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ABSTRACT: We analyze the chiral operator ring of the symmetric orbifold conformal field
theory on the complex two-plane C?. We compute the large N limit of the ring and exhibit
its factorized leading order behaviour. We moreover calculate all structure constants at
the subleading and sub-subleading order. These features are coded as properties of the
symmetric group and we review the relevant mathematical theorems on the product of
conjugacy classes in the center of the group algebra. We illustrate the efficiency of the
formalism by iteratively computing broad classes of higher point extremal correlators.
We point out generalizations of our simplest of models and argue that our combinatorial
analysis is relevant to the organization of the large N perturbation theory of generic
symmetric orbifolds.
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1 Introduction

There is an interesting construction in two-dimensional conformal field theory that generalizes
the permutation symmetry between identical particles omnipresent in statistical physics and
field theory. One considers the tensor product of N identical seed conformal field theories
and mods it out by the permutation of all the factors. This gives rise to an infinite set of
symmetric orbifold conformal field theories labelled by the integer V. In two dimensions
the quotient by the symmetric group Sy introduces twisted sectors. The symmetric group
can be thought of as a gauge group and the large N limit has features in common with
the ubiquitously studied 't Hooft large N limit of SU(NN) gauge theories [1]. The resulting
theory has been well-studied, including its characters and partition function [2] as well
as its large N limit and relation to holography. See e.g. [3-9] for a few interesting recent
contributions among many.

In this paper, we study group theoretic aspects of the combinatorics of the symmetric
group to identify interesting properties of the generic theory. To isolate the group theoretic
properties, we concentrate on one of the simplest symmetric orbifold conformal field theories,
which is the topologically twisted orbifold of the complex two-plane C? [10]. This theory
has the strongly simplifying feature of having a seed theory with a trivial chiral ring.
As a consequence, we will be able to use powerful mathematical theorems and large N
perturbation theory to compute the leading, subleading and sub-subleading large N structure
constants of the theory in all generality. We also obtain exact finite NV results and partial
results at arbitrarily large order in the 1/v/N expansion. We moreover greatly enlarge the
set of known higher point extremal correlators in this theory. We believe that these results
on the gauge invariant operator algebra capture important aspects of the gauge symmetry
which is universally present in symmetric orbifold conformal field theories.

The paper is structured as follows. In section 2 we analyze generic features of the
product of symmetric group conjugacy classes that carry information about correlations
functions in all symmetric orbifold conformal field theories. Section 3 studies how these
generic results simplify in the chiral ring of the topological symmetric orbifold of C2. In
this section, we compute a large variety of structure constants of the ring of operators at
infinite and at finite N. A broad class of higher point functions is computed in section 4.
Section 5 connects our results to generic treatments of the large N limit in symmetric
orbifold theories and demonstrates a useful cross-fertilization between the generic approach
and the tactic of concentrating on the gauge group dynamics. We conclude in section 6
with a summary and final remarks on open problems. Appendix A contains the detailed
proof of an operator product stated in the bulk of the paper.

2 The symmetric group combinatorics

In this section, we review symmetric group combinatorics and powerful theorems governing
the NV dependence of the product of conjugacy class sums. These theorems will find very
useful applications in the topological symmetric orbifold conformal field theory in section 3.
They also carry information on the large N limit of a generic symmetric orbifold theory as we



will discuss in section 5. A clear a priori motivation to delve deeply into this mathematical
domain is the fact that chiral ring operator products in the symmetric orbifold of C? are
captured by the product of conjugacy classes of the symmetric group S, [10-12].! This fact
has been discussed in detail and with a large amount of physics background in [10].

2.1 The multiplication of orbits in the semi-group

The first step in our analysis is to define a semi-group which has structure constants which
are independent of the order n of the symmetric group S,, [13]. This property will be used
to prove general theorems on the multiplication of conjugacy classes in the symmetric group,
including the polynomial n-dependence of the structure constants. While this will initially
appear to be a detour, the construction will pay off handsomely. Thus, we review the
semi-group construction of [13] and the theorems proven therein. After this mathematical
prelude, we will exploit these results in a physics context in subsequent sections.

2.1.1 The semi-group of partial permutations

We introduce the semi-group P,, of partial permutations of the set P, = {1,2,...,n} which
consists of pairs (d, ) where d is a subset of P,, and 7 is an arbitrary bijection of the subset
d. A partial permutation 7 can always be extended to a permutation 7 of the whole of the
set IP,,. The product of two partial permutations is:

(d1, m1)(d2, m2) = (diy U dg, m72) . (2.1)

Thus, the set of partial permutations becomes a semi-group. The unity element is the empty
set with the trivial permutation.? The complex semi-group algebra C[P,] is comprised of
the complex linear combinations of the semi-group elements. There is an action of the
symmetric group S,, on the semi-group P, by [13]:

(d, ) — (od,omo™ 1) (2.2)
where o € S,,. Two partial permutations are conjugate if and only if the sizes of their
supports are equal and their cycle types are the same.

2.1.2 The orbits of the semi-group

The orbits of the partial permutations A, can therefore be labelled by partial partitions
p F r where 0 < r < n. We denote the permutation p as follows:

p=[1mP) gmae) ) (2.3)

where my(p) denotes the multiplicity of k-cycles in the permutation. We also introduce the
convention that the conjugacy class C' ., is the conjugacy class of elements of the group Sy,

=pimn
of the type p = pU1""". The number of elements in the orbit A, is equal to:
n—r+mi(p)
Al = C - 24
A ( P Il (24)

We will use the symbol capital N for the order of the symmetric group when referring to the large N
limit and we will use the spaciously advantageous notation minuscule n otherwise.
2The semi-group is therefore a monoid.



Let us understand this count. Consider a given permutation ¢ in the conjugacy class C. It
has type pU 1™ ". There are n — r + mi(p) fixed points in the set P,. How many choices
of A,, correspond to this choice of permutation? The support d of (d,7) must contain
the non-fixed points of the permutation o. Note that A,, depends on p, which codes
the number r and in particular, may contain 1’s. Thus, d must also contain m1(p) fixed
points, but we can choose them freely among all the n — r 4+ m(p) fixed points and the
corresponding extended permutation will still coincide with o. Hence we find that the
number of elements in the conjugacy classes is related as in equation (2.4) above, since for
each unique conjugacy class element, one performs the same count.
Next, we identify the orbit A, with the element A, of the algebra C[Py]:

Apn= > (d,7). (2.5)

(dm)EA,.,

Moreover, we define the homomorphism 1 which forgets about the support of the partial
permutation and which extends the permutation:

Y :Pp— Sy (d,m)— 7. (2.6)
By extending the homomorphism 3 to the algebras, one finds the relation:
n—r1 +mi(p)
A, = Chn, 2.7
1/)( 14 ) < my (p) p; ( )

where C,., is the element in the group algebra which corresponds to the sum of all elements
in the conjugacy class C,,,.

2.1.3 The orbit structure constants at infinite order

We can project the algebra C[P,] with n > m into the algebra C[P,,] by mapping to zero
all elements with support outside the set P,,, and otherwise the identity mapping. This
is a homomorphism 6,, and commutes with the symmetric group action. One can also
define a limit algebra C[Ps] with an action of the infinite order symmetric group and
A~ is then the set of orbits in this limit. The elements are formal infinite sums. The
homomorphism 8,, projects the infinite algebra back down to the finite n case. We define
the orbits A, = >°(d, ) where |d| = r and the permutation 7 is of cycle type p. These form
the set Ao. The elements A, where p is labelled by the set of all partitions form a basis of
Aso. A crucial point is that the algebra of elements A, does not depend on the number n.
We have:

AgAr =) g0 A, (2.8)
P

and the structure constants g,,” are independent of n. Moreover, we have the homomorphism
On : Ao — Ay 0 A, — Ap, which ensures that the structure constants are inherited by the
finite n algebra:?

AU;nAT;n = Z goTpAp;'rL . (29)
P)

3Proposition 6.1 in [13].



