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1 Introduction

The AdS/CFT correspondence in its original form posits a duality between type IIB string
theory on AdSs x S and four-dimensional A" = 4 SYM [1]. Recent results however seem to
indicate that low-dimensional theories of gravity are dual to some form of ensemble-average
of quantum-mechanical theories rather than one individual theory. The most studied example
to date is the duality between Jackiw-Teitelboim gravity in two dimensions and a specific
double-scaled matrix integral [2-4]. There is some evidence that a similar relationship might
hold between three-dimensional Einstein gravity and an appropriately defined ensemble
of two-dimensional conformal field theories (CFTs).! See refs. [9-13] for progress in that
direction. A telltale sign of such averaged dualities is the presence of Euclidean wormhole

'For a recent discussion of the role of ensemble averages in the context of the original AdS/CFT correspon-
dence between N' = 4 SYM and the gravitational bulk theory on AdSs, see ref. [5]. Further considerations
of ensemble averages of quantum field theories in various dimensions arising from string theory appear in
refs. [6, 7). In ref. [8] phenomenological implications of ensemble averages of quantum field theories are
considered.



geometries in the gravitational path integral. These destroy factorisation of the dual partition
function [14], suggesting an ensemble interpretation. This is in stark contrast to examples
derived from string theory such as the aforementioned original duality. It is an open question
how the bottom-up and top-down approaches are reconciled. See refs. [5, 15-19].

In refs [20, 21] a setting is considered, in which a precise definition can be given to an
ensemble of two-dimensional conformal field theories. Namely, in those works the ensemble
arises from D free massless two-dimensional bosons parametrizing a target space torus 77,
which is referred to as the ensemble of Narain conformal field theories. The moduli space
Mo of this Narain family carries a natural measure in the form of the Zamolodchikov
metric [22]. To determine ensemble-averaged quantities in the Narain ensemble with respect
to this measure — such as the ensemble-averaged partition function [20, 21] — one uses the
Siegel-Weil theorem [23-26], which plays a central role in our work as well. Due to the U(1)
symmetry currents in the family of toroidal conformal field theories, the three-dimensional
dual holographic bulk theory is expected to be enhanced by a gauge symmetry. Indeed, in
refs. [20, 21] a holographic interpretation for the Narain ensemble is proposed in terms of a
U(1)P x U(1)P Chern-Simons theory summed over three-manifolds. While the Chern-Simons
theory may a priori be defined on any three-manifold, the specific choice of what to include
in such a sum is dictated by the Siegel-Weil formula. Note that it is the described symmetry
enhancement, which offers a method to calculate ensemble averaged quantities in the dual
bulk theory. Thus, the given holographic formulation in the form of the U(1)P x U(1)”
Chern-Simons theory is simpler than Einstein gravity, such that the described holographic
correspondence becomes tractable (at least at a computational level). Various works extend
the holographic correspondence between the Narain ensemble of conformal field theories
and the bulk U(1)” x U(1)P Chern-Simons theories. For additional results on the original
Narain duality see refs. [20, 21], and for various further extensions, see refs. [16, 17, 27—41].
Particularly relevant to our work, in ref. [16] a duality is established between specific families
of Zy orbifolds of Narain conformal field theories and U(1)” x U(1)” Chern-Simons theories
plus an additional discrete Zy gauge group factor. On the conformal field theory side, the
twisted sectors of the Zy orbifold enter in the ensemble average of the partition function,
whereas on the dual side of the Chern-Simons theory vortex configurations — originating
from the discrete Zy gauge theory factor — account for these additional contributions. While
in ref. [16] the studied Zx orbifolds act uniformly on all torus directions, we focus in this work
on Zs orbifolds of toroidal conformal field theories whose geometric action on their target
space tori is more general. These more general classes of Zs orbifold theories fall also into
the ensembles considered in the interesting work [39], which discusses ensembles of theories
resulting from Narain lattices with arbitrary signatures and orbifolds thereof from a more
general but less geometric point of view. For an interesting relationship between orbifolds
of Narain conformal field theories and the constructions of Narain conformal field theories
from quantum codes see the recent developments in refs. [32-34, 37].

We distinguish between two important families of toroidal Zs orbifold conformal field
theories that are based on factorizable or non-factorizable target space tori.? These two

2Topologically, any torus of arbitrary dimension factorizes into tori of smaller dimension, e.g., TP ~op.
T* x T™ for D = £ + m. However, as a Riemannian manifold it only factorizes in this way when the metric is
block diagonal.



classes of conformal field theories come with two topologically distinct Zo orbifold group
actions. We find that the former class of theories is the product family of the ensemble of
Narain conformal field theories studied in refs. [20, 21] and the ensemble of Zy orbifolds of
the Narain conformal field theories analyzed in ref. [16]. The latter class of theories enlarges
the ensemble of Sy symmetric toroidal orbifold conformal field theories analyzed in ref. [17].
Namely, the moduli space of the ensemble of S2 symmetric orbifold conformal field theories
forms a half-dimensional subspace in the moduli space of non-factorizable Zso orbifold toroidal
conformal field theories examined here.

