showed
that the large N behavior was universal, depending only on the length of the twists (the
length of the cycles in Sy ), the central charge of the base CFT (c), and the total number
of copies of the CFT (V) appearing in the orbifold. Of course, 1/N corrections would be
non-universal but we will not be considering them in this work.



In fact, this gives some strong clues as to the structure of the OPE at leading order in
large N:

e The OPE between two bare twists should produce a set of operators that, once lifted,
give a nontrivial contribution. Thus, the OPE should contain operators that either
lift to c-number operators or multi-point product operators. Since this second option
is subleading in 1/N, we wish to consider operators that lift to c-number operators.

e These c-number operators should only depend on the same information that the
correlators do: the lengths of twists, the central charge of the base CFT, and the
total number of copies.

e These operators should be available for all Sy orbifold CFTs, such that the universal
nature of the large N behavior of correlators can be reproduced.

These clues seem to be very limiting, and lead us to conjecture that the OPE of twist
operators will consist of only bare twist operators and bare twist operators excited by
fractional modes of the stress energy tensor 7', which we will also refer to as fractional
Virasoro modes. These candidate modes meet our criteria outlined in the last paragraph.
First, they are clearly always available for every Sy orbifold CF'T, since each individual copy
of the CF'T contains a copy of the stress tensor, and the fractional modes are constructed
using these individual copies (this is explained more thoroughly in the next section). Next,
the lift to the covering surface does contain c-number parts to the operator, owing to the
non-tensorial transformation of the stress tensor under conformal maps, i.e., the Schwarzian
derivative term. Further, this Schwarzian derivative term will only have information about
the central charge, and the map, which only contains information about the size of the
cycles. Hence, these modes are natural candidates to build the OPE of two bare twists to
leading order in N.

To provide evidence for this conjecture, we will examine a four point function of bare
twist operators and work out the expansion of this correlator in the coincidence limit.
With this information, we will show how the twist operators and their excitations can fully
account for the exchange channels in the four point function for a number of powers of the
expansion. Further, continuing this logic, the OPE between any two of these operators
should also only depend on the three criteria above, for consistency. Hence, we expect
that the bare twists excited by fractional modes of the stress tensor form a universal set
of operators, available in any bosonic Sy orbifold CFT, that are closed under the operator
algebra at large V.

The layout of the paper is as follows. In section 2, we will give a short review of sym-
metric orbifold CFTs and twist operators. We will also review the large N power counting.
We will argue that the genus zero contribution, which is universal and therefore subject to
our conjecture, is the leading large N contribution and that non-universal contributions are
therefore suppressed. We will then discuss how we can use the lifting technique of [22, 23]
to generalize the Virasoro algebra to fractional modes. We will use this algebra to study
operators created using fractional Virasoro modes, showing that we can create an infinite
number of new primaries. In section 3, we will review the computation of the four point



function (o, 09020,) of two length-2 twists with two length-n twists, and show how we can
find the coincidence limit order by order. In section 4, we will reconstruct the coefficients
of this limit by using operators created via fractional Virasoro modes and the bare twist
operator. We will finish with a discussion in section 5.

Note added. Shortly after submission of this preprint, we noticed [25], which has overlap
with our work.

2 Fractional modes of the stress energy tensor

2.1 Symmetric orbifold CFT and the twisted sector

Our focus for this paper will be on general symmetric orbifold CFTs, denoted by MY /Sy.
Here M stands for the seed CFT of which there are N copies. If this seed CF'T has a field
¢, then we will denote the ¢ field of the ith copy of the seed CFT as ¢(;) where i can run
from 1 to N. This implies that the central charge of the orbifold theory is

Ctot = C N, (2'1)

where c is the central charge of the seed CFT. We will take N to be large throughout.
Operators in this orbifold CFT are created using these N copies, but the final result
must be Sy invariant. Consider first the untwisted sector. Here an operator is given
by simple sums and products over the copies to give an Sy invariant result. The more
interesting sector is the twisted sector. The states on the cylinder of the twisted sector obey
boundary conditions such that fields are periodic up to the action of the orbifold symmetry,
in our case Sy. The operators that are dual to these states are the twist operators, and
the twist operator of lowest conformal weight in a given twist sector is called the bare
twist. Further, since the group Sy is constructed using products of cycles, understanding
the operators associated with cycles is sufficient to understand the Sy orbifold. As an
example, consider an operator 0(1._.71)(0) which implements the boundary condition

¢(1) — ¢(2) — ... (b(n) s (2.2)

as we go around z — ze?™. This means we can identify a bare twist operator associated
with a cycle simply by its length. In our example we say that it is a twist n operator and
we will often shorten the notation to ¢,,. The conformal weight of the bare twist depends
on its length n through the formula

hzi(n—i) . (2.3)

However, the example operator on its own is not Sy invariant, as it picks out the first n
copies. A fully Sy twist operator is given by a normalized sum over the full orbit of a
particular representative permutation. The Sy invariant combination is given by [22, 23]

(2.4)

1 1
o) = > et = m—— Y on
NIn(N —n)! & (M (n =1 hecCry. .

n



where g are the group elements of Sy, and in the second sum we have summed over
distinct elements in the conjugacy class of (12...n). The two normalization factors in front
of the two sums differ exactly by the order of the stabilizer subgroup of (12...n) under
conjugation. We find the second form more conducive to keeping track of combinatoric
factors in what follows.

We can consider excitations of the bare twist to fill out the twisted sector. These twist
operators give access to fractionally moded excitations, which are not accessible in the
untwisted sector, and generally these will depend on the details of the seed CFT. These
are written in the form

n

dz —2mim(k—1)/n ,h—m/n—
¢-m/"—7é 5 D by ()e 2Dt (2.5)
k=1

where h is the weight of the field ¢. We can see that these fractional modes only make

27 will give a phase from the

sense in the presence of a twisted operator. Taking z — ze
fractional power of z which can only be canceled by permuting the copies inside of the sum.
These fractional modes are key in symmetric orbifolds with supersymmetry, as fractionally
moded R-symmetry currents are used to build up the chiral primaries of the twisted sector.

What will interest us in this paper are the fractional modes of the Virasoro operator

dz = —2mim(k—1)/n _,1—-m/n
L_m/n:j[ 3" Ty (2) e~ 2mimE=1)/n y1=m/n. (2.6)

21
k=1

Here we have used a slightly loose notation: the copies of the stress tensor involved are
only those parallel to the cycle (the first n indices, in the formula above). When dealing
with the full stress tensor of the theory, all copies would need to be included. However,
from context, the meaning of such expressions will be clear.

These particular operators above are available for any seed CFT chosen, and so the
fractional modes (2.6) will be universal to any symmetric orbifold CFT. We expect that
the only operators present in bare twist OPEs to leading order in N are bare twists and
excitations by these fractional modes. We will provide evidence for this conjecture by
exploring the o, x 0o OPE. Continuing this line of reasoning, we further conjecture that the
Sn orbifold contains a universal subsector, spanned by the bare twists and their fractional
Virasoro descendants, and that these operators have a closed algebra at leading order in
large N.