The fact that the semi-group structure constants are independent of n will be the basis for
understanding properties of the conjugacy class structure constants. In particular, it will
greatly help us to understand their n dependence.

We provide a first example of the above constructions. It is straightforward to compute
the following multiplications [13]:

A Ay = Apep + 34 + 2412
ApgaApge = Ap2e
A3 A = Apzjs + 3433
AgaApa = Apzpa + 341 + 2472214 - (2.10)

For instance, the elements ({1,2, 3,4}, (12)(34)) in A2 can be obtained from A times
Ajg) via the partial permutations ({1,2},(1,2)) and ({3, 4}, (3,4)), or vice versa, giving rise
to the factor of 2 on the right hand side.

Some structure constants g,,” can be computed generically. For instance, the refer-
ence [13] gives the structure constant for a union of any partitions o and 7:

ga,TJUT _ H (mk(a) + mk(T)> ] (211)

51 my(o)

It is straightforward to understand the origin of this structure constant, as in the example
above. We will recompute it in a different manner later on.

2.2 The multiplication of conjugacy classes

We are ready to return to determining the structure constants of the algebra of conjugacy
classes of the symmetric group. Firstly, we define proper partitions, which have no 1 entries.
Each partition p can be canonically projected onto a proper partition p where we removed
all 1’'s. We have the equality C)., = Cy., if and only if p = . The set of conjugacy classes
labelled by proper partitions is a basis of the center of the infinite group algebra. To
understand the structure constants of the conjugacy classes, we proceed as in [13] and take
into account the factor between the orbits A and the classes C.
Recall the support forgetting homomorphism 1):

V(Apn) = (” - ;j(gl"” ) Comn - (2.12)

The map preserves structure constants:
w(AUm)w(ATm) = Zganw(Ap;n) . (213)
p

We also know that the sum on the right hand side is independent of n for sufficiently large
n. Note though that the sum on the right hand side has linearly dependent terms because
multiple partitions label the same conjugacy class. We therefore need to gather terms and
obtain a better description, in terms of a basis. This is done by labelling the equation by



proper partitions. For proper partitions &, p, 7, we have after applying the homomorphism
1 and gathering terms:*

C&;nci';n = Z q&%ﬁ(n)cﬁ;n (214)
|p|<n

where the conjugacy class structure constant g equals the gathered sum of terms:
g5="(n) = Z g&,fﬁu[lk] (n _k|p|> . (2.15)
k>0

This result determines all the n-dependence of the conjugacy class structure constants
through the polynomials arising from the binomial coefficient.
We consider once more an example from [13]. We have the multiplication of orbits:

A[g]A[g] = 2A[32} + 5A[5] + 8A[22] + 3A{31] + A[g] + 2A[13] . (2.16)

After performing the projection and gathering operation, we find the multiplication of
conjugacy classes:

(n—1)(n—2)
3

C31C3) = 2C32) + 5C75 + 8Cp2) + (3n — 8)0[3] + n Cy. (2.17)
We label conjugacy classes by proper partitions. The terms labelled by proper partitions in
the right hand side of equation (2.16) are simply inherited by the conjugacy class product.
However, the term 3A3) gives rise to a term 3(n — 3)Cj on the right hand side which
combines with the A term to give the claimed coefficient for the conjugacy class Cp3; on
the right hand side of equation (2.17).

Summary. In summary, the theorems of [13] are powerful in determining the polynomial
n dependence of the structure constants of the product of conjugacy class sums of the
symmetric group. We will need this generic symmetric group combinatorics in the context
of our discussion of the large N limit of symmetric orbifold models in section 5. However,
for a while we will concentrate on a particularly simple orbifold model in which further
powerful restrictions apply.

3 The large N limit of one model

The symmetric orbifold of the supersymmetric conformal field theory on the complex
two-plane C2 has N = 2 superconformal symmetry (and more) and therefore the model
has a chiral ring [14]. The chiral ring is captured by a topological conformal field theory.
The operator product in the chiral ring is isomorphic to the product of elements of the
cohomology of the Hilbert scheme of points on C2. The latter is in turn isomorphic to
the product of conjugacy class sums of the symmetric group, restricted to their top degree
terms [11]. The necessary background to all these statements was reviewed in [10] to which
we must refer for more details. The upshot is that we restrict to the top degree or R-charge

4Proposition 7.3 in [13].



preserving product of symmetric group conjugacy classes if we wish to study the operator
algebra of the topological conformal field theory.

In this section, we first recall that the top degree operator product structure constants
are automatically N independent when expressed in terms of conjugacy class sums [15].
Next, we analyze how the operator product can be organized in terms of structure constants
that have a particular order (which becomes the large N order only after a renormalization
of the operators). Our analysis will make for a hands-on illustration of the large N analysis
of symmetric orbifold conformal field theories in which we can make a considerable amount
of headway in computing generic structure constants and any product of operators, far
beyond the single-cycle sector.

3.1 The topological structure constants

The top degree structure constants are those that satisfy R-charge conservation in the
untwisted theory [10]. The R-charge of (a chiral primary operator uniquely associated to) a
permutation is defined to be the sum of contributions from each n-cycle, which is n — 1.
For a given permutation of cycle type p, the R-charge ¢(p) therefore equals:

n

q(p) =Y m(p)(I—1). (3.1)

=2

In a term p in the operator product (o, 7) — p, R-charge is conserved if

q(o) +a() = a(p) - (3.2)

These processes either leave cycles as they are, or involve purely joining operations [10, 11].
There is a powerful theorem regarding the structure constants that preserve R-charge. The
theorem states that if a conjugacy class structure constant is R-charge preserving, it is n
independent [15].5

For clarity, let us illustrate this phenomenon in an example. In the product (2.17),
there are two R-charge preserving terms on the right hand side. Their product *p restricted
to the top degree terms is:

C3) *r C3) = 2C[32) + 5C75) (3.3)

More rigorously, the ring of conjugacy class sums is filtered by the R-charge degree and by
filtration we can define a new ring with a product that respects the degree [16].

3.2 Graphical representations

We introduce two graphical representations of the R-charge or degree preserving operator
product. These graphical representations will help us associate an order to each term in
the product of two operators. The order will keep track of the number of joining operations
one performs. It will also turn out to count the number of string coupling constants one
inserts, or the order in the large N expansion.

5 .
°The converse is not true.



Figure 1. An example of a Farahat-Higman graph of strands.

Figure 2. We provide a cyclic version of the Farahat-Higman graphs in which we represent strands
by closed strings.

3.2.1 The Farahat-Higman properties of graphs

We recall a graphical representation of the permutations [15]. Firstly, we decompose a
permutation 7 into a minimal number of transpositions 7;: m = 71 ...7;. The minimal
number of transpositions is equal to the R-charge of the permutation. We draw a graph with
vertices 1,2,...,n and a line joining the vertices i and j if 7, = (ij) appears in the chosen
minimal factorization of the permutation. The components of the graph are the cycles of
the permutation. A factorization is minimal if and only if the graph has no loops [15]. In
figure 1, we exhibit an example graph of a conjugacy class of type Cl 3 3.

3.2.2 Stringy Farahat-Higman graphs

We may equivalently close the strands and represent each k-cycle as a circle with k beads;
see figure 2 for the representation of the same operator Cly 3 3. The latter graphs are useful
to intuitively connect the calculations we perform in this section to a stringy interpretation
of the interactions involved. We will come back to them in section 5. In this section, we
work with the Farahat-Higman graphs of strands which have their own advantages.