In order to calculate the ensemble averages (Z(7)) of the conformal field theory partition
function in terms of the worldsheet modular parameter 7, it is necessary to first determine
the moduli space for the family of conformal field theories together with a measure. For
the original ensemble of Narain conformal field theories of the target space torus TP of
refs. [20, 21], the moduli space Mpp is well-known and realized by the homogeneous space

Mo =~ O(D,D,Z)\O(D’D’R)/O(D,R) x O(D,R) - (1.1)

A measure du(m) is obtained from the Zamolodchikov metric of a member m € Mo in
the ensemble of Narain theories. Observing that the moduli dependence of the partition
function Zpp (7, m) is entirely captured by its proportional Siegel-Narain Theta function
O(7, m), calculating the ensemble average of the partition function amounts to averaging the
Siegel-Narain Theta function ©(7,m) [20, 21]. This average is determined by the Siegel-Weil
formula [23-26], which yields

/ dp(m) O(r,m) = ELZ(;) for D>3. (1.2)
Myp (Im )"/

Here Ep/,(7) is the real analytic Eisenstein function, which is a modular function with respect
to the modular parameter 7 of the modular group PSL(2,7Z).

To describe the ensemble of Zsy orbifolded Narain conformal field theories, we first
determine the moduli spaces Mpp /7,. While the Zy orbifold of the Narain theories considered
in ref. [16] are defined for any modulus m of Mo, the generalized class of Zy orbifolds of this
work cannot be realized for generic moduli m of Myp. That is to say, the relevant moduli
spaces Mrp /7, are those subspaces of Mo, for which the Zy orbifold symmetry exists in the
unorbifolded Narain theory. We find that for both the factorizable and the non-factorizable
Zy orbifold classes, the moduli space My /7, becomes a product Mqe X Mpm with D = £+m
for suitable m and ¢, on which the Zamolodchikov measure dyu factorizes accordingly.

Inspired by the interesting work [30], we express the partition functions of Zg orbifold
toroidal conformal field theories in terms of sums of products of a broader class of Siegel-
Narain Theta function ©g(a, b, 7) to be defined in the main text. This class of Siegel-Narain
Theta functions is indeed required to get a handle on the ensemble averages in particular
for the class of non-factorizable Zy orbifolds. Building on the results of ref. [30] (see also
ref. [39]), the products of these Siegel-Narain Theta functions respect the product structure
of moduli spaces, such that the ensemble averages of the derived partition functions are
again calculable with the Siegel-Weil formula.



In the original Narain correspondence the appearance of the real analytic Eisenstein
series Ep/, (7) in the ensemble average of the partition function leads to the proposal of a
three-dimensional holographic dual bulk interpretation of the form [20, 21]

Zro(r))= S [ DA, A] e Sunla Al (1.3)

3-manifolds

The bulk action Spy[A, A] is realized by an Abelian U(1)P x U(1)? Chern-Simons theory,
where the gauge connections A, and fla, a=1,...,D, arise from the global U(1) currents of
the toroidal conformal field theory at the asymptotic boundary.® Upon expressing the real
analytic Eisenstein series Ep,(7) as a suitable sum over PSL(2,Z)-modular orbits, the real
analytic Eisenstein series Ep/,(7) in the ensemble average suggests a sum over three manifolds
in the three-dimensional formulation (1.3) [20, 21]. Namely, real analytic Eisenstein series
Ep),(7) appear as a sum over inequivalent hyperbolic genus one handle-bodies [42-45]. As
the orbifold constructions amount to the additional gauging of a discrete symmetry present
in the original theory, it suggests that the bulk Chern-Simons theory has additional discrete
gauge group factors [16, 17]. As explained in ref. [16] twist operators of the orbifolded
conformal field theory are implemented as vortices in the three-dimensional bulk theory,
which are line operators implementing non-trivial boundary conditions around contractible
cycles in the bulk manifold [46, 47].

For the ensemble averages of the partition functions of the families of Zs orbifold toroidal
conformal field theories studied in ref. [16], including the vortex sectors associated to the
additional discrete Zy gauge group generalizes the Narain holographic correspondence (1.3).
However, the fact that the ensembles of Zs orbifold conformal field theories studied in this
work constrain the moduli space Mpp to a product sub-moduli space Mp¢ X Mpm renders a
three-dimensional dual holographic bulk interpretation more challenging, see also ref. [48]. At
the technical level the three-dimensional bulk theory must now reproduce (sums of) products
of real analytic Eisenstein series that appear in the expressions of the ensemble average of the
conformal field theory partition functions <ZTD /Zs (T)> Under the assumption that there is
a holographic dual description we formulate possible implications for the dual bulk theory
that are a consequence of the observed product structure of the moduli spaces.