To check this, we will need some way to compute OPEs and correlation functions with
twisted boundary conditions. The main method we will use to examine these fractionally
moded Virasoro modes will be the Lunin-Mathur technique [22, 23]. The main idea of the
technique is to lift twisted operators from the base space to a covering space where the
twisted boundary conditions are encoded in ramified points in the map. This lift is done
using some map between the base, denoted by the z coordinate, and the cover, denoted by
the t coordinate. This map has ramified points ¢; which implement the boundary condition
for a twist operator of length n; inserted at z;, and takes the form

z—zi=(t—t:)" (co+er(t —ti) +ealt —t;)° +---) . (2.7)



The genus of the covering surface is then given by using the Riemann-Hurwitz formula
! > +1 (2.8)
= ri—$ .
g 9 2 i )
7

where r; = n; — 1 are the ramifications for each of the twist operators in the correlator
and s is the total number of distinct copies (sheets) involved in the correlator. The bare
twists are then represented by insertions of the identity on the cover. Their contribution to
correlation functions are given by the exponential of the action of the Liouville field that
keeps track of Weyl anomaly due to the non-zero (and large) central charge.

On the cover, the bare twists are identities, so whatever operator appears in their OPE
must also have some piece proportional to the identity, or lift to multi-point functions which
we argue are subdominant at large N (see next subsection). When lifted to the cover, the
stress energy tensor does not transform as a full primary. The extra piece, the Schwarzian
of the lifting map, is proportional to the identity, and will give the contribution of the
stress energy tensor to the correlator. The Schwarzian term depends only on ¢ and the
map itself, which is fixed fully by the ramifications given by the twist insertions. So we
can see that, when viewing the OPE from the cover, the fact that the fractional Virasoro
modes contribute should be obvious. That they are the only contributions at large N is
the core of our conjecture, which is not immediately obvious.

In the next subsection, we will argue how this universal piece (the spherical, genus
zero piece) is indeed the leading contribution at large N. This is central to our conjecture
that only these fractional Virasoro excitations of bare twists show up in the OPE of bare
twists at large N.

2.2 Large N counting

There have been a number of different works that have considered the large N limit of Sy
orbifold theories. For a systematic and rigorous review of the counting, see [26]. We will
give an intuitive overview in order to show that the genus zero contribution is leading at
large N. To begin, let us study a detailed example of a four point function that we will be
considering in our current work:

Fi = (00910021912)972)) » (2.9)

where o7, is the Sy invariant twist operator. We will now use the second equality in (2.4),
such that each member of the conjugacy class shows up only once. At large N, the nor-
malization of the Sy invariant operator scales like

((g) (2 — 1)!) o ~ N1 (2.10)

So we can can use this to examine the above four point function at large N,

1
Far N4 Z <U(i1j1)U(izjz)a(isjs)a(i4j4)> . (2.11)

1,J1,02,J2,13,J3,04,J4,8m > Jm



At this point, we must figure out what combinations above give non-zero answers.
These are constrained by the group theory, as well as the total number of indices available.
We can group terms by the number of distinct copy indices that participate in the correlator,
which we call s. The case s = 1 is not possible, as the twists have length two. When we
choose s = 2, we will get a calculation in the family

<U(12)U(12)0(12)0(12)> . (2.12)
There are (g ) ~ N? such terms. The genus of the covering surface is given by the Riemann-
Hurwitz formula (2.8), giving ¢ = 1. So the genus one surface has an overall factor of
Foq ~ N—4N? = N=2 at large N.

We can immediately see that the combinatorial factor in the numerator gets much
larger if we allow the number of distinct indices to increase. If we choose s = 3, we find
that the overall combinatoric factor becomes (]g ) x O(1) ~ N3. This case corresponds to
the family

<U(12)0(23)0(23)U(12)> . (2.13)
This family has genus zero and it has an overall factor of N~!, enhanced by a single factor
of N as compared to the genus one case.
We may continue this process one more step. If we insist on s = 4, we find only the
family of terms
(0(12)0(12)0(34)0(34)) = (0(12)0(12)) {0 (34)0 (34)) - (2.14)
This disconnection of the four point function is mimicked in the genus of the covering
surface. The Riemann-Hurwitz formula (2.8) gives ¢ = —1, which we interpret through the
relation to the Euler character y = 2 — 2¢ to mean that the surface is two disconnected
spheres. This genus g = —1 contribution has an overall factor of N, as the product of
two-point functions should have. While this is the dominant piece over the genus zero
contribution, it is disconnected and contains no information about non-identity operators
in the OPE. Thus we arrive at the fact that at large N, the genus zero contribution is
the dominant non-trivial contribution to the four point function as we alluded to in the
introduction. We cannot have s > 4, as this is ruled out by group theory.
This simple example is easily extended. Essentially any four point function will have
a product of normalization terms in front, giving an overall power of N ~3Xn, The
copy indices may be grouped into terms where there are s distinct indices, where the
combinatoric factor involved is (JZ ) ~ N¥. Putting this together, we find these groups will
have coefficients scaling like N s=3Xmi = N=9-1, By group theory, we need s < %an
and so the smallest genus we could have is ¢ = —1: the disconnected diagram. As this
does not have information on the non-trivial OPE, we focus on the g = 0 case, which is
the next dominant term with the coefficient N=!. So we arrive at the conclusion that the
sphere diagram for four point functions contains the information about dominant three
point functions and OPE coefficients at large N.
Next, let us look at the counting of three point functions, to match onto our results
for the four point function. Consider the three point function

]:3 = <0‘[2]O'[2]O> . (215)



The third operator, O, above may be a twist 3 or an untwisted operator. We break into
these cases. First, if O is the bare twist 3, we can compute the large N behavior of the
above correlator. Again, the normalization for a bare twist k is proportional to the square
root of the number of distinct k£ cycles. The normalization constants result in

1

F3 twist3 ~ N2 Z <0(i1j1)0(i2j2)0(i3j3k3)> . (2.16)
11,J1,02,72,13,73,k3

We must count how many distinct terms there are. In this case s = 3 is the only case, and

so we get a combinatoric (g] ) ~ N3, resulting in the overall coefficient being

1

]:3,twist3 ~ N1/2

(0(12)0(23)0(321)) - (2.17)

The coefficient of the crossing channel in the four point function is proportional to the
square of the three point coefficient, which we can see matches the leading contribution we
had above. We can extend this to more general cases as we did for the four point function

and find that the leading contribution at large N to the three-point function is N—1/2

, as
it should be, to match the leading order four-point function.

Let us also consider the three point function between o0 and an untwisted operator,
as the counting here differs slightly from the pure twist operators. What follows can be
generalized to larger twists, but we will focus on this simple case to illustrate. The most
non-trivial operator one could imagine is a single primary, but when lifted to the cover this
will give a one point function, which vanishes. We next consider an example case where
the third operator is of the form O;0;, an outer product of two identical bosonic seed
operators from two copies. This can be broken into distinct cases, when the indices i, j are
the same, and when they are distinct.

We first consider the case where i, j are distinct. In such a case, the operators will lift
to distinct points on the covering surface, resulting in a two point function on the cover.
This will give a nonzero answer, but we will argue that this is suppressed compared to the
leading order. The full twist invariant operator is given by

1
Oy = G > 005, (2.18)

2 0,5,i<j

where we have assumed that the operators are bosonic and so the 4, j indices are symmetric.
The normalization scales like Gp, ~ N, as we are summing over two indices. Thus, the
overall power of N is given by

1

J:S,untwist ~ m Z <J(11j1)0(12j2)(9l30]3> ) (219)
11,J1,12,72,13,J3

and again, we must count nonzero parts. Here we have no choice but to insist that i1, j;

be the same pair of indices as 19, jo to untwist the boundary conditions. This implies that

73 and j3 must also be the same, in order to avoid being lifted to a one point function

on the cover, and leave one point function(s) in the untwisted directions. Hence i3 and



j3 do mot contribute extra combinatoric factors involving N in the numerator. So we
combine the combinatorics from the indices on the first twist, (g ) ~ N2, together with the
normalization to find F3 untwist ~ IV —1 which is subdominant to the three point function
discussed above. So we do not need to consider these operators here.