3.3 The large N chiral ring

We define the order of a structure constant arising as the coefficient of a term in the product
of two operators Cfr ) and C|,] as follows. Consider permutations 71 and 7 contributing
to the structure constant under consideration. Define the smallest subsets of the set P, that
are closed under the actions of m; and my. We will refer to these subsets as the connected
parts. For each connected part, we define the order of the connected part to be the number
of common active colours (or vertices) in m; and 79 in that connected part. The total order



Operator 1 Operator 2 Term in Product
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Figure 3. We illustrate Farahat-Higman graphs that represent the multiplication of two operators.
Each connecting line represents a joining operation which increases the order. Terms in the operator
product of order zero, one and two are drawn.

of a structure constant is the sum of the orders of the connected parts. The implicit claim
that we will corroborate later on the paper is that the order we define here is tantamount
to the order in a g5 = 1/\/N expansion at large N.°

We illustrate the concept of the order of structure constant in increasing order in
figure 3. The leading order structure constant has no overlap between the first and second
permutation. The operators multiply as if they are disjoint. At order one, only a single
cycle in permutations 71 and 7o can overlap in a single vertex. These two single cycles join
and the rest of the permutations remains disjoint. At order two, there are two overlapping
colours, and the possible joining of cycles is sketched in the last two lines in figure 3. Note
that the last diagram has two disconnected contributions, each of order one.

If the diagram on the left hand side of our figure has a closed loop, then the diagram is
inconsistent with R-charge conservation [15]. An example of such a forbidden diagram is

SNamely, when one normalizes the operators such that they have physical two-point functions equal
to one.



Operator 1 Operator 2 Term in Product

Figure 4. An example of an R-charge violating process. There is a loop in the diagram on the left.

shown below in figure 4. One can see that the R-charge of the fusing operators is 3 + 2 = 5,
while the R-charge of the final state is 4, thereby violating R-charge conservation.

3.4 Generic structure constants

Our next task is to compute a number of structure constants C,* for the product *p:
Cs xr Cr = C5,"C, . (3.4)

We perform the calculations in the most general case at order zero and at order one. At
order two, we explicitly compute the novel connected diagram. We will also review a
theorem that computes all structure constants in the fusion of a conjugacy class labelled
by a single cycle with one labelled by an arbitrary permutation [15]. This allows for the
recursive calculation of all structure constants. Finally, we are able to identify the structure
constant associated to the single-cycle term on the right hand side of an operator product
to all orders and in closed form.

3.4.1 All leading order structure constants

The leading order structure constants CUVT”UT for the product *g are those for the union
of partitions. We shall compare the structure constants we compute to equation (2.11)
momentarily. Firstly, we provide a bottom-up derivation that illustrates a general method
that can be applied to compute specific structure constants. We begin with two permutations
o and T in particular conjugacy classes:

oe[1m@) gm2e) ] p e gman) ], (3.5)

Our goal is to compute the number of times the class C),, appears in the product of the
conjugacy classes C, and C;, where the partition pg is given by the union

po =5 UTU 1" Lkze (@) =2 s, () (3.6)
We have the relations between multiplicities:

mi(po) =n— > k(mp(o) + mi(7)), and my(po) = mi(o) +my(r), for k>2.
k>2
- (3.7)

We proceed in steps indicated by roman numerals.



i. Count number of terms in the first factor in the product of operators:
n!
[Com| = —, (3:8)
(o2
where z, is the size of the stabilizer of the permutation ¢, and given by

2o = [[ K™ (o). (3.9)
k>1

ii. We count the number of terms in the second factor that will give rise to the union of
partitions on the right hand side:

(n = 3o kg (0))!

Zrt

; (3.10)

where 7 =7 U 1”_2@2 k(mi (o) +m (7).

iii. We divide by the number of terms in the union conjugacy class on the right hand side:

Zpo
o (3.11)

iv. The product of these factors gives the leading structure constant:

ﬂ % (n — X p—g kmi(0))! « Zro
Zg 2yt n!
_ 1 : (1~ Ypms k(o))
[Tie1 K@ my (o) [Tpeg k™ Omp (1) (0 — Xg—g k(mi(o) + my(7))!

x (n— 3" k(mg(o) + my(r)! TT &™) (my (o) + my,(1))!
k=2 k=2

Co:° =

_ 11 (my(o) + mu(7))!
N ]};[2 mk(a)'mk(T)' ' (3'12)

Compared to equation (2.11), the product omits the factor corresponding to the 1 entries in
the partition. This guarantees the n-independence of the structure constants. Indeed, when
we compare to the structure constants (2.11) using equations (2.14) and (2.15) we must
recall that the latter equations are labelled by proper partitions. Thus, the results agree.

3.4.2 All order one structure constants

The subleading order structure constants are determined by the single cycle joining operation.
We assume that there is an ni-cycle in ¢ and an no-cycle in 7. The permutations overlap
in one colour in these two cycles and otherwise do not. The resultant conjugacy class p; is
given by

pr=0cUT\{n,na}U{ny +ng—1}U 17 2 B (0) =30y I (1) 41 (3.13)

~10 -



It has the cycle multiplicities:

= my(o) + me(7), for k#{1,n1,n2,n1 +ng — 1}
(

Mnpi4ne—1\P1) = mnl—l-ng—l(a) + mn1+n2—1(7—) +1
mi(p1) =n — kak(a) —Zlml(T)—i—l. (3.14)
k=2 1=2
In the following calculation, we assume that ny # neo for simplicity — it can be easily

generalized. As in the previous calculation, the idea is to count the number of ways of
making the conjugacy class p;, starting with the o and 7 conjugacy classes.

i. We count permutations of the type o, which gives the number of terms in the first
factor. This provides a factor

n!

Cooml = . 3.15
Cor [Ts1 k(g (0)! (3.15)

ii. We pick one ni-cycle in o, leading to the factor:
M, (0) . (3.16)

iii. We single out one element in the chosen n; cycle which is the element that overlaps
between permutations o and 7. The number of choices is

n. (3.17)

iv. We pick a further ny — 1 colours out of the colours that are non-active in o to fill out

(n — > k2 kmk(0)> (3.18)

7”L2—1

the no cycle:

v. We choose the first colour in the ns cycle to be the one that is in common with the ny
cycle. We can then order the other ny — 1 colours in

(ng — 1)! (3.19)
ways. These are our choices of interacting ns-cycles.

vi. We still need to count the number of choices left for the rest of 7, by which we mean,
T =7\n2\ 1Q2k=2 #mie(@) =1 Thig is counted in Sn_z

k=
of possibilities is:

2 kmk(o')"rl—nz' The tOtal number

(n =Y F_9kmi(c) — ng + 1)!
2

CrrineS . hmao)—natt| = (3.20)

- 11 -



To compute z,/, it is useful to record the multiplicities of the 7/ conjugacy class:

ml(’]’,) :m1<7') — kak(d)—i-l (3.21)
k=2
=n— Z kmy (1) — Z kmy(o) +1 (3.22)
k=2 k=2
My (77) = Miny (1) = 1, (3.23)

and otherwise as in 7.

vii. We have counted all the terms that contribute to the correct conjugacy class on the
right. To get the overall factor for the sum over conjugacy classes, we need to divide the
total number of possibilities by the number of terms in the conjugacy class of p;. We
therefore multiply by the fraction:

1 n!

1Cpiinl B Zpy

(3.24)

To compute z,,, one uses the relations recorded in equations (3.14). The structure constant
of interest is obtained by multiplying all these factors together:

| _
@w:”xmmwxmxc Z””“ﬁx%—m

Zo ng — 1

(n = 2 ka k(o) — (n2 = D) 2p,
2y n!

X (3.25)

Simplifying the resulting expressions, we find the subleading structure constant for n; # na:

Cre? = (= o) ()41 T () )

k#1,n1,n2 mk(a)
% (mm (U) + My (T> - 1) % (an (U) + Mny (T) - 1)
Mp,y (U) -1 Mny (T) -1 '

(3.26)

This is the structure constant at subleading order for the conjugacy classes C. We recognize
the standard structure constant ng = n; + ng — 1 [17-19] as well as the multiplicity factors
associated to all non-interacting cycles. These factors are as in the leading order interaction.
There is one extra factor of my,(0) + my,(7) + 1 because we can choose to make any
ng-cycle on the right we please.