Outline of results. Let us now outline the rest of the paper and reference the main
results of the following sections.

In section 2 we describe the general logic in constructing Z, orbifold actions by considering
Zs orbifold conformal field theories for two-dimensional target space tori T2. This basic setup
already allows us to introduce the notion of factorizable and non-factorizable Zy orbifolds
that are the key player of this work. For these two classes of orbifold theories based on target
space torus T2, we determine their partition functions and study their ensembles. Due to
the low dimensionality of the target space torus T2, the ensemble average of their partition
functions strictly speaking diverges. However, similarly as in ref. [20], upon considering
regularized ensemble averages, we are able to exhibit already in this simple setup the general

3Note that it is not quite clear in how far the theory can be defined non-perturbatively for various reasons [20].
It might be more appropriate to consider the bulk to be an effective description with a UV-completion given
in terms of a specific member of the ensemble [30].



structure of ensemble averages for factorizable and non-factorizable Zy orbifold theories,
which is a helpful guidline in the following sections.

In section 3 we study both the factorizable and the non-factorizable families of Zo orbifold
conformal field theories with higher dimensional toroidal target spaces, for which the volumes
of their moduli spaces and the ensemble averages of their partition functions are finite. We
find that the moduli spaces for both the factorizable and the non-factorizable classes exhibit
a product structure. We establish that for the class of factorizable Zs orbifolds the resulting
ensemble average of the partition function factorizes into two contributions. These two factors
correspond to the ensemble averages of the partition functions of the Narain conformal field
theories studied in ref. [20, 21] and of the Zs orbifold conformal field theories studied in
ref. [16]. The partition function for the non-factorizable Zg orbifold toroidal conformal field
theories generalizes the result for the Sy ~ Zy symmetric orbifolds studied in ref. [17], in
the sense that the moduli space of the non-factorizable Zy orbifold family embeds into the
moduli space of the family of the Sy symmetric orbifold conformal field theory as a subslice.
Following ref. [30], we express the partition function of the non-factorizable Zy orbifold theory
in terms of suitable Siegel-Narain Eisenstein series, which allow us to calculate their ensemble
averages with the Siegel-Weil formula. In this way, we arrive at manifest modular invariant
ensemble averages that are given as a sum of products of real analytic Eisenstein series.

In section 4 we make tentative comments about a possible holographic bulk interpretation
of the calculated ensemble averages of the partition functions derived in the previous section.
In particular, we discuss the following two scenarios: on the one hand, the holographic dual
interpretation can be disguised by considering a less suitable ensemble of conformal field
theories in the first place. This scenario is for instance suggested if the moduli space of the
considered ensemble embeds into a larger moduli space. The hallmark of such a scenario is the
presence of additional exactly marginal operators in the ensemble of conformal field theories
that do not parametrize directions tangent to the considered moduli space. On the other hand,
the product structure of the moduli spaces of the conformal field theories in this work could
just be a feature that the three-dimensional bulk theory needs to reproduce. The consequence
of this scenario is that the holographic dual three-dimensional bulk geometries arise from a
pair of three-spaces that are glued together at a common asymptotic toroidal boundary.

Finally, in section 5 we present our conclusions and discuss open questions and further
research directions. Some technical details of our computations are relegated to three
appendices.

2 Orbifold CFTs from two-dimensional tori

In this section we systematically study two-dimensional conformal field theories arising from
Zs orbifolds of two-dimensional tori T2. Let T2 be the two-dimensional torus

T? ~C/(Z +uZ), (2.1)

in terms of the complex structure parameter u in the upper half-plane H, i.e., Imu > 0. The
volume modulus k together with the antisymmetric tensor field B forms the complexified
Kéhler modulus ¢ = 2, (B +ik) := b+ ir. Here the dimensionless parameters b and «



ss

x d) ) ¢ \

Figure 1. Factorizable and non-factorizable lattices. On the left, the two fixed point loci of the
reflection along each lattice generator are depicted with solid magenta and dashed cyan lines. On the
right, the symmetry axes along the diagonal lines are depicted with solid orange and dashed green
lines.

parametrize the two-form background B-field and the positive Kéhler two-form, respectively,
such that the complexified Kéhler parameter ¢ also takes values in the upper half-plane H.
For further details on these conformal field theories and their moduli see, e.g., ref. [49].

The toroidal orbifold Zs action is generated by an involution ¢z, : T? - T2 ie., L%Q =1,
which induces a Zy action on the two-form B-field via pullback ¢7 . We do not consider
fixed-point free involutions iz, — referred to as shift orbifolds in ref. [50] — because the
associated free Zy action simply yields another toroidal CFT of T2 (with adjusted background
parameters u and t).