The other case, where the two operators come from the same copy will in general need
to be regulated, as these are able to give a non-trivial contribution on the cover. Pressing
on, we may consider the large N behavior of this operator as well. It will be of the form

A 1

where the normalization comes from the fact we are summing over one index. The large N
combinatorics are the same as for the distinct case. This change gives the large N scaling
of F3 untwist ~ IV -1/ 2 which is leading order and universal. This is then subject to our
conjecture. The form of the operator on the cover can only depend on coarse information:
the length of the twists, and the total number of copies in the orbifold N [22]. The only
untwisted operator that has these general features is the stress tensor, derivatives of the
stress tensor, and powers of the stress tensor itself, which we would expect to be present.
We will address this directly in sections 3.3 and 4.6.

In fact, the above argument can be extended quite generally for general twist sectors.
Consider three twists such that the group product is the identity

(09109:0s) where g1g293 = 1. (2.21)

This is true for any non-zero correlator (after expanding out the conjugacy class group
orbits), including excited twists. There may be excitations on top of these. Let us consider
for example exciting the third operator o,,. We have a choice: we can either excite the
twist along directions parallel to the indices in g3, or orthogonal to them.

In the case that the excitations are orthogonal to the twist directions, this will increase
the normalization constant by v/N for every perpendicular direction index used. However,
in the numerator of the correlator, these perpendicular excitations must agree with the
indices in g1 and g9, or otherwise they will lead to a one point function on the cover, and
one point function(s) in the untwisted directions. Thus, the denominator has grown by an
N-dependent factor, while the numerator has stayed the same, and so such perpendicularly
excited operators will have three point functions that are subleading in the large N ex-
pansion. This is similar to the discussion above where we were dealing with the untwisted
sector but operators with two distinct copy indices: parallel to the twist direction means
only exciting along one copy direction at a time for the untwisted sector.

We could further expand this to correlators of operators where multiple operators are
excited in perpendicular directions. For example if o4, and o4, are excited in a single
direction perpendicular to both, the denominator will scale like 1/v/N o1 /N times what
it was before. The numerator, to compensate for this, must have these perpendicular
directions agree with one another, and sum over directions perpendicular to the group
elements. This is a disconnected three point function, essentially a three point function
of the (04,04,04,) form times a two point function (O;0;). Such operators, while present,



will not be generated in the OPE of two bare twists at leading order in IV, since the non
zero answer argued for here depended on both oy, and o4, to be excited simultaneously.

In the case that we excite along the twisted directions, we find that the normalization
does not pick up any new factors of IV, and neither does the numerator. Hence, these type
of excitations are of the same order in N as the base correlator (o4,04,04,). When lifting
to the covering surface, these parallel excitations must all lift to the ramified point, i.e.,
they lift to one point on the cover. In the case that two operators are bare twists, these
one point functions should have a c-number part to lead to non-zero correlators and are
therefore constrained by the universality of genus zero.

Let us do a quick recap. Four-point functions in orbifold CFTs may have the combi-
natoric factors in the numerator enhanced by allowing the copy indices to range over more
values. This decreases the genus of the covering surface, until we reach a point where g = 0.
Negative genus contributions are disconnected and so carry no information about crossing
channels, and so the g = 0 surface (the sphere) contains the leading order information
about the three point functions that can appear in crossing channels. Since the partition
function of the CFT on the sphere does not contain detailed information about the CF'T,
this leads us to suspect that the crossing channels contained in the four point function, i.e.,
the three point functions and OPE coeflicients, are universal at large N for bare twist op-
erators. Higher genus surfaces, which are sensitive to the details of the CFT, are then 1/N
suppressed. As we have already mentioned, the fractional Virasoro excitations of the twist
(or the stress energy tensor in the case of the untwisted sector) seem to fit the universal

behaviour of the genus zero contribution, and so we now turn to examining these modes.

2.3 Fractional Virasoro algebra

We will start by showing how to extend the usual commutation relation for Virasoro modes
to fractional modes. We lift the following combination of Virasoro modes acting on a general
twisted operator to the covering space,

[ Lo/ Ly ] l0') =

Firh s () (52)
<T(t1) 1 {Z(tl)’tl}) (T(tQ) B % {z(tz),tz}) 0% (2.22)

where we have denoted the twist operator on the cover as O’%. The contour integral of
t; around to just picks out the simple pole as t; approaches to. Note that since to is a
non-ramified point, the Schwarzian remains finite, as does the term z(t1)*/ "+ (dz/dt,) =",
and so the only singularities come from T'— 7" OPEs on the cover. Thus,

Lk/nva’/n] |U > (223)

dtQ 11 k/n+1 K /n+1 dz % -1 C 2T(t2) 8T(t2) ’
fQﬂ'Z él =ty ZTFZZ( ) ( ) dtl dty Qt%z + t%z + t12 It

where we have dropped the finite terms because they do not contribute to the contour

integral of ¢; near ts.

,10,



We can evaluate the t; integral using our usual residue integral identities, to find

[Lk/TuLk’/n] |J/> (224)

dty ., k/mr( 92 bt (427 a A
j{%iz(w) dts aT(tQ) (t2) dts +2T(t2)dt2 2(t2) dty
¢l d k/n+1 [ 4% /

The integrand may be freely integrated by parts, since the contour is closed, and this allows
us to combine the first two terms involving T'. This gives

[Lk/n’Lk;’/n] |0',> — (225)

dty (dz\"" e (k— k) c W man @ e (d2\ N
fo (%) G@gn EBr(e) + st G (s () 7)) o

The first term almost looks like a fractional mode of the stress tensor on the cover, although
it is missing the Schwarzian. We introduce this by adding and subtracting it, writing

[ Lt/ L ] o) — (2.26)

211 dtQ

3 -1 /
< k' /n+1 d k/n+1 dz (k —k ) (k+k")/n+1 /
+12 <Z(t2) dt% <Z(t2) (dtg + 771 Z(tz) {Z(tz),tz} UT .

All terms above are manifestly antisymmetric under the interchange of k <+ &’ except the
triple derivative term in the second line. We may remedy this by realizing that we may
integrate by parts. Once integrated by parts, this term gives

s £ (oI B a0 .
271 12 2n3 dty )’ '

and so is a total derivative and gives zero unless k + k&’ = 0.
In the case k + k' = 0, we see that this simplifies to

;lerZ 1c2 ((k)Q - 1) Sz(@)—l (j;) . (2.28)

For a map of the form in equation (2.7), the simple pole is given by n/t, and so

() ) (B)-5(0) )5 e

Thus, in total, we find that

— K ket k! 2\ c
[Lie/ns Ly ] l0") %%dtQ <(k i )Z(t2)T+l (22) (T(t2) 1 {Z(t2)7t2}) U%)

211 n

Foeno S (F AL (2.30)
k+k’,012 n nUT- .
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The first term is just a fractional mode of the stress tensor on the cover, and so we may

interpret the above expression on the base space as

k—k cn k2 k
[Lk/nva’/n] o) = ( " Ljtrry/n + Okta 0 1 ((n> — 1> n) o). (2.31)

Thus, the algebra of fractional modes of the stress tensor is

k—k cn k2 k
[Lk/n; Lk//n] = " L(k+k’)/n + 5k+k’,0 B <<n> — 1) o (2.32)

which is just the Virasoro algebra, generalizing the subscripts to be fractions (note that
the central term refers to n x ¢, i.e., only to the copies parallel to the cycle, as mentioned
before). This algebra is independent of the details of the map, which is not a priori
obvious for the fractional modes. This identity will prove useful in the upcoming subsection
for computing the norm of states and determining whether operators created with these

fractionally moded Virasoro operators are primary.