3.4.3 Order two structure constants

Next, we consider the fusion of two permutations ¢ and 7 that overlap in two elements.
These two elements can belong to the same cycle in ¢ and different cycles in 7 or vice
versa, or they belong to different cycles in both o and 7. These three cases will give rise
to three terms in the operator product. The second term is obtained from the first term
by symmetry. The third case is a disconnected diagram that consists of two first order
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calculations. We therefore concentrate on the most interesting first case. Locally, the
process is the third entry in figure 3.

Let us assume that the two overlapping elements belong to the same cycle of o and
different cycles in 7. We concentrate on a right hand side product that results from joining a
p cycle and a n1 and no cycle. The end product is an n1 +ng+p— 2 cycle. For simplicity, we
take p,n1,no and ny + no + p2 — 2 all distinct. We denote by po the permutation conjugacy
class corresponding to the final state:

pr=0UT \ {’I’Ll,pl,pg} U {n1 +p1+p2 — 2} U 1n72k:2 kmk(a)721=2 by (1)+2 . (3.27)
We can list the multiplicities of po in terms of those of the initial states:

:mk(g)+mk(T ) for k#{l,p,nl,ng,nl—FTLg +p_2}

3
2
+
3
[}
+
T
[\
>
N
I
3
2
+
S
¥
+
T
[\
Q
~
—+
3
2
+
3
¥
+
T
()
—~~
3
~
—+
—_

mi(p2) =n — Z Emy(o) = Imy(r) +2. (3.28)

We proceed as before by listing all the possible ways in which the fusion can occur, giving
rise to the final permutation.

i. Count the number of terms in the first factor.

n!
[Tis1 k™ @ my (o)

ii. We then need to pick a p cycle in 0. We also need to single out two elements in the

’Ca;n -

(3.29)

chosen p cycle. We pick one element that will interact with the ny cycle and we choose a
second element that will interact with the na cycle. We have a factor of p(p — 1).

mp(o) xpx (p—1). (3.30)

iii. We now start specifying 7 further. We choose n; — 1 colours out of those that are
non-active in 0. We have (n; — 1)! ways of ordering them in the n; cycle. Out of the
remaining inactive colours of o we pick ny — 1 and order them in (ng — 1)! ways in the
na-cycle.

(n — > ko k:mk(a)> % (my — 1) x (n — Y ko kmy (o) —ny +1

n1—1 n2—1

) X (ny—1)!.  (3.31)

iv. 'We now count the number of choices left for the rest of 7 i.e. for 7/ = 7\ ny \ n2 \
1Q2k=2 Fmi(@) =2 The pelevant order of the remaining entries is n' =n — Y., kmy(o) +
2 — n1 — ng. The total number of possibilities is again a conjugacy class cardinal number:
(n— Y p_9kmi(o) —ny —ng + 2)!
25 )

C‘r"n— " kmg(0)—n1i—ns+2| —
) k=2 k

(3.32)
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We have z,» determined by its own multiplicities, which are the same as those in 7 except for:

mi(t) =n—Y_ kmy(t) = Y kmg(o) +2 (3.33)
k=2 k=2

Mn, (T/) = Mn, (T) -1 (334)

My (7—/) = Mn, (T) —-1. (3.35)

v. Lastly we divide by the number of elements in the product conjugacy class ps:

n!

|CP2;n’ = HkZl kmk(pz)mk(p)[ : (336)
We obtain the final structure constant by multiplying all these factors:
P2 n!
Cor™ = [Tis1 kme(@my(o)! X mple) <1 x(p=1)
x (" k=2 kmk(”) X (n1 — 1)! x <” R 1) % (ny — 1)
ny — 1 ng — 1
y (n—> 4y kmg(o) —ny —ng +2)! " [Ty K™ P2 my (p2)! ' (3.37)

IT—y ™ my (7)) n!
All the multiplicities of the partitions o, 7, 7/ and ps have been listed above. Substituting
and simplifying the resulting expression, we obtain

Cﬁv"ﬁQ =(ni+n2+p-2)(p— 1)(mn1+nz+p72(0) + mn1+n2+p*2(7) +1)

« (mp(a) +my(7) — 1) y (mm(a) + M, (7) — 1) (mnz(U) + My (T) — 1)

my(o) —1 My, (T) — 1 Miny (7) — 1
my (o) + my(T)
: k¢1,]l.j£l,n2 ( my (o) ) ' (3.38)

Given our initial remarks, this basically settles the question of determining the generic next
to next to leading order structure constants.

3.4.4 Single cycle fusion

There is another important result regarding the structure constants that allows for the
recursive calculation of all fusion processes. It gives the structure constant for the fusion of
a single-cycle permutation with an arbitrary permutation, such that R-charge is preserved
in the process [15]. The derivation is pedagogically discussed in [15] and we only review the
result of the calculation. We present the fusion product between a single-cycle conjugacy
class Cpy and a conjugacy class Cr, labelled by a proper partition 7y:

mp = [2me(m) | pre(m) ] (3.39)

The R-charge preserving terms in the product are:

(Mt gy () + D+ q(b)) (p — 1)!
= bilby! ... Cri\my+lp+a(d)] - (3.40)

Cpy #r Cry = )
{bi}
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!

Figure 5. Joining of the Farahat-Higman strands for the fusion of a single cycle with a double
cycle at zeroth order, first order and second order.

Here 7 = m1 \ m + [p + q(b)], and the sum is over all proper partitions [m,] = [2023% .. .],
with by + b 4+ - - - = p. The partitions must be contained in m; and cannot have more than
p parts. We illustrate this formula for a few cases. Firstly, we present the formula in detail
by writing w1 = [n1,ng, ..., ni), and choosing p # n; # n;. The formula (3.40) can then be
written out as:

k
C[p] *Rcﬂ'l — C[p,nl,“.nk} + Z (p+nél _1)0[“‘¢[1"'p+n€1*1,...}
41=1
(p+ne, +np,—2)(p—1)!
+Z 1 p 22) ['“7/%1~‘-VL¢2~~-P+ne1+ng2—2,...]
Zl fz *

Ly (p+25L1ng, —m)(p—1)!

C
0.l (p_m)‘ [

m
ity ...¢e2...¢ém...p+zjzl ng;—m,..]

(r+Smi—h)(p-1)!

LAY EODETE

(3.41)

Each term on the right hand side arises from m joining operations (with m = 0 being the
first term in the series). At order m there are k choose m different cycle structures that
arise. We study the simplest examples of this formula. We begin with the single cycle
fusion, with the proper partition 7 = [n]. We find with the single cycle fusion formula that
we obtain exactly two terms on the right hand side:”

C[p} *R C[n] C[m n] +(pp+n—-1) C[p+n—1} . (3.42)

"In case p = n, we obtain a coefficient of two for the first term.
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Figure 6. Many cycles fuse with one cycle to give a single-cycle.

We next turn to the fusion of the single cycle Cj, with a double cycle Cp,, ,), with none of
the integers being equal. The product of conjugacy classes takes the form:

Cip *R Clnyna) = Clpinimg) + (0 + 11 — 1)Clg piny -1 + (0 + 12 — 1)Cly pgno—1]
+ (p +ny+ng — 2)(]9 - 1)C[p+n1+n2—2] . (3'43)

The result of this fusion is illustrated in figure 5.

3.4.5 A structure constant at all orders

We want to further exploit a large set of structure constants computed in [20] and already

featured in [10]. The structure constant for a final single-cycle state at n = ngn, resulting

from any two initial operators is known [20]. From this we can extract a slew of structure

constants at any order in the expansion we defined. Indeed, the structure constant is

independent of n and therefore it is sufficient to know it at the one value of n = ngna. This

structure constant captures all joining processes that give rise to a single-cycle end result.
We fuse two arbitrary conjugacy classes, labelled by

o= [1m@gm2(0) 1 and 7= [1mgm() ] (3.44)

The structure constant is the coefficient of the final state, given by the single-cycle C|

nﬁnal} ‘
If we make the definitions

l(o) = Z mj(o), and (1) = Z m;(T), (3.45)

we then have the structure constant [20]:

(U(o) — DI(I(7) — 1)! (3.46)

[(nﬁnall —
Cor nﬁnalml(g)!mQ(J)!_..ml(T)!mQ(T)!..- .