Involutions ¢z, with non-trivial fixed points arise from reflections about points and lines,
which must respectively be symmetry points and symmetry axes of the corresponding torus
T2. As the lattice point z € Z 4 uZ is always a symmetry point of reflection with respect to
the origin in T2, the associated toroidal Zy orbifold is well-defined for any choice of moduli
u and t. Such orbifold conformal field theories and their ensembles are studied in detail in
ref. [16], and are therefore not further discussed here.

Reflections along a line of T2 are what we are interested in. These are only possible if
the line is a symmetry axis of the torus 72, which imposes constraints on the moduli u and t.
There are two types of symmetry axes of two-dimensional tori. Firstly, we can reflect along
an axis associated to a lattice generator of Z + uZ, which amounts to a reflection along the
bounding edge of a primitive cell of the torus lattice. For this axis to be a symmetry, the
primitive cell must be a rectangle (see the left panel of figure 1). One may reflect with respect
to either of the two axes, and obtain the two fixed point loci associated with each reflection.

Secondly, we may reflect along an axis associated to a lattice vector that is the sum of, or
the difference between, the two distinct generators of Z + uZ (see the right panel of figure 1).
This realizes reflections along the two diagonals of the primitive cell spanned by these two
generators. These axes are only a symmetry of the torus if the primitive cell is a rhombus.

The former configurations with a rectangular primitive cell are known as factorizable
tori, whereas the latter configurations are often referred to as non-factorizable tori. These



two possibilities realize two distinct classes of configurations that are characterized by the
complex structure modulus u, which for the factorizable tori is constrained to be purely
imaginary, i.e., Re(u) = 0, and for the non-factorizable tori is constrained to be a phase,
i.e., lul = 1.* Note that the square torus with u = i admits both a factorizable and a
non-factorizable orbifold action.

The involution ¢z, for the reflections of either factorizable tori or non-factorizable tori
induces a Zg-action on the B-field (via the pull-back t7, ), which maps b = Re(t) to —b.
Due to the periodicity of the B-field, b ~ b+ 1, there are two possible invariant choices for
the background value of b, namely b = 0 or b = 3. Hence, with Re(t) = 0 and Re(t) = %
there are two possible classes of background values for the complexified Kéhler modulus
t, which admit the discussed Zo orbifold action. That there are two possibilities for the
Kihler modulus is not a coincidence as mirror symmetry of 72 maps the factorizable torus in
complex structure moduli space to a configuration with vanishing B-field in the complexified
Kahler moduli space, and the non-factorizable torus in complex structure to a half-integral
B-field in Kéhler moduli space, and vice versa.

The family of conformal field theories of the two-dimensional tori 72 is described by
the moduli space (see for instance ref. [49])

My = (H/PSL (2, Z2) x H/PSL (2,Z2)) / (Za x Zs) . (2.2)

The moduli space Mrz2,7, of the family of toroidal Zg orbifold conformal field theories
associated to the involution ¢z, is the subspace of the moduli space M2, which parametrizes
those two-dimensional tori T (2u t) that admit the involution ¢z, as a Zg symmetry, i.e.,

MTE/ZQ = {(U,t) € MTZ

Jiz, on TPy} C M. (2.3)

Here T(2u " denotes for a given (u,t) € Mp2 the two-dimensional torus with complex structure
u and Kéhler structure .

2.1 Factorizable Zo orbifold

Let us first consider the class of factorizable Zs orbifold theories with a vanishing background
B-field. That is to say, the orbifold theory is given in terms of a two-dimensional torus 72
of a rectangular primitive cell together with the involution ¢z, that arises from a reflection
along the imaginary axis in the toroidal universal covering space C.°> This family of torodial
Zo orbifold theories is then parametrized by an imaginary complex structure modulus and
an imaginary complexified Kéhler modulus, i.e.,

u=1ic, t=1ix, 1<ce< 400, 1<k < +00, (2.4)

*Actually, Re() = % also realizes non-factorizable tori because the lattice generators @ and @ — 1 form
a rhombus in this case. These two sides of the rhombus are exchanged by a reflection along the imaginary
axis. This alternative description is often used in the literature and it is related to |u| = 1 via the Mdbius
transformation v = (@ — 1)/4 in complex structure moduli space (see figure 2).

SReflection along the real axis forms another involution of such a factorizable torus. However, the orbifold
theories arising from either one of these involutions are equivalent because upon rotating and conformally
rescaling the lattice Z + uZ of the two-dimensional torus to the conformally equivalent lattice Z + u~'7Z

exchanges these two involutions.
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Figure 2. Complex structure plane. The blue line and the solid red arc correspond, respectively, to
the factorizable and non-factorizable lattice. The dashed red line is mapped to the red arc by the
modular transformation v = (u — 1)/u (see footnote 4). The two black dots are mapped to each other
under 7.

with the real complex structure parameter ¢ and the real Kahler modulus k. The moduli
space M2z, spelt out in eq. (2.3) therefore becomes

Mr2yz, 2 [1,400)%/Zy C M2 . (2.5)

Here, the remaining Zs quotient corresponds to the exchange of (¢, k) <> (k,c). The fixed-
point locus of the involution ¢z, has two disconnected components, namely the two circles
Re(z) = 0 and Re(z) = %, where z is the complex coordinate of the universal covering
space C of the two-dimensional torus (2.1). Both fixed circles realize the same generator
in the homology group Hi(T?,7Z).