2.4 Primary and non-primary fractional Virasoro operators

In this subsection, we will characterize operators of the form L_g/,0, with k > 0. We
can, of course, create operators with multiple products of the fractional modes, but we will
focus on single excitations for simplicity. Obviously if k£ o n, then this is not a fractional
mode excitation but a descendant of the bare twist o, (ignoring the copies perpendicular
to the cycle). When this is not the case, we will show that operators with fractional modes
are primary operators or have some primary component to them.

First, we can consider the lowest lying excitation

L 100 (2.33)

We can show by lifting this to the cover that this operator is actually zero for all n. Consider
the lifting with a general map like in equation (2.7), which gives

Aty (N7 (e _ ©
L rjuon— § 5= < dt) (T(t) 12{z,t}> (2.34)

:%dt (co+ c1t +---)1=1/n <T(t) c(l—nQ_cl(n2—1)+.._>). (2.35)

2mi (con + c1(n + 1)t +--) 12\ 22 neot

It is immediately obvious that the first term vanishes, but the Schwarzian does have some
non-trivial singularities that could contribute. Looking more closely yields

(n? —1)c 1 ical/n
| 59 y + (2.36)

ncy n
(n? —1)c <(n - l)c(l)fl/ncl - C(l)fl/ncl (n+1) n clcél/n>

(co+ cit 4 )11/
(con+ci(n+1)t+---)

2.
12 con? n2c3 (2.37)

=0. (2.38)
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This is an interesting result, as it is not obvious from the base space why this operator is
zero. This result comes directly from considering the ramification around z = 0 and lifting.
In some ways, this may be a more algebraic way of defining what we mean by the bare
twist operator: it is the operator such that L_;/,|0n) = 0 and L,y |0%) = 0 for a > 0.
We can double check this using the fractional Virasoro algebra we found in equa-
tion (2.32) to work out the normalization of the state. For k& > 0, our state L_j 0, has
the norm given by
ck(k?* — 1)

o (2.39)

<L—k/n0n‘L—k/nan> =

We can see that if we plug in £ = 1, we get zero which shows it is indeed a null state.
However, this is clearly non-zero for £ > 1, so we may have some interesting states to
examine.

If we want to show that L_j /05, is a conformal primary, then we must show that
LoL_yynlon) vanishes for all a > 0 (with a integer). With the fractionally moded algebra,
this is straightforward

k
oL kgl = anjos E-syallon) = (&) Lucson) (2.40)

This will vanish if a — k/n > —1/n, as any positive mode will cause the primary o,, to
vanish and we have shown that L_,/, o, vanishes as well. So then we have the condition
k < an + 1. If this is true for all a, then the strongest bound is then when a = 1, of
k<n-+1.

Even though the operators with £ > n 4 1 are not primaries, they can be combined
with descendants to make new primaries. Consider the operator L_(,9)/,0n. We can
determine if it is quasi-primary by the action of Ly ,

2n + 2 2n + 2
L—2/n On =

LIL—(n+2)/n op = L—(n+2)/nL1 on + L—Z/n On , (241)

n
which is not zero. So L_(, 2y, 0n is N0t a quasi-primary operator by itself, but we can
consider taking a linear combination with L_1L_g/,0,. This is equivalent to doing a
projection procedure discussed in appendix A of [21]. This will give the quasi-primary part
of the operator above,

1
L—(n+2)/n Onp — oh — 2L_1L1L_(n+2)/n On (242)
24(n+1)
= Letunymon = o Ty g btb-am o

This operator is in fact primary, since Lo acting on it is automatically zero (the bare twist
is the lowest weight operator in its twist class). We can generalize this procedure to any
k > n+ 1, giving an infinite number of primary operators using these fractionally moded
Virasoro modes. In the next section, we will show how the primary fractionally moded
Virasoro operators can fully account for the exchanges in a four point function.
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3 Coincidence limit for bare twists

3.1 Four point function from Lunin-Mathur

In order to test our conjecture, we will consider the coincidence limit of the normalized

four point function
(0n(0,0)02(1, 1) oy (w, w)om (00, 50))

(02(0,0)02(1, 1)) {0 (0, 0)on (00, 50)) -
This is will tell us about the o9 x o, OPE, not a general o, X o, OPE, but we expect

(3.1)

the general form of the OPE to be the same. The details of the computation are given
in [22, 27, 28], but we will review some of the important aspects here.

First, we should analyze the overlap of the indices in the oy X 0, OPE. There are three
options: zero, one or two overlaps, which corresponds to the disconnected, genus zero, and
genus one contributions. As we showed in subsection 2.2, the fully Sy invariant correlator
will involve all three contributions, but at large N we can focus on the genus zero piece
to extract the universal operators that show up for all Sy orbifold CFTs. We then expect
that 1/N corrections will be non-universal, but we will not consider those in this work.

The idea of the Lunin-Mathur method is to lift this correlator onto the cover where
the twist operators are ramified into identity operators. The fact that we have a non-zero
central charge means that the contribution of the twist fields will be accounted for by a
Liouville term. The various regulators that are introduced for this computation will then
give non-zero contributions. A properly normalized four point function will remove the
regulators, leaving the desired result. To do this, we need to first have a map with the
correct ramification around each of the twist insertions. In this case, one choice is the map

t—a

=Ct" . 3.2
z g (3:2)
The ramifications of z = 0 and z = oo are clear, the other two points are at
1
tr=—|(n—1Da+n+1++(a—1)((n—1)2a— (n+1)2)| . (3.3)

2n

These need to correspond to our two points on the base, z = 1 and z = w. By choosing
z(t4) =1, we get a constraint on the undetermined coefficient

ot —1
cC=t" 3.4
e (3.4)
then we will also have z(t_) = w.
The result of the procedure is
(01(0,0)02(1, 1)o2(w, w)o, (00, 50)) (3.5)

(9200,0)72(L, 1) {04 (0, 0)7 (00, %))
= 1017 ]a] 7= 71— o F|(n — 1)%a — (n+ 17 "Fnm 2,

which is a generalization of the result in equation (7.23) of [22]. The authors had worked
with ¢ = 1, whereas we have kept it general. With this in hand, we can now show how to
extract the information of the OPE from the four point function.
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3.2 Taking the coincidence limit: ¢, exchange

With the four point function, we can exploit the coincidence limit to constrain the operators
that occur in the OPE of o9(w, w)o,,(0,0). This is done by taking the (w,w) — (0,0) limit
of the four point function.

Consider the (carefully normalized) OPE of the two twist operators,

o2(w, w)on(0,0) _ —2hy—2hn, by, O (0,0)
oa0.0)a(L, 1) P {n(0,0)n (D7 — 2 o Cons i f o0
(3.6)
Here Oy are the primaries and descendant fields that show up in the expansion, and Cjji
are the corresponding structure constants. We have also exploited the fact that h, = h,
for the twist operators. Plugging this into the four point function, we can see that

(01(0,0)02(1, 1) o2 (w, w)oy, (00, 30))
(62(0,0)02(1,1))(0,(0,0)0, (00, x0))
- Z |w‘—2h2—2hnwhk@ﬁk Conk <Ok(07 0)02(17 l)an(oo, O_O)><071<07 O)Un(lv 1)>1/2
- " {(02(0,0)02(1, 1))1/2(O|Ok) /2 (0.0(0, 0) 0, (00, 50))

=" | e hnghegghe €3 (3.8)
k

(3.7)

Therefore, the three point function has the proper normalization to return the structure
constant. Since we have the full expression for the four point function in equation (3.5),
we can expand this in powers of w and obtain the data on the spectrum of (hg, hi,, Cong).