The order of the structure constant can be arbitrarily high. As an example, let us consider
the case in which the permutation 7 consists of a single-cycle w9 = [p], linking up all single
cycles appearing in an arbitrary permutation 71 to give rise to the single-cycle [ngnal]. See
figure 6. Assuming n; # nj # p, we have

k

o=Iny,...,nx], T=][p|, nﬁn31:2(nj—1)+p:n (3.47)
j=1
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The structure constant is given by

. A o Etn—=3n —DI14+n—p—1)
Zn] +p k) (n—zni)](n_p)!

Cgeneral = (
Jj=1

(= (p—1)!

This matches the result in (3.41) obtained from single cycle fusion as it must.

Concluding remarks. We wrap up this section with various observations. The first
notable fact is that all structure constants can be computed recursively. This is because the
single-cycle conjugacy classes generate the whole ring.® This is a consequence of the fact
that the multiplication of conjugacy classes is upper triangular in an appropriate sense.”
Finding closed expressions however can remain hard.

The generic three-point functions we obtained are our main result. Higher point
functions do not contain extra information (see e.g. [22]), but it can be combinatorially
interesting and challenging to compute them. In the next section we explicitly illustrate
this point by calculating the four point function of single-cycle operators of [23] entirely
within the topological theory. We then go on and exhibit a formula for the fusion of &
single-cycles, that captures a host of extremal correlators in a single formula.

4 Higher-point functions from fusion

The topological conformal field theory is entirely determined by the structure constants
of the operator products [22]. The product of more than two operators can be computed
using the product of two operators, and then continuing the multiplication. For instance,
the operator product of three operators in the topological theory codes extremal four-point
functions in the untwisted theory. To make these points manifest, firstly we provide a
sample calculation in the topological theory that recomputes a known extremal four-point
function [23] in an alternative and conceptually simpler manner. Next, we compute a much
large class of extremal higher point functions than those that are presently known. Our
calculation proceeds entirely within the chiral ring. The observation that this calculation
(and similar ones) can be done in this manner is part of the logic of [10] — we make this
observation concrete and provide classes of explicit results. From a certain point of view,
the higher-point functions are auxiliary data — only the structure constants of the ring
matter. Still, the explicit calculation of the higher point functions poses an interesting
combinatorial challenge.

4.1 A four-point function

We start with a warm-up example. In [23], the four-point function:

<(0Cp )‘i‘ C.p. CpO[ifi])phys (41)

[n4] [n3] ™ [n2]

8See remark 3.11 in [21].
9See theorem 3.10 in [21].
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C.p.
[r24]
ng — 2. Each chiral primary operator Oj? has a corresponding conjugacy class sum C) in

of chiral primary operators O; "’ is considered in the untwisted theory, with ny = ny + no +
the topological theory [10]. The analogue to consider in the topological theory is therefore
the operator product coefficient:!?

Cins) ¥R Clng] *R Cpnyj = Cr23" Cpy) + -+ (4.2)

Using the factorization in the topological theory, we can rewrite the desired four-point
structure constant as:

Ciz* =) Cs'Can*, (4.3)

where the sum is over all intermediate operators i. The two single-cycle operators we start
with can either join to form a single cycle, or remain separate. Thus, the intermediate

operator i can either be the single-cycle operator C| ] or the double cycle operator

n3+ng—1
Clny,ne)- We have already computed the structure constants for these in equation (3.42):

C[ng] *R C[ng} =1- C[ng,nz] + (77,3 —+ ng — 1)C[n3+n271] . (4.4)

In the next step, we perform the successive product with the conjugacy class Cf,,). The
relevant structure constants are in equations (3.42) and (3.43):

C[n3+n2*1] *R C[nl] = C[n3+n2*1,n1] + (ng +ng +n1 — Q)C[n3+n2+n1*2] ) (4'5)

C[ng,ng] *R C[nl] = O[ng,ng,nl} + (nl + ng — 1)C[n3,n1+nzfl] + (nl + ns — 1)C[n2,n1+n371}

+ (n1 = 1)(n1 +n2 +n3 — 2)Cluy 1y tns—2 -
(4.6)

The four point function we study here is given in expression (4.1) and we are therefore only
interested in the coefficient of the single-cycle term. An elementary calculation gives the
desired structure constant:

61234 = (n1 — 1)(711 +ng +ng — 2) + (ng + ng — 1)(723 +no +nyp — 2)

This is the Hurwitz number that [23] finds as well.!! It is interesting to compare this
calculation that resides entirely within the chiral ring to the computation of [23] which
uses a regulator that embeds the calculation in the full untwisted theory. E.g. the total
contribution of double cycle operators is the same, but the operators that contribute differ.

In fact, the extremal correlators of single-cycle operators with any anti-chiral primary
is encoded in the product of single-cycle operators. For instance, the fusion of three
single-cycles takes the full form:

C[n‘s] *RC[M} *RC[nl] = C[mmzmﬂ +(n1+n2— 1)C[n3,n1 tng—1] T (n1+n3— 1)C[n2,n1 +n3—1]

+(n3+n2 - 1)C[n1,n3+n271} +(7’L3+n2+n1 _2)2 C[n1+n2+n372} .
(4.8)

0Note that in our non-compact setting, we are lacking a topological metric or two-point function.

"This can be confirmed by writing Ci23* = 612341-9414 and using the two- and four-point functions of [23].
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Our previous calculation of the four-point extremal correlator determines the coefficient of
the single-cycle operator on the right hand side. The full product determines the four-point
functions which contain any other anti-chiral primary and three single-cycle chiral primaries.
This is already a non-trivial extension of known results. Still, it is only the beginning of a
combinatorial adventure.

4.2 A broad class of higher extremal correlators

By the same logic of the topological bootstrap, we can compute a much larger class of
extremal higher point functions. We can calculate the successive fusion of k single-cycle
operators. To parameterize the general formula, we introduce some notation. Consider a set

N ={ni,ne,...,nx} (4.9)

and consider set partitions {N;} of this set such that N; N N; = ) for i # j and U;N; = N
and the subsets N; are not empty. Every set partition will give rise to one term on the
right hand side in the formula for the product of k single-cycle operators. To write out the
formula, we also introduce the cardinal numbers

I = N (4.10)

of the subsets N;. We moreover define a function L that maps a subset N; to L(N;) which
is the length of the joining of the cycles in N;:

LN;)= Y nj—li+1. (4.11)
n]‘ENi
Then the fusion of k single-cycle classes of length nq,n9,...,n; can be written in the

compact form:

Cho #r - *r Cyy = D TTLMN) ' Clon) vt (4.12)
{N;}ePart(N) j

where Part(N) is the set of partitions of the set N and the product is over all subsets
in the set partition. The conjugacy class has cycles of lengths determined by the set
partition. The sum is over By, set partitions where By is the Bell number associated
to the cardinal number |N| of the set N. A detailed recursive proof of this formula is
provided in appendix A. This fusion equation encodes structure constants for extremal
correlators involving k single-cycle operators and one anti-chiral primary operator labelled
by an arbitrary conjugacy class. All these coefficients are Hurwitz numbers for coverings

associated to these permutation conjugacy classes. For instance, the Hurwitz number
C.

[nk'ﬂ])T is equal to

associated to the single-cycle anti-chiral primary (O
LN =i+ +np— (k—1)" =nj ], (4.13)

where in the last equality, we have used R-charge conservation.!'?

12This number was determined indirectly in [23] through exploiting the known count of the number of
covers. In our proof, it is determined directly from the three-point functions in the topological theory.
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We note that all of the correlators we compute are Hurwitz numbers [10, 23]. These
also have an interpretation in pure Yang-Mills theory in two dimensions [24] as well as in the
intersection theory on moduli spaces of curves, i.e. in two-dimensional string theory. In this
context, the Hurwitz numbers at any genus and with any number of transposition insertions
and a single generic conjugacy class at infinity has been computed in [25]. We computed
the Hurwitz number for generic single cycle insertions (of different lengths) complemented
with a generic conjugacy class at infinity. These formulas are complementary.