The described Zs orbifold therefore factors as
T2 )7y ~ SY)Zy x S*, (2.6)

where the first and second factors on the right hand side are parametrized in terms of the
real and imaginary part of z, respectively. Furthermore, we denote by R; and Ry the radii of
these two respective circles, which in terms of the parameters (2.4) are given by

o'k

2rRy =\ —, 27 Ry = Vd/ck, (2.7)
c

where we used the metric

(27R1)? 0
g_( 01 (sz2)2>' (2.8)

As a result, the partition function Zr2 /7, of the factorizable Zg orbifold conformal
field theory factorizes accordingly:

ZT2

fac

/7 (T5¢,k) = Zs1/z, (13 R1(e, k) Zgi (15 Ra(e, K)) (2.9)



where Zg1 and Zg1 7, are the partition functions of the conformal field theories arising from
a free boson on the circle S and on the circle orbifold S!/Zs, respectively. These partition
functions are well-known (see e.g., refs. [49, 51]) and are given by

Zai (7 R) = ’n(ql—)|2 ZEZ e—27ri7'1wm—7r7'2(%w2+%m2) ’ (2.10)
and
Zg1)2,(7; R) = %ZSI(T,RH ( ;2((77)) + ;;((TT)) 971((77)) ) . (2.11)

Here, 7 = 1 + 47 is the complex modular parameter and R is the radius of the target
space circle S'. The Dedekind eta function 7(7) and the Jacobi theta functions 6;(7) are
defined in appendix A.

2.2 Non-factorizable Zs orbifold

Next we turn to the Zy orbifolds of non-factorizable two-dimensional tori in the absence of a
background B-field. Recall that such tori can be described with a complex structure modulus
u that is a pure phase, i.e., u = ¢'® with ¢ € R. We consider the Zs orbifold corresponding
to the involution ¢z, that reflects the points on the torus along the diagonal of the primitive
cell, which is the line through the origin and the lattice points u + 1 (cf., the solid orange
diagonal in the right panel of figure 1).% This family of Zs orbifold conformal field theories is
parameterized by the complex structure and Kéhler moduli of the form

u=e®,  t=ix, ¢e(0,g], 1<k < oo, (2.12)
which corresponds to the moduli space

Moz, = ((0, up [1,+oo)) c Myo | (2.13)

Note that for non-factorizable tori the lattice points 1 and u = € yield two circles S of
equal radii R and hence equal circumferences 27 R. Their radii R relate to the real angular
complex structure parameter ¢ and the real Kéhler modulus k as

K= % (27R)*sin ¢ . (2.14)

Furthermore, these two circles form representatives of the homology classes generating
H,(T?,7), which get exchanged by the involution iz,. As a consequence the sum of these two
homology cycles yields an invariant homology class with respect to the involution ¢z,. This
invariant class can be represented by the diagonal circle of T2, which is the fixed-point locus
of the involution. We can compute the partition function Z of the non-factorizable

5The Zs orbifold theory corresponding to the other involution of the non-factorizable torus — arising from
the reflection along the diagonal through the points 1 and w (cf., the dashed green line in figure 1) — is
equivalent to the Za orbifold theory attributed to the involution of the first type. This can explicitly be seen
by noting that the torus associated to the lattice —Z + ¢'®Z ~ €'®(Z + ("~ #)Z) is equivalent to the rotated
lattice Z + "™ ~#)Z. As this particular conformal transformation exchanges the two described involutions, the
associated toroidal Zo orbifold conformal field theories are equivalent.
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Figure 3. The lattice spanned by the orange and green vectors yields a double cover of the non-
factorizable torus lattice with complex structure modulus wu.

Zo orbifold conformal field theory following several approaches.

Firstly, starting from the conformal field theory of two free bosons with a two-dimensional
torus as their target space characterized by the moduli (2.12), we orbifold this theory with
the above described orbifold action to directly arrive at the partition function Z I

Secondly, we notice that the non-factorizable torus with moduli (2.12) has a two-fold
cover 1?2, which is a factorizable torus. The primitive cell of the non-factorizable torus lattice
is spanned by generators 1 and €'® of the lattice Z + €¢®Z. The primitive cell of the two-fold
cover is spanned by the diagonals of the original torus (see figure 3). One diagonal is the
fixed-point circle spanned by 1 + €® and the other diagonal is spanned by 1 — ¢?. Hence,
we can realize the two-fold cover 72 ~ C /(Z + 4Z) with the complex structure modulus @
and the complexified Kéhler moduli # given by

14 e ¢

ﬂzl_ewzicotg, t=2ik . (2.15)

This is done by rescaling one of the lattice generators to 1. Thus, we can arrive at the partition
function Zp 2

non-fac

conformal field theory with the partition function Zr2 7, (7; cot %, 2k) of eq. (2.9).