Taking the expansion of the four point function around w = 0 is subtle as w is a

complicated function of a,
we <n+1+ (n—1a—/(a=D((n—1a—(nt 1>2>)” (3.9)
n+1+(n—1a+/(a—1)((n—1)% — (n+1)?)
n+1l—(mn-1a—+/(a—1)((n—-1)2%a—(n+1)2)
n+1—(n-1a++/(a—1)((n—1)2a— (n+1)2)’

which is in general not invertible. Instead, we can invert this expression order by order and

use this expansion to expand the original four point function in powers of w. This will not
give us information about all of the operators that are exchanged at arbitrary order, but
we can still see some of the lowest lying exchanged operators. So we expand w in terms of
a, finding

n2n et N 2n2n+1 2 n2n+1(3n2 +3n+ 1) s

T (n+ 1)2n+2a (n+ 1)2n+3a (n+ 1)2n+5
2n2" (14 5n + 12n% + 12n® + 6n*) .,
3(n 4 1)+7 ¢

(3.10)

+ O(a™ ).

We can invert this expansion to find a in terms of w,
2 _2n 1 2 1-3n 2 1-5n 2 2 3
a=(n+1)n" mTwntl —2(n+ 1)*n 1wt —nn+t (n 4+ 1)7(1 — 5n 4+ n”)wnr+t

2, 1=Tn 2 3 4y, S
—2(n+1)n» 1 (1 —10n + 24n* — 10n° + n*)wn+1 /3 4+ O(wn+1) . (3.11)
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We can then plug this expression into equation (3.5) to find the expansion

) X cn2 n— c n2 n c(2n“+n
<<Un<(§’oo>)02<(11’11>)>?2(u<}’ u(}));n (<OO’ OO)>>> = o]~ 28 D (4 1) "R
02(U,VU)o2( L, on(0,0)0, (00, 00

2—-2n  _2 2 £=an  _ o
X <1 + §n2n+21 Wt gc(n — 1)2n2n+41 WA > X c.c., (3.12)

where we have suppressed the complex conjugate of the brackets that come from the
antiholomorphic sector. The leading term of this was already found and examined in [22].
This expression has a useful form. The power of the leading w term is

1 1) _ c(n?+n-2) (3.13)

c 1
hpnt1 —ho — hy = — 1———-24-—n—— -
wl e o 24(7“r nrl 2" Th 48n(n +1)
and the corresponding weight for the antiholomorphic sector. Then the powers in the
brackets indicate operators that have weight

k
Bt + ——— . (3.14)
n

These powers represents the fractional excitations of the bare twist o,11. We can also
study a second coincidence limit, where we will get fractional excitations of o,,_1.

3.3 A second coincidence limit: 0,_; exchange

Here we consider a different coincidence limit of the four point function. As pointed out
in [23], it is possible to take the coincidence limit in multiple ways on the cover such that
the operators in the base space approach each other in the same way. These different limits
correspond to the o9 X 0,, = 0,41 fusion, and the o9 X 0, — 0,1 fusion. Above, we have
been considering the appropriate limit for the 0,1 produced by the fusion, so we expect
a second limit where the fusion to the ¢,,_1 is produced. This is given by the limit where
a — oo and

lim \/(a —1)((n—1)2a—(n+1)2)=(n—1a+--- (3.15)

a—r 00

which defines the branch of the square root. We still set w = z(¢_) as in (3.4), (3.9), and so
evaluating the expansion of w(t4,t_) as a — oo is our first task. Using similar techniques
to the last subsection, we find

W= b no o4 1 s n(2n* — T3 + 1202 — 7n)b7
B (n —1)2 2(n —1)2 6(n —1)6
~ (6n° —29n° + 82n' —102n° + 82n° — 102n° + 82n° — 290 + 6)nb9 (3.16)
24(n —1)8 '
where
D
b=—, W= v . (3.17)

()" (17
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Inverting the series gives

bW " W3+n(n2+4n+1)W5+n(2n4+17n3+36n2+17n+2)

(n—1)2 2(n — 1) 6(n — 1)0 W

(3.18)

We may put this expansion into the four-point function, finding

(n(0,0)02(1, 1) o2 (w, W)an (0, 50)) ‘wr%T%(n B 1)‘0(2"?55”2)71%
(02(0,0)02(1,1)){(0,(0,0)0, (00, 50))

—2n—2 2 —4n—2 :
X <1 + gn T T g(n +1)%n w1 Wt 4. ) X c.c., (3.19)

Again, we see that the leading order expression matches the exchange implied by the
(090p,0,—1) three point function [22].

4 Finding the exchanged operators

4.1 First non-leading order: o,,; exchange

The first immediate result we can see is that there is no term in the series with an excitation
of 1/(n+1). This is consistent with our results in section 2.4, where we found that the
L_y,0n operator vanished. So even if we did not use the covering space method to show
how this operator vanished, we can see it directly from the coincidence limit. There are no
other operators that contribute at this order either, which is consistent with our conjecture
that only fractional Virasoro excitations show up in the OPE.

4.2 Second non-leading order: o0,; exchange

This order is non-vanishing and so we should now consider the three point function to
match the results. Specifically, we are interested in examining the normalized three point
function
(L—%Ho-n+1(07 0)02(17 1)0’n(OO, O_O)>
(01,(0,0)0, (00, 30))
(0(0,0)0,,(1,1))"/

4.1
000 L s 0 O.0L s gz Y

by lifting this to the cover using the map
tn—l—l

A0 = o (4.2)

We first need to work out the results from the Liouville term. The formula (D.82)
of [29] allows us to find the normalized contribution,

norm - ﬁ(?ﬂrl) plsy ﬁ(qul) i —TCQL_l L *Tczﬂ < %
zrm = | I] pi 119 [ lail ™ [T1651 ™ % | Ibologs -
7=0

i=1 i=1 j=0
(4.3)
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where we have dropped the infinity regulator, as we have carefully normalized the bare
twists correctly with the appropriate two point functions. We find that for our three point
function and map, M =2, N=1, F=1,pr=n+1,p2=2,g0=n,q1 =1, a1 = —1/n,
az =n(n+1)/2, bg = 1/(n+1), and by = n™*1/(n+1)""2. Putting it all together, we find

5c¢ s n42on2 _ c(3+3n+2n2)
gmorm _ Q_ﬂ(n—i— 1)%71 T 24(nt1) | (4_4)
We can now lift the operator up to the cover to find the contribution from the
excitation,

dt a1 (dz\ 7! c
L_s/(m+1)0n+1 —>7§2m.2(t) nt1 <dt> (T(t) - ﬁ{z’t}> (4.5)

2 1—-n
nn+i cnntl
= —T0)— —— | . 4.6
<n+1 ©) 4(n+1)> (46)
This is obtained by expanding in powers of 1/t and computing the required residue integral.
There is also an extra phase here, coming from the fact that the expansion of the map has
a negative coeflicient. Since this phase cancels out in the end, we will suppress it.