5 The symmetric orbifold at large N

In the previous section we saw that the structure constants of the R-charge preserving
product on conjugacy classes is N-independent. In this section we analyze to what extent
this is an indication of the planarity of the topological theory and how to make sense of the
large N expansion both in the topological and in untwisted symmetric orbifold conformal
field theories.

5.1 The covering surface is a sphere

Let us first consider a product of p — 1 operators O; that gives rise to a single-cycle
operator Op:

p—1
[[Oi=+0,+... (5.1)
=1

The single-cycle permutations m; and m, associated to the operators satisfy the relation
Hf:_ll m; = Tp. When we define a surface that covers a sphere and with branchings equal
to these permutations, then the Riemann-Hurwitz formula determines the genus of the

covering surface:
P

dnj-1)+1-c (5.2)

J=1

g:

N =

where n; are the length of the cycles of the permutations and c is the number of sheets of
the surface, equal to the number of active colours in the permutations. In this subsection,
we prove that this genus always equals zero in the topological theory.

It is known that if the product of two permutations 71 and my preserves R-charge, then
the set of active colours in 717 is the set of active colours under the set of permutations
{m1,m} [15]. Thus, the set of active colours in the permutations m—1, . ,—1 equals the
set of active colours in the permutation m, which has cardinal number n,. Moreover,
from R-charge conservation we have n, — 1 = Zf:_ll (n; — 1). Using these two insights, we
immediately conclude that the genus g of the covering surface is equal to zero. We have
proven that the covering surface genus is zero for the surface associated to the operator
product of single-cycle operators.

Suppose now that we have a k-cycle operator Oy, ,,)- Using the multiplication *g,
we can write (each term in) the operator as the product of a k — 1 cycle operator with a
single-cycle operator as well as a sum of terms of lower-than-k cycle operators. We can do
this recursively. Thus, products of multi-cycle operators reduce to products of single-cycle
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operators. As we just demonstrated, each of such single-cycle terms is associated to a
genus zero surface and therefore all terms are. Alternatively, another way to think of the
same conservation of the genus zero property in more complicated operator products is to
understand that there are two rules which are valid for each term in the operator sum. The
first is that R-charge is preserved. The second rule is that the number of active colours in
the permutations is preserved. Moreover, the formula (5.2) for the genus of a connected
covering surface only depends on those numbers. Thus, the topological theory on the
symmetric product of C? is planar in the sense that all associated covering surfaces have
genus zero.

Finally, let us provide an intuitive way to rapidly guess the result. Under the R-charge
preserving product, only the joining of cycles is allowed. To make a loop diagram, one
needs to split as well as join cycles. Hence, loop diagrams are absent.

5.2 The generic large N limit

In this section we establish the relation between our classification of conjugacy class structure
constants and the standard large N limit of symmetric orbifold conformal field theories.
We also glean information on how the combinatorics we determined in section 2 informs us
on the large N limit in generic symmetric orbifold conformal field theories.

5.2.1 The large N limit of symmetric orbifolds reviewed

Let us recall briefly that the large N limit of gauge theories is a standard topic of study
in theoretical high energy physics since the identification of the genus expansion of Yang-
Mills amplitudes [1]. The large N limit of symmetric orbifold conformal field theories
has a relation to this subject, through the identification of the symmetric group with the
Weyl group of an SU(N) gauge group via instanton moduli spaces. Our calculations with
symmetric group conjugacy classes are therefore directly relevant to the analysis of the
gauge invariant half BPS operators in N/ = 4 super Yang-Mills theory — see e.g. [26].
Moreover, both these large IV limits allow for the identification of the large N expansion
with a putative holographic dual bulk expansion in terms of a string coupling.

The large N expansion of symmetric orbifold conformal field theories was thus studied
in [17-19, 23, 27-29] among other references. A number of large N results were established
for particular subsectors and in [28] in considerable generality. Firstly, it was argued that
large N factorization holds in symmetric orbifold conformal field theories. In particular, the
leading large N contribution to correlators (of operators with order one quantum numbers)
is given by Wick contractions [27, 28]. Concretely, if we normalize gauge invariant operators
such that the two-point function in the untwisted theory is unity, it was argued that a
p-point correlator in the theory corresponding to a connected covering surface of genus g is
of order [28, 29]:

(O1...0p)phys x NV 7975 (5.3)

in the large N limit. In these calculations, the manifold on which the conformal field theory
lives is taken to be a sphere. There is a conjecture [29], confirmed by numerous insights
(see e.g. [3]) that the covering surface is a string world sheet. From this point of view,
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the genus of the covering surface is the order in the bulk string theory genus expansion.
Generically, there is an infinite series of subdominant terms in the large IV or string coupling
expansion. In [28] it is argued in more detail that three-point function diagrams which have
a non-trivial overlap between cycles in ng tensor product factors of the symmetric orbifold
have a large N behaviour which goes like:

<0102O3>phys X Nf%)) . (5.4)

This illustrates the factorization property at large N since the dominant term has ns = 0,

i.e. no triple overlap and reduces to two-point functions. The first non-trivial connected
1

three-point function has order N~ z.

5.2.2 The finite and large N counting revisited

Our topological symmetric orbifold provides a concrete realization of these generic insights
and has its own informative features. To connect to the physical normalization of operators,
we can normalize the conjugacy class sums C by a factor of 1/4/|C]. If we do perform this
renormalization, different structure constants behave differently in the large N limit. In
particular, given the general theory above, we know that the three-point structure constant
has order N~"3/2 where ns is the number of points at which the three permutations involved
in the three-point function overlap. We wish to show that this order estimate agrees with
the order we defined in section 3, i.e. that order agrees with the large N counting.

Firstly, we recall that the number of active colours in the permutation in the term on
the right hand side of the operator product is equal to the number of colours active in the
two permutations on the left [15]. Hence we have that there are as many colours which are
active in the three permutations at once as there are active in the two permutations on
the left hand side. Furthermore, the number of joining operations in the permutations in
the multiplying operators is precisely equal to the number of colours in which they overlap.
Indeed, any strand in permutation one that has an overlap with a strand in permutation
two is joined in the Farahat-Higman graph by the definition of the graph. We conclude
that the order defined by the number of joinings is equal to the number of overlaps in
permutations one and two which equals the number of triple overlaps ng. Thus the order
of the structure constants that we defined previously in terms of the number of joining
operators agrees with the generic large N counting.

This fact can be rendered intuitive further. Indeed, single strings in a putative dual
correspond to states in the untwisted sector of the orbifold, or to single-cycle twisted sector
operators.'® This can graphically be represented by closing the Farahat-Higman strands
into the cycles of the permutation. See figure 7. At N = oo, the single-cycle operators
generate the ring of all operators freely. By a state-operator map, each single-cycle operator
corresponds to a creation operator in a Fock space. We can think of these creation operators

13Subtleties can arise. See [30] as well as the discussions in [23, 31].
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Figure 7. Closing Farahat-Higman strands.

as generating single string states.'* Once we have closed the strands into strings, we can
think of the joining operations in time as strings joining along tubes. See figure 8.1

We have the traditional pants diagram at order one and multiple joinings of strings at
higher order. The coupling gs = 1/v/N acts as the string coupling constant. The absence
of loops is due to the fact that a loop automatically involves strings splitting.

Finally, we want to make the point that the symmetric group combinatorics of section 2
should turn out to be useful not only in analyzing the topological theory we concentrated
on, but also to lay bare generic features of full-fledged symmetric orbifold conformal field
theories with arbitrary seeds. After all, the universal feature of symmetric orbifold conformal
field theories is precisely the symmetric group gauge symmetry. Indeed we can perform
an analysis of the combinatorics that is independent of the non-trivial operator entries
that do occur in any theory. While this is naive, we believe it does capture interesting
information on the untwisted theory and informs us on how to better organize large N
perturbation theory.