/2, Py performing a Zs shift orbifold [50] on the factorizable Zy orbifold

Thirdly, as indicated in footnote 4 on page 7, the two-dimensional non-factorizable torus
T? is equivalent to a two-dimensional torus T2 ~ C/(Z + 4Z) with complex structure
and complexified Kéhler class ¢ given by
1 1 4 10)

m=§+§cot§, t =1k . (2.16)

i =

In this formulation (shown in figure 4), the Zs orbifold acts by reflecting along the
imaginary axis of the covering space C of T2, which maps the toroidal primitive cell spanned
by 1 and @ to the distinct but equivalent primitive cell spanned by 1 and @ + 1.7 The

"The sign in the second generator depends on the sign of Re().

,10,
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Figure 4. The equivalent description of the non factorizable torus lattice Z + uZ in the right panel of
figure 1, via a complex structure parameter with Re(@) = 4, where @ = (1 — u)~! and b=m/2—¢/2.
The brown segments denote the fixed locus that corresponds to the diagonal line u + 1 (the solid
orange line in figure 1).

necessary computational techniques to evaluate orbifold actions with non-invariant primitive
cells are spelled out for instance in ref. [52].

All three approaches yield the same partition function ZTz /Zs (1; ¢, k) in terms of the

n-fac

moduli (2.12). The final result of the partition function of the Z2 orbifold toroidal conformal
field theory is the sum of four orbifold sectors

1
Zrz, (o) =5 (207 (miom) + 257 o (ri6un)

non fac non-fac non fac

(250 pmemw 2 men) . @)

2 non-fac non fac

+

These individual summands arise from traces over the Hilbert spaces H. and H_ of untwisted
and Zo-twisted states, respectively, and they are defined as

7

non fac

nH +— T
12 =try, e e mH Z( )f /25 —trHige2 H (2.18)

where H is the Hamiltonian of the conformal field theory, g is the generator of the Zs orbifold
group, which acts on the states in the Hilbert spaces Hy. Thus, the first line in the
expansion (2.17) projects onto untwisted Zy invariant states and the second line corresponds
to a sum of twisted Zs invariant states. For more details on such orbifold constructions see,
e.g., ref. [49]. Summing up all these contributions is conveniently expressed in terms of the
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circle partition function Zg:1 (2.10), which takes the form

' _16a(7)]? Ry Ry
ZTjon»fac/Z2<T7¢’ K}) = Z ’)7(7') ZSI (27’, \/§> ZSI (27', \/§> (219)
1104(7) |2 <T R1> (T Rg> 1165(7) 2 <T+1 R1> (T+1 RQ)
+-|—| Za|lz3—= | Zsr | z5—= ) + = I | ——= | Zgr | —; —=
alniy | TN\ VR) TN\ VR Al | T2 R T2 e
1 R 1 R
— 5251 (13 R1) Zgn (T; 22> — §Z51 (T; 21) Zg1(T; Rg)

1 R 1 T R1> 1 <T+1 Ry
-7 Qe = —z . 4 e
+2 SI(T7\/§>+2 51(2,\& + S1 9 ,\/i s

2n Ry = (| 2d/k cot %, 2T Ry = 1/2a’ﬁtan§ : (2.20)

Ry corresponds to the orange segment of figure 3 and Ry to the green segment of the

where

same figure.® The first three lines of eq. (2.19) correspond to the summand ZZ(FJQH /73 of

non-fac
the untwisted sector with no insertion of the orbifold generator, and the last line contains

)

contributions from the untwisted sector with insertion Z, (t‘ and the twisted sector

Tnon—fac /ZQ ’
without insertion Z (ZH and the twisted sector with insertion Z, E_) . Note that in the
Tlnonffac/Z2 T /ZQ

last line the moduli dependence is only on Ry, i.e. the length of the rg;g?%old fixed point locus.

If for ¢ = 0 the two diagonal radii R; and Rz become equal (cf., eq. (2.20)), the
two-dimensional target space torus factorizes into two circles both of radius %Rl = %Rg.
However, the Zy orbifold acts differently than for the factorizable tori studied in subsection 2.1,
as it exchanges the two equally-sized circles. In the terminology of ref. [17] the conformal
field theory simplifies to the Sy ~ Zs orbifold conformal field theory of the product of two

circles. Namely, for %Rl = %RQ the partition function (2.19) becomes

212 R?
non—fac/Z2 (7_7 0’ o

T2
1 R, 2 1 R, T Ry T+1 Ry

= -7 ;—= —(Z 2T — VA - — A4 _ 2.21
7o (rg) +3(%0 (org) 20 (3 s) + 20 (5 s)) - 2

which is indeed in agreement with the partition function of the S; symmetric orbifold
conformal field theories studied ref. [17], where the So permutes the two equally sized target
space circles S!.