Since the one point function vanishes, it is only the Schwarzian that contributes. We
see the contribution from the non-twist is then

1—n

cnn+t
4n+1)"

Finally, we need to have the normalization. This too can be obtained by lifting to the

<L*2/("+1)0n+1 (07 0)02(17 1)0’n(OO, Ob))non—twist = (47)

cover. Equivalently, we can make use of equation (2.39) with £ = 2 (and replacing n with
n + 1), which gives the result
c

(L—2/(nt1)0n+1(0,0) L_9/(ny1)0n+1(1,1)) = CESIch (4.8)
We can put this together to find the normalized three point function,
(L_ 2 0011(0,0)02(1, 1)on (00, 50)) (7(0,0)0,(1,1))1/2
<0n(07 O)UW(OO’ Ob)) <0'2(0a 0)02(17 1)>1/2<L—ﬁ0n+1(07 O)L—%ﬂan-‘rl(lv 1)>1/2

1—n
5c c(24nt2n?) _ c(3+3nt2n?) enntl c —1/2
= (2 22 1) 2an 24(n+1) 19
( (n+1) " ><Mn+D><%n+D» (4.9)
l-n c c(2+nt2n?) _c(3+3nt2n?)
— \/gn:zﬂ <2_g4(n+1)2+24+”2n 24(nt1) ) ) (4.10)
c(n2+n—2)

_en®4n=2) 3
To compare to the coefficient of the |w| 12n(n+1) w=n+T in equation (3.12), we need to
square this result. We find

C 2—2n c(2+n+2n2) C<3+3”+2n2)>

3" 1 (2—?§(n +1)" 12 p 20D (4.11)

which matches the coefficient of the coincidence limit. This indicates the that operator
L_3/(n41) on+1 fully accounts for the exchange at this order.
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4.3 Third non-leading order: o, exchange

The third non-leading order is also non-vanishing. So we can examine the three point
function
<L_ni+10n+1(0’ 0)o2(1,1)0p (00, x)) (02(0,0)0, (1, 1))1/2
<Jn(07 O)Un(oov O_O)> <U2<O7 0)02(17 1)>1/2<L—%+10n+1‘L_niﬂan+1>1/2 '
(4.12)
This is an interesting case, as for n = 2 the operator is simply L_q, i.e., a descendant of

the o3 operator. This contribution is fixed by conformal invariance. We can proceed as we
did before, lifting to the cover,

dt nez (dz\ c
Lysmnonss om0 () (100 - 5128), (2.13)

:7{ dt (((n+1)t—n)3+1T(t) (4.14)

2mi \ n(n+ 1)3(t — 1)

el 1)t - n) it ((n2 — 1) — (202 + 2n — 4)t + n(n + 2))
24n(n + 1)t4(t — 1)3 ’

Again, we will not need the T'(¢) term, so we focus on just the Schwarzian term. Doing
this integral gives
_ 2¢(n —1
<L—3/(n+1)0n+1(0a 0)o2(1, 1)o7y (00, 30) ) non—twist = (—27)17_1 . (4.15)
3(n+ 1)n n+1

To compute the normalization, we have to be careful to note that for the case of n = 2,
this operator is a descendant. So normalizing with the two point function at finite points
will not get the normalization correct. Instead, we will use equation (2.39) with k£ = 3 (and
replacing n with n + 1) to find the normalization

2c
<L—3/(n+1)0n+1\L—s/(n+1)0’n+1> = ( (4.16)

n+1)2°
Putting these two contributions together with the Liouville term in equation (4.4),
we find
(L s 0n+1(0,0)02(1, 1)on (00, 50)) (020, 0)0m (1,1))1/2
u(0,0000(0, %)) {02(0,0)0(L )AL+ onalL s o)1
c n42on2 c n n2 — 71/2
(2% (4 1) R, ) (2 ) 2 (4.17)
3( (n+1)2

n+ 1)n277LL74:11 n+1
2c i-2n c c(@tnt2n?) _ eB+3ntan?)
— \/En 17Lf1 (TL — ]_) <2_g4(n + 1)%71 24(n+1) ) . (418)

_ c(n2+n72) 3 .
To compare to the coefficient of the |w|  2n(+1) w=+T in equation (3.12), we need to square

this result. We find

(4.19)

2c 2-4 5 (24n+2n2) _ e(3+3nt2n)
an sy (n— 1)2 2_Tg(n + 1)6Tn 12(n+1)
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which matches the coefficient of the coincidence limit. This indicates that the operator
L_3/(n+1) On+1 fully accounts for the exchange at this order. This is also true when n = 2,
where this term is a descendant and the result is fixed using conformal invariance. We
have done the computation with this method as well, finding agreement.

4.4 First non-leading order: o,_; exchange

1
Again, similar to the other fusion, (3.19) has no order w ™= term, which is consistent

with section 2.4, where we found that the L_;/,0, operator vanished. There are no other
operators that contribute at this order, consistent with our conjecture that only fractional
Virasoro excitations show up in the OPE at large N.

4.5 Second non-leading order: o0,_; exchange

We want to compute the three point function as before

(L__2 0,-1(0,0)02(1,1)0y, (00, 50)) . (4.20)

(n—1

When lifting this computation, most of the normalization and all of the Liouville term
are identical to the bare twist three point function. Thus, the only additional terms to
compute are the modification to the normalization of L_/;,—1)0(,—1) (2.39), and the lifted
contour integral of the stress tensor. Hence, the modification is given by

<L,<n?f1>0'n—1 (07 0)0'2(1) 1)0’n(OO, Ob))non—twist

Tz 1Lz 00)

Again, the contour integral on the cover only picks up the Schwarzian term. We use

— (4.21)

the map
2(t) =t""Hn — (n—1)1), (4.22)

which has the proper ramifications at ¢ = 0,1, 00. We find that the residue integral, along
with the normalization in (2.39) evaluates to

w

n—

L2 0,-1(0,0)02(1,1)0, (00, 50)) non—twi 1 enn—?
< - n ( ) ( ) n >non twist _ 4n2(n—-1) :2—3/2,”*%\/6' (4'23)
iz oz Do) Ty

Squaring this term leads immediately to the non-leading order coefficient inside the brackets
of equation (3.19), and so this exchange is accounted for by the fractional Virasoro mode
acting on the bare twist.

Note that in the case of n = 3, the fractional mode is actually the L_; descendant. We
have double checked that this coefficient agrees with that obtained by conformal invariance,
as we found similarly in section 4.3. However, we must be careful of the n = 2 case here,
as 0,_1 i1s not a twist operator but an untwisted one. We will show that a more careful
treatment of this case also agrees with the result above and with the coincidence limit.
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4.6 Special case: n =2 for 0, 1 exchange

When we have n = 2 in the coincidence limit of equation (3.19), we can see the weight of
the first term implies that the leading piece has weight zero, implying that we exchange the
identity. We also note that there is no weight-one exchange in the expansion (3.19) for the
untwisted operator. This is consistent with the conjecture because L_11 = 0, i.e., there is
no weight one excitation of the identity using the Virasoro algebra: the identity is constant.
To look at the next, non-zero order, we will consider a representative of the Sy invariant
sum. Consider the leading order coefficients in the conformal family of descendants of the
identity, giving

1
012 (W)o(12)(0) ~ o (14 pwLsl +---) (4.24)

where we have suppressed the antiholomorphic side for clarity. We have an arbitrary
coefficient 3 in the expansion that we wish to calculate. We must be careful in reading
the above expression: here and throughout, we have been using the modes L,, to mean the
ones parallel to the twist. However, in this case, we use the implied “parallel” directions
from the left hand side of the OPE, i.e., that the L_o is constructed using 717 + 75 from
the first two copies. We may directly compute the coefficient S by applying the OPE to
the vacuum state | 0), and contracting with a (0 | Lo where again by Ly we mean the part
parallel to the copy direction 1 and 2. Forming this, we find that the above expression

becomes

(Lol ()50 (0))) = B g (Lo 2). (4:25)

This is a strict equality due to the orthogonality of different Verma modules (labeled by
primaries, in this case the identity). We may evaluate the above without using covering
space techniques. The Lo can be written as a commutator acting on the pair of o19
operators, but because the second instance is a primary at the origin, this term vanishes.