To make this point more concretely, we must recall the more generic facts valid in
the symmetric group discussed in section 2, before imposing R-charge conservation on
the product of conjugacy classes. We recall that all the A, orbits in section 2 have N-
independent structure constants. Moreover, this property allows us to compute both the
exact finite as well as the large N-dependence of all conjugacy class structure constants.
This is a powerful property captured in the polynomiality of the C structure constants
before normalization. See e.g. equation (2.17) for a concrete example beyond the topological
theory. Indeed, detailed finite N information is coded in the exact rescaling (2.12) as well as
the gathered structure constants (2.15). These results contains a wealth of information on
precise coefficients, subleading contributions at large IV, as well as the fact that certain large
N expansions will terminate at a particular order. However, note that if we renormalize
conjugacy classes by the inverse of the square root of their order, 1/1/[C], in the large N
limit, we threaten to obscure the polynomial nature of the N dependence of the structure
constants e.g. by 1/N corrections to Stirling’s approximation to |C| at large N. An
artificial mixing problem would ensue. For concreteness let us illustrate this on the rescaled
equation (2.17):

|C[32]|% |C[5]\% |C[22]!%
D Prg) = 2 D21 + 5 8 Do
[31%3] \C[s]| (32] ‘C[sﬂ (5] |C[3]] (22]
Cia |2 N(N —1)(N - 2) |Clg |2
+ (3N — 8 ) ) 5.5
( ) [Crg| 3 ICyg| ° (5:5)

4The finite N algebra is deformation of this algebra. Therefore these notions are approximate, but they
are useful to develop intuition.
5For simplicity we did not decorate these graphs with beads.
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Operator 1 Operator 2 Term in Product String Diagram

O

Figure 8. We provide stringy versions of the Farahat-Higman graphs in which we represent strands
by closed strings. The multiplication of operators joins strings. Each connecting line represents a
joining operation, and increases the order by a factor of the string coupling. We draw the diagrams
of order ¢%, of order g, and the two diagrams of order g2.

where &, = C,/ |Cp]%. In the large N limit the expansion becomes:

|C[32}|% \0[5]\% \0[22]|%
Do Pra = 2 D01 + 5 P+ 8 Do
(31 %3] ‘0[3}’ (32] ‘0[3}’ 5] ]C[g]\ [22]
Cpa 2 N(N — 1)(N —2) |Cig2
+ (3N —8 Dray + [}
( ) ICp3 15 3 Oyl 7
~ V2B(g2) + 3VEN 2D + 62N Dz + 3VBN 2Py + Dy (5.6)

with intricate O(1/N) corrections to most terms. The polynomial and integral structure
that was manifest in equation (2.17) has been thoroughly mangled. We believe that
these observations are useful in more handily organizing the large N expansion in generic
symmetric orbifold conformal field theories. The traditional physical normalization threatens

to obscure much of the useful symmetric group combinatorics discussed in section 2.
6 Conclusions

Based on the relation between the chiral ring of the supersymmetric orbifold theory on C2
and the conjugacy class algebra of the symmetric group [10], we explored the consequences
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of our knowledge of combinatorics for the topologically twisted conformal field theory.
We identified the mathematical theorems that concretely determine the chiral ring to a
large extent and added significantly to the calculation of the structure constants of the
ring to a given order in large N perturbation theory. For the fusion of two conjugacy
classes labelled by arbitrary permutations, we computed the zeroth, first and second order
structure constants.

In addition we exploited a fundamental result due to Farahat and Higman that computes
the R-charge preserving fusion of a single cycle and an arbitrary conjugacy class. A
diagrammatic representation of the Farahat-Higman fusion brought out the simplicity of
the topological theory. In particular we could prove that the topological theory is planar in
that the genus of the covering surfaces that compute these correlators is zero.

In a topological theory one expects the higher point functions to be determined by
three point functions, which in turn are determined by the fusion of any two chiral ring
operators. The Farahat-Higman fusion therefore provides us with the tool to implement this
in practice, by successively fusing single-cycle operators in the topological theory. Another
highlight of our work is a closed form expression for the fusion of k single-cycle operators,
which encodes all extremal correlators involving k single-cycle operators and one anti-chiral
primary operator labelled by an arbitrary conjugacy class. We believe this a useful addition
to the literature on extremal correlators.

Finally we analyzed operator products in a generic symmetric orbifold theory. We
identified its large N perturbation theory in terms of symmetric group properties and
pointed out various results that hold to all orders in the large N expansion. One of the
takeaways of our analysis is how the physical normalization of the operators (dividing by
the square root of the size of the conjugacy class that labels the operator) leads to structure
constants with a complicated N-dependence. That normalization obscures the polynomial
dependence in N of the structure constants that is evident in the operator products of the
sums of permutations with weight one. Thus our results are likely to provide insight into
the combinatorics of gauge invariant operators in generic symmetric orbifold theories.

Our analysis was limited to the four-manifold M = C? but it can be extended to more
general seed manifolds M. In particular for the ALE manifolds M = C?/T" equally powerful
theorems are available [21]. For instance, one knows the N-(in)dependence of the structure
constants, the formula for single cycle fusion, the fact that the algebra is generated by
recursion, and so on. Moreover, the ring we study here appears as a quotient ring. For
compact manifolds M like M = T* or M = K3, the generalization of the topological
symmetric orbifold was discussed in [10] based on [32]. It will certainly be interesting to
extend our large N analysis and the application or derivation of powerful mathematical
theorems to the case of M = K3 where there is a finite topological two-point function and
there are genus one corrections to the multiplication formulas as well [10]. Similarly, it
would be instructive to study whether our analysis extends to other permutation orbifolds
that admit a holographic interpretation [33, 34].

More generally, it remains interesting to advance our hands-on understanding of an
analogue of a large N limit of four-dimensional gauge theory in a context in which we may
hope to get a firm handle on non-planar aspects of the theory and even finite N results.
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After all, through holography, these become results exact in the quantum gravitational
coupling. For example, it would be interesting to explicitly exhibit the same operator
ring we have studied here in the bulk string theory dual to the topological symmetric
orbifold. The works [3, 35, 36] are bound to be useful in this regard. Rendering the
well-established connection between boundary and bulk theories even more concrete will
improve our understanding of holography further.

A The proof of the fusion formula

In the body of the paper, we provided a general formula for the coefficients of conjugacy
classes that arise from the fusion of an arbitrary number of single-cycle operators:

C[m] ¥R *R C[nk] = Z H L(Nj)lj_IC[L(Nl)7L(N2)7m] , (A.1)
{N;}ePart(N) J

where Part(N) is the set of partitions of the set N and the product is over all subsets in the
set partition. We shall divide the proof of this formula into two steps. Firstly, we simplify
what is to be proven by studying a recursion relation. Secondly, we will need to prove a
combinatorial stepping stone needed at each recursive step.