2.3 Two-dimensional toroidal Z, orbifolds with B-field

For Zs orbifold theories with a non-vanishing B-field, we distinguish again between factorizable
and non-factorizable two-dimensional tori.

Factorizable orbifold: factorizable two-dimensional tori with a non-vanishing B-field
admit the discussed Zs orbifold action if their moduli are constrained to

1

1
u=ic, t:§+m, 1<e< o0, §§m<oo, (2.22)

8R; and R: can be also written as % =27R+\/(1 4 cos ¢) and % =27R\/(1 —cos¢) .
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in terms of the real parameter ¢ and the real Kéhler modulus . This complexified Kéahler
modulus ¢ is invariant with respect to the Zg orbifold action because ¢7, flips the sign of the
B-field B, which for the non-vanishing value b = 5 remains invariant due to the periodicity
b ~ b+ 1. Note that mirror symmetry — which exchanges the complex structure modulus u
and the Kéhler modulus ¢ — maps the moduli (2.22) to the mirror dual moduli

1 -
ﬂ:§+i/<a, t=ic, (2.23)
which are the moduli of the description in terms of a non-factorizable torus with vanishing
B-field as given in eq. (2.16). As a result, we readily obtain the partition function Z;, 1/2

fac/Zo
from the partition function ZT2 oo/ T via mirror symmetry. To do so, we map the complex

structure modulus of eq. (2.23) to the unit circle — as in footnote 4. This gives
4K% — 1 4k

U U = ) . 2.24
v 4/{2—|—1+Z4/€2—|—1 ( )

Taking this into account, we get

fac

b=1/2 . _ ‘ 4K
Zr2 7, (T5¢,K) = Zrz2 g7,(T;arctan (4’%2_1> ,C) . (2.25)

Non-factorizable orbifold: finally we consider non-factorizable two-dimensional tori with
non-vanishing B-field. In this case, the complex structure modulus u and the complexified
Kéahler modulus t are both taken to be phases. However, we have not been able to express
the partition functions in a convenient form as in eq. (2.19), which, as we will see soon in
subsection 2.5, makes the averaging rather straightforward.

2.4 Partition functions and Siegel-Narain theta functions

In order to calculate efficiently the ensemble average of conformal field theories arising from
toroidal target spaces as developed in ref. [30], it is convenient to express the partition
functions in terms of the Siegel-Narain theta functions [24, 30, 53]. Let Q be a symmetric
2N x 2N matrix of signature (N, N), such that 29 has integral entries and even entries on
the diagonal.” Moreover, let H be a symmetric positive definite real 2N x 2N matrix obeying

HQO'H=0. (2.26)

Then the Siegel-Narain theta functions in terms of 2 and H are defined as [24, 30, 53]

@HQ (a,b,7) Z e—2m Im(7) ) (m+b)T H(m+b)+2mi Re(7) (m+b) T Q(m-+b)—4dmwiRe(r) a? Q(m-+1b)
meZ2N
(2.27)
with the twist vectors a,b € R*V and the modular parameter 7 in the upper half-plane .

Note that the positive definiteness of the matrix H ensures that the summation over m € Z>V

°In refs. [24, 53], Siegel constructs theta functions for symmetric non-degenerate pairings  with arbitary
signature (r, s).
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converges in the definition of the theta function ©p . The Siegel-Narain theta functions
of this work are all defined with respect to the pairing

Q:1< 0 1NXN>. (2.28)

Hence, for ease of notation we only refer to the positive definite 2N x 2N matrix H in the
expression for the Siegel-Narain theta functions, i.e.,

O©n(a,b,7) =Onala,b,T) . (2.29)

In terms of the Siegel-Narain theta functions defined in eq. (2.29) the partition function
Zr2(1: G, B) of the toroidal conformal field theory with the target space torus T2 becomes
(see, e.g., ref. [49])

b
[n(T)[*

with the real positive definite 2¢ x 2¢-matrix H(G, B) (which obeys the relation (2.26))

ZTQZ (T; G7 B) = @H(G,B) (07 07 T) ) (230>

Gt JG7'B
H(G,B)=|[ 2 2 , (2.31)
—1iBG™! ;L (G- BG™'B)
with inverse
2 (G- BG™'B) —2BG!
HYG,B)= |~ ( ) : (2.32)
2G71B 20/G~1

In this subsection we consider the contribution to the partition functions of the toroidal
Zo orbifolds coming from the untwisted sector, and with no insertion of the involution element.

. o (+,4) (++)
We refer to this contribution as ZT2 o /L ZT2

non-fac non-fac

Siegel-Narain theta functions defined in eq. (2.29). The resulting expressions will in particular

(7). We express /22 (1) in terms of the
be useful when we compute the average partition function over the moduli space for higher
dimensional target spaces in section 3, following the methods of ref. [30].