This leaves
1

iy (Lo, L o)) (4.26)

([L2, 012)(w)]o12)(0)) =

Using the Virasoro algebra on the right (for the restricted parallel directions), and using
the general result for Virasoro modes based at the origin acting on operators not at the
origin (eq. (6.28) in [30]) we find

1
<(3h2w20(12) (w) + w38012(w))0(12) 0)) = 2 Buw’c,
c o 1 1 9
16 w2hz ~ ik pw’e,
1
=8 (4.27)

We can also reproduce the left hand side of the second line above using covering space
techniques. We turn this into information about the exchange channel.
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The four point function on the sphere with identity exchange comes from a four point
function of the form

Hm 2212 (0/(93) (200 ) 0/(23) (1) (12) (W) (1) (0))

Zoo—>00
— ol 222 g (20) s (1) —e (1 + = w?(Ts + T5)(0) - - (4.98)
zoo—voo 00\ © (B3R TR oy 16 ’ '

where above we have replaced the right two operators by the first term in the OPE in
the Verma module of the identity. Note that the insertion of 77 is orthogonal to the twist
directions 2 and 3 remaining in the correlator, and so gives a one point function, resulting
in a 0 for this term. Thus, only the 75 insertion survives. When lifting to the covering
surface, this three point function will have a single insertion of a T'(t) in the covering
surface, rather than a sum. The same answer is given no matter which image is used.
Hence, we must now lift

(0(23)(200) 0 (23)(1)T2(0)) (4.29)

to the covering surface. As before, when lifting this computation, we only need to pay
attention to the new part of the covering space computations. In this case, it is a simple
lift of the stress tensor. Using the map

2(t) =1—(t—1)2, (4.30)

we have the proper ramifications for points at ¢ = 1,00. Further, z = 0 has two images,
one at t = 0 and the other at ¢ = 2. We lift T'(z) to only one of these positions from the
considerations above and find

(0(23) (200) 0 (23) (1) T2(0)) non—twist — < (‘Z) - (T(O) - 1—02 {z(t),t}tzo) > - 3% (4.31)

t=0
Thus, the correction term to the four point function becomes

2 € 9 1
. 4.32
6w32 w512, (4.32)

exactly the second term in the expansion (3.19) for n = 2 (stripping the leading order).

This is consistent with our conjecture that only fractional Virasoro excitations of bare
twists appear in OPE of bare twists at large N. In this case, the only fractions available are
integers, since the result is in the untwisted sector. This connects back with our discussion
in section 2.2 about operators of the form O;0; = Ocomposite,i; Which we have shown at
leading order is just T;, the stress tensor.

4.7 Special case: higher order for o,,; exchange

So far, we have been exploring the cases of operators with L_j,/, o, with k < n. The next
obvious step would be to examine operators with & > n. As we discussed in section 2.4,
these operators will not be primary on their own, and we must project out the non-primary
parts. In addition, we will have to consider the fact that the descendants of lower weight
operators will also contribute in the coincidence limit. Furthermore, as we consider higher
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and higher weights, the number of possible operators will increase, making it more difficult
to do the matching for general n.

To explore operators with £ > n with the coincidence limit, we will investigate the
simple non-trivial case with n = 3. We can look at the operator L_5,3 03, with its proper
projection, as a relatively simple example. Substituting n = 3 into equation (2.42), we

find that 19
L_gp3———L _1L_ o 4.33
(Loss = ogEaeas ) o (4.33)
is the primary part of L_5,303. Then we would have this operator possibly contributing,
along with the descendant L_1L_5/(;,41) 0n+1. This projection procedure ensures these
operators are orthogonal, so they will contribute without any overlap.

We can compute the three point function,

< <L5/3 - cf(jL_le) 30, 0)oa (1, 1)02(oo,oo)> | (4.34)

This can be separated into two pieces. Let us first examine
(L_5/303(0,0)02(1,1)02(00,50)) . (4.35)

To do this, we lift to the cover using the map in equation (4.2), finding

—1
L_s/303(0,0) %7{265:2,2(15)2/3 (‘Z) (T(t) - i{z,t}) (4.36)
_2_;/ e (4.37)

Note we can have dropped the T'(¢) dependent terms, as they will not contribute to the
correlator. This also makes the residue integral much easier to compute. So the correlator
excluding the Liouville contribution is

- 271/30
<L—5/3 03(0,0)02(1, 1)02(00, 30) ) non—twist = 9 (4.38)
Now we can compute the second part,
<L_1L_2/3 03(0,0)02(1, 1)z (00, 0)) . (4.39)

We can compute this by lifting to the cover, or by using the fact that L_; acts as derivative
through the Ward identity. Both methods agree; here we will show the Ward identity
method. We find

<L_1L,2/3 O'3(O, 0)0’2(1, 1)02(00, ®)> = hL72/3 U3<L,2/3 0'3(0, 0)0’2(1, 1)0’2(00, Ob)> . (4.40)

This is the only term that survives when we properly take the limit of the third operator

going to infinity. The weight of the first operator, hy, can be found simply by adding

2/393)
the weight of the bare twist together with the excitation
c 1 2 c¢+6
hL_2/30-3 — ﬂ <3 - 3> + g — 9 . (441)
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Now we can include the result from the lift done in equation (4.7) with n = 2. This will

result in

c—i—6>< c  c(c+6)
9 27/33 ~ 97/333

<L_1L_2/3 o3(0, 0)02(1, 1)02(00, O_O>>non—twist = (4.42)

Putting the two pieces of the full three point function together, we find

12 2718¢ 12 ¢(c+6)
L_ 53— ——L 4L 1,1 X = =
< ( /3 c+6 ! 2/3) 0-3(0’ 0)0-2( 7 )0-2(007 OO)>nontwist 9 c+6 27/333
=0, (4.43)

which is an interesting result.

To double check this, we show that the contribution of the descendant L_1L_o /303
constitutes the full piece to the four point function. We first need the normalization, which
can be obtained via the fractional Virasoro algebra and results in

c(c+6)

<L,1L_2/3 O‘3|L,1L_2/3 O‘3> = 31 . (444)

Then the full normalized result (including the Liouville term) is then
(L-1L_9/303(0,0)02(1,1)02(00, 50)) (c(c +6) y 2_4C/93c/4> <C(c + 6))‘1/2 s
<L_1L_2/3 O’3’L_1L_2/3 03>1/2 27/333 81 '
= /(e 6)277/34e/93e/4-1 (4.46)

We then need to expand out to the correct order. In this case we are interested in

th75/3a3—2h02 wﬁ‘73_2ﬁ”2 _ |w|—c/36,w5/3 ] (4‘47)
We can carry this out by expanding equation (3.5) to this order, finding

<02(070)02(1’ 1)02(11],11_])02(00,0_0 > |w’fc/362780/930/2 (4.48)

(02(0,0)02(1,1)){02(0, 0)oz(c0, 50))
c cc+6) 45  clct6) w34 c(9000+998¢+27¢?) 2> e

w?? + —w

8 <1+ 211/3 18Y T o T g otafs 331776

We can see that the coefficient is then

2—8c/93c/290(>f;’146/)3 — (ele + 6)2 /3 4e/93¢/4-1y2 (4.49)

where the argument in the square is the result we found in equation (4.46).
This shows that there is no contribution from the primary to the four point function:
the latter is entirely accounted for by the descendant L_1L_5/3 03. We may suspect that the

lack of a contribution may mean that (L_5/3—L_1L_5/3) is a null state, like L_y /(,41)0n+1-
But recruiting the fractional Virasoro algebra shows us that

12 12 c(10c 4 44
< <L—5/3 - c+6L_1L_2/3> o3 | (L—5/3 - c+6L_1L_2/3> 03> = (9(c+6)) , (4.50)
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which is not zero and hence it is not a null operator. Note that this vanishing result does

not generalize to higher twist. We can compute the general correlator

24(n+2) _
( (2w = o B 1L iy ) s 00721 o (o0,50) ).