A.1 The recursion
Suppose we have that the desired formula holds at all levels smaller or equal to k. Let us
then analyze the next product:

Clag i) *8 Cln *R %8 Cloy = Clng ) #1 (Clny) #R -+ 41 Cly) - (A.2)

We now use the recursion hypothesis, and fuse the single cycle Cf,, | with the result
of equation (A.1l), by repeatedly using the Farahat-Higman formula. Thus, proving the
induction step reduces to proving the identity:

N lj71 L ljfl
> M) Cumpnmag= 2 [TEN) 'O rClren).cov)... -
{N;}ePart(N) J {N;}ePart(N) j
We have introduced the notation N = {ni,...,ng,ng+1}. Our goal is to show equality

between the coefficients of the conjugacy classes that appear on the left and right hand side.
The first step towards this is to compare the sets N; fused with ng4q with the sets N;.
Each choice of N; gives rise to one term, proportional to C[ L(N1),L(Na),.. ] We concentrate on
all possible contributions to this given term on the right hand side as well. We distinguish
in the set partition {NZ} on the one hand the subset Np which contains ng4; and the other
partitions N#p. On the right hand side, we know that the desired term must come from a
partition {N;} which contains as elements the subsets N#p. Moreover, the other N;, are a
partition of N, \ {n341}. The desired equality of coefficients should therefore read:

~ ’"’.7 [ P
[Ty L S FHNG () < [TEO)S . (A3)
( {Nm}ePart(Np\{np1}) J

Ni:Ni#p
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Here we have, for the moment, symbolically denoted the relevant Farahat-Higman fusion
coefficient FH. The first thing we note is that all the N; that are common in the left hand
side and the right hand side just factor out of both sides of the supposed equality. Thus it
remains to prove:

LNyt = 3 FH{Nu}, {ng11}) x [[ LN (A4)

{Nm}ePart(Np\{ni41})

We can make this formula more concrete as follows. We begin by setting |Np| =r+1
Without loss of generality, we can then relabel all elements of N, \ {nj 1} such that
they have indices in P, = {1,2,...,7}. Then, any element of the set partition {N,,} €
Part(N \ {nk+1}) maps to a set partltlon © € Part(P,). We will denote any particular set
Ny, of the chosen set partition by J in what follows. We also relabel ng11 — n,41.
With this relabelling, we have the identities:

r+1
l,=r+1, L(Np):Zni—r. (A.5)

Furthermore, the relevant Farahat-Higman coefficient takes the explicit form

r+1 B
FHA{N,u}, {ny41}) = (Zm— )”H‘g"), (A.6)

nr—i—l

For each element J € O, we also have

J)=> ni—|J]+1. (A7)
1€J
If we plug all of these into the purported equality in (A.4), one factor of L(N,) cancels on
both sides and we are left with proving the identity (V r < k):

r+1

(; g — )t 1 3 (nr41 —‘é‘ ' I (an I+ 1)|J|—1. A8)

OcP, (71 JeO ied
A.2 Cayley’s tree joins the Farahat-Higman graph

The proof of the identity (A.8) is based on the weighted Cayley formula for counting
trees [37, 38]. We reproduce the proof which we learnt from [39] with minor modifications.
We rewrite the expression on the right hand side of (A.8) in terms of the R-charges ¢; = n; —1
of the single-cycle operators:

I= > gle—1) . (g1 —101+2) [T+ a7t (A.9)
O€cPart(P;) Jeo i€J

We now manipulate each of the factors in the product such that it becomes a sum over
set partitions that we can exchange with the first sum. To this end, we use the weighted
Cayley formula. Consider vertices labelled by the set P41 = {1,2,...,m+ 1}. A spanning
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tree is a connected graph that passes through all vertices and that has no closed circuits.
We have the weighted Cayley formula [37, 38]:

D D |

spanning trees T’ spanning trees T {7,j}=E(T)

=2129... Zm+1(z1 + 22+ + Zm+1)m_1 , (A.10)

where the product is over all elements in the set E(T') of the edges of the spanning tree. The
proof of the weighted Cayley theorem is by induction on joining the m + 1-st vertex [37, 38].
We will apply it to the set of vertices inside the set J and one more. We temporarily relabel
the vertices in J with the set P,,, and label the extra vertex with the number m + 1. We
set 21 = q1,. .., 2m = Gm, Zm+1 = 1. The theorem then states:

ﬁqi(qu+~--+qm)m‘1 = > [T =% (A.11)

i=1 spanning trees T {i,j}€E(T)

We have distinguished vertex m + 1 since z,,11 = 1. At the start, we have for each term a
single spanning tree. We now delete the distinguished vertex m + 1 as well as the edges
associated with this vertex. We then have a union of one or more trees, namely, a forest.
Moreover, the trees have one distinguished vertex or root each. It is the vertex that was
connected to the distinguished vertex m + 1 by an edge. Thus, we have a rooted forest,
namely, a union of one or more rooted trees. For the root vertices ¢ in the forest, in the
product on the right hand side of formula (A.11) we obtain a factor g;. Therefore, these
factors cancel left and right in the formula. We are left with a product of only those g; for
which the vertices j are not roots. Dividing out this factor gives:

Otg+tag)™ " =% e 49

(A.12)
Ia Hz not a root 4

The sum on the right hand side is on all the rooted forests F' on m vertices. The original
spanning tree would be reconstituted by connecting all the unique roots of all trees in the
forest to a m + 1-st vertex. By this reasoning, we have for each set J the identity:

-1 g "
(1 + Zqi) = v~ Uesperwiny 9 (A.13)

icJ F(J) I1i not a root @i

where we sum over rooted forests F'(J) on the set of vertices J. In the expression [ in
equation (A.9), we take the product of this tree theorem over all the sets J in the partition
©. On the right hand side, we will then be summing over all forests which refine the
partition ©, namely, those forests which have no vertex connecting vertices in different sets
J. To each forest, we can associate a partition II(F') of sets of vertices which reside on the
same tree. We have that II(F') must refine ©, which we denote by II(F') < ©. Thus, we
find a restricted sum over rooted forests on the vertices 1 to r:

i jyerr) 945

I = Z Gr+1(@r+1— 1) .. (gry1 — [O] +2) Z (A.14)

©cPart(P,) FII(F)<© Hz not a root ¢
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We can exchange the restricted sum over II with the summation over the partitions © as
long as we apply the restriction to the latter:

i jyerr) 44
1= Z Z QT+1(QT+1 - 1) s (QTJrl - ’@’ + 2) Z (LB ‘j . (A.15)
IIePart(P,) ©>11 F of typell HZ not a root ¢i

We can then perform the sum over partitions © rougher than the partition II:

Sum of Falling Factorials = Z Gr+1(gr+1 — 1) ... (@r+1 — 1O + 2). (A.16)
e>11

Since the summand only depends on the number of parts |©|, we need to count the number
of partitions of a set of |II| elements into |©| parts (representing the joining of the partitions
in IT to make the rougher partition ©). By definition, this is the Stirling number S(|II|, |©|)
of the second kind and we therefore have:
11|
Sum of Falling Factorials = Z S, ©Ngr+1 - - - (gr+1 — O] +2). (A.17)
=1

The Stirling numbers of the second kind moreover satisfy the identity (for r > 1):

n

ZS(n,l)az(m—l)...(z—l—l—l)zxn. (A.18)
=1
This yields:
Sum of Falling Factorials = (g4 + 1)1, (A.19)

We conclude that

I= Z (1+qr+1)lﬂ\71 Z H{ivj}GE(F)Qin

ITePart(P,) F of typell Hz not a root ¢i
1
- (1+ ) > a4 gr1)™ > IIT ¢« I @w. (A20)
qi-..qr dr+1 I1ePart(P,)) Fof typelli aroot {i,j}€E(F)

The number of roots for a given set partition II is equal to |II|. Therefore, this expression is
again of the form to which the weighted Cayley formula (A.10) applies after reintroducing a
r + 1-st vertex which connects to all the roots and which has weight 1+ g,.41. We conclude
that the final equality is [39]:

J|-1
I= % gulgn—-1..(¢r—101+2) [] (1 +qu'>

OcPart(P,) Jeoe icJ
r+1 r—1
—(1+Xa) (A.21)
i=1
which by the change of variables ¢; = n; — 1 is the recursive stepping stone (A.8) that we

wished to prove. That wraps up the full proof of all the structure constants appearing in
the fusion of single-cycle operators.
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As a final remark, we note that the recursive step in appendix A.1 clearly represents
the further Farahat-Higman joining of a single cycle to an arbitrary permutation. On the
other hand, the recursive nature of the stepping stone proven in this subsection A.2 is
hidden in the recursive proof of the weighted Cayley tree formula [38]. Moreover, in our
context, we would like to think of the vertices in the Cayley tree as the Farahat-Higman
strands and the edges of the tree as the lines joining the strands. There may be a version
of the proof that makes both this intuition and its recursive nature more manifest.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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