(4.51)
and it will, in general, be a complicated non-zero function of n. It would be interesting to

understand why this happens to vanish for n = 2.

5 Discussion

With the work in this paper, we have explored the OPE of twist operators in a general
symmetric orbifold (MY /Sy) CFT at large N. We studied the fractional Virasoro modes,
which are exclusive to the twisted sector owing to the twisted boundary conditions. We
have shown how the L_;/,0, operator vanishes, as well as how the fractionally moded
Virasoro modes form a generalization of the regular Virasoro algebra. To explore how
these operators show up in the OPE of twist operators, we examined the coincidence limit
of the four point function (o, 09020,), which gave us details on the o, x 05 OPE. We further
showed the vanishing of the term corresponding to L_;/,04, in the coincidence limit, as
well as matching both primary and descendant terms to several non-leading powers in the
expansion. While our calculations only checked the first few orders, we conjecture that this
pattern will persist to all orders in the OPE: operators constructed using the bare twist
and fractional Virasoro modes will be the only operators that show up in the OPE of bare
twist operators for all symmetric orbifold CFTs at large N.

From the point of view of the covering space, these results are not very surprising.
When we lift bare twists to the cover, they are replaced by the identity. Then the OPE of
the identity should contain the identity, plus all the descendants under the Virasoro algebra
on the cover. These descendants are the covering space representatives of the fractional
Virasoro excitations. This would also explain the vanishing of L_; /n|an), as this would
roughly lift to L_1]0), which vanishes.

Given that the OPEs and three point functions appear to depend on an underlying
algebra, and that this underlying algebra is essentially the Virasoro algebra, we may be
tempted to find the OPE using more algebraic techniques. In a CFT, if we know the co-
efficient of primary ¢, appearing in the OPE of two other primaries ¢ and ¢2, then the
descendants of ¢, must also appear with coefficients that are given by conformal invari-
ance [30]. Explicitly, the OPE is given by

$1(2)éa(0) = ZZ o, ng} ng} Shp—h1—hatk ghy—hi—ha+k ¢}gk7l}}7 (5.1)

P kk

where the Bf;k} and ng} are a set of coefficients, {k} and {k} are a list of negative mode
Virasoro generators used to excite ¢,. The coefficients 5 and 3 are read off by applying an
arbitrary L, operator to both sides of the equation, arriving at a recurrence relation for
3 and 3. These recurrence relations can be solved iteratively to find the the coefficients
and 3 level by level.
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In the previous sections, we have given evidence that there is a similar form for the
OPE between two bare twists, except that the descendants are given by a list of fractional
Virasoro modes. Is it possible to get a recurrence relation for the 5 coefficients in this case?
Let us take as a concrete example the fusion of two operators, say a o9 and a o, fusing to
a possibly excited o,41. Thus, we are concerned with the part of the OPE that reads

ag(z—l—a)an(—l—a):-'-z n+1/82n+1) {k}ﬁ (n+1){k} hp hi1—hao+k hp h1—ho+k 7{z]—€|—]1€}( )7

k&

(5.2)
where the {k} and {k} are a list of fractional modes on the right hand side, and we have
shifted the two o operators by a, but then relax to a — 0 at the end (for later convenience).
Applying a Ly (n41) on the right hand side of (5.2) appears to give no problem with a = 0:
the modified algebra should result in a simple way to read off the result. However, on the
left hand side of (5.2), we must compute

Lyj(nt1) 02(21 + a) op(a) . (5.3)

This computation lifts to

271

where the map z(t) has ramified points at z(t = o0) = oo, 2(t = t1) = 21 + a and
z(t = t2) = a, and the contour in the t plane is sufficiently large to go around the ramified
points at t = t; and t = t5. The contour integral is well defined because z "t ast — oo.
We want to deform this contour inward so that we may evaluate the left hand side of (5.2).
However, there are points that obstruct the deformation. These are the singularities in the
Schwarzian, occurring at ¢ = t; and ¢ = t5, and the branch points in (z(¢))*/ )1 which
occur at z(t) = 0; there are n + 1 such points. Thus, the contour deforms as depicted in
figure 1.

Thus, although the contour is single valued around ¢t = oo, as well as ¢; and t9, the
points where z(t) = 0 lead to branch points in (z(t))¥/(**1)+1 and so do not allow explicit
computation. Now it becomes clear why we used the regulator a: in the limit ¢ — 0 that
the location of a ramified point and some of the images of z = 0 coincide, making this
point both ramified and a branch point (of order n). We introduced a as a way to separate
these two distinct concerns. In the case where k is proportional to n + 1, the contour pull
may be performed, but this is just the case of the non-fractional Virasoro modes. Thus, in
the case of fractional modes, the computation is difficult to make sense of, and so does not
lead to a recurrence relation for the coefficients 8 and .

We can see a similar failure for the three point functions. In a conformal theory, the
three point function between three primaries immediately leads to the form of the three
point function between two of the primaries and a given descendant of the third. The form
of the correlator is written in terms of some differential operator acting on the original
three point function of primaries. This computation again relies on contour pulls, and so
will fail when trying to generalize to the fractional modes of the stress tensor in exactly
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Figure 1. The diagram of the contour pull in the ¢ plane, attempting to pull the contour from
infinity (solid line) to the other ramified points ¢; and ¢y (dashed line). However, there is an
additional obstruction coming from the branch points in (z(¢))*/ D+ (images of z = 0), denoted
by x in the diagram, leading to the contour being deformed around these points and accompanying
branch cuts as well. Depicted above is the case n = 4.

the same way. These two difficulties seem to be complementary, and cancel when exploring
exchange channels in four point functions. The four point function may be thought of as a
combination of the OPE (with § difficult to compute from contour pulls) and the three point
function of fractional descendants (also difficult to compute with contour pulls). Thus, one
must always resort to other techniques, for example the covering space technique used here,
to find the three point functions of fractional mode descendant operators. There does not
seem to be a straightforward algebraic approach to finding the OPE, or the three point
functions, although this point warrants further investigation.

There are a number of open questions remaining. One obvious generalization is to
consider supersymmetric orbifold CFTs. The extended SUSY algebra there offers a larger
variety of possible structures to explore but we would still expect that the operators would
only depend on the general properties of the permutation orbifold CFTs at large N. We
would also be interested to connect this back to computing the anomalous dimensions of
low-lying non-protected operators in the D1D5 CFT |21, 31]. It would also be interesting
to understand this fractional Virasoro algebra more. We found that one of the primary
fractional Virasoro excitations does not show up in the OPE. It would be interesting to see
if this is part of a larger pattern and what that pattern might be. Studying these patterns
may require connecting to the higher spin algebra found for the D1D5 CFT [32-36].
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