For the factorizable ¢z, involution, the contribution from the untwisted sector with no
insertions to eq. (2.9) is of the form:

(+4) (oL -
ZTanC/Z2 (T, C, K}) = W @H(g) (O, O, 7') @H(g) (0, 0, T) (233)

where g,g are the metrics of the two circles.
For the non-factorizable involution (2.19), we find

(++) 1 1 1
Z s (T50,Kk) = Or(0,=A,27) (0, =A,27) . (2.34)
Tnon—fac |’[7(T) |4 AE%I}Q 2 h 2

In fact, one can show that the above expressions are modular invariant using the properties
of the twisted theta functions under modular transformations. We shall generalize these
formulas in section 3, where we study higher dimensional toroidal target spaces.
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2.5 Ensembles of two-dimensional toroidal Zs orbifolds

The moduli space M2 of the conformal field theory of two free bosons with a two-dimensional
torus T2 as its target space may be locally parameterized in terms of the complex structure
modulus u and the complexified Kéhler modulus t. The two-point correlators of the marginal
operators define the Weil-Petersson metric on the moduli space M2 [22], which for the
toroidal conformal field theory is locally a product of two two-dimensional hyperbolic spaces
with the metric (up to a constant pre-factor)

dudu dtdt

ds? = .
T Tma? T (Tmi)?

(2.35)

This comes from the fact that the moduli space of T? compactifications is locally a product
of two copies of the fundamental domain (subset of the upper half plane). One may explicitly
arrive at the above expression (up to normalization) by calculating the Zamolodchikov metric

ds? = G™PG" (AGndGpy + dBpnd Byy) (2.36)

and plugging in the metric and the B-field in terms of the complex structure and complexified
Kéhler moduli u,¢. The moduli spaces M2z, of the analyzed Zs orbifold conformal field
theories are subspaces of Myp2. The Weil-Petersson metric of the moduli space Mr2 7, is
the induced metric from the metric (2.35), because the exactly marginal operators in the
untwisted sector of the orbifold theories have the same two-point correlation functions as
in the unorbifolded theory.

2.5.1 Factorizable Zs orbifold with vanishing B-field
The parameters of this Zy orbifold are the two real moduli (¢, k) of eq. (2.4). A fundamental
domain of the moduli (¢, k) reads

(¢, k) € [1,00) X [1,00) . (2.37)

The measure of the moduli induced from eq. (2.35) becomes

ds? = (Olcc)z + (C}f)? : (2.38)

The volume of the moduli space of this Zy orbifold theory is logarithmically divergent. Note
that for this class of conformal field theories, the ensemble average over the entire moduli space
is divergent as well [20]. Nevertheless, we can still study ensemble averages over measurable
subsets of the moduli space by, for instance, regularizing the integral with cut off A > 1 for
large (and small) values of the moduli ¢ and k. Using the partition function (2.9), we arrive at

1 Ade Ade [1
<ZT§LC/ZQ (T)>reg - (VOlslreg>2/1 ?/1 " {2251 (7: Ri(c, k) Zg1 (13 Ra(c, )+ (2.39)
n(r) n(r) n(T) Belen
(92(7) * 03(T) + 04(7) )ZSI(T’RQ( ; ))},
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in terms of the regularized moduli space volume
Ad
Volgi yeq = / S log A . (2.40)
: .z

Defining for the partition function Zg: in eq. (2.10) the regularized ensemble average by

1 AdR
(Z51(T))reg = Volsi g h R Zsi (T3 R), (2.41)

we express the regularized ensemble average <ZTf2 /7 (7')> as:
ac reg

n(7)
04(7)

n(r)
03(T)

n(r)

B (7) +

_l’_

7)),y = 32 (D + ) (251 (s

reg

(Zn,
The first summand is simply the (regularized) ensemble average of the tensor product of two
circular conformal field theories, whereas the second contribution comes from the circular
fixed-point loci of the Zo orbifold.

2.5.2 Non-factorizable Z3 orbifold with vanishing B-field

The moduli space of this class of toroidal Zy orbifold is parametrized by the angular complex
structure modulus ¢ and the real Kéhler modulus « in the range (2.12). From eq. (2.35)

we arrive at the induced moduli space metric

ds? = (&)2 - (?)2 : (2.42)

The volume of the moduli space exhibits logarithmic divergences as ¢ and x approach zero
and 400, respectively. Thus, we define the regularized ensemble average

1 [ dé [Adw
= - — L2
reg ‘/}eg s Sin ¢) % K non-fac

(Zr2  j2,(7))

non-fac

/25 (T30, K) (2.43)

Here the ensemble average is regularized by introducing a small positive angle § for the
angular variable ¢ and a large value A for the Kéhler modulus k. We integrate over a 4-fold
cover of the moduli space (2.12), which is normalized by

T—0 de¢ A dr
View = - —. 2.44
& /5 sin ¢ LR ( )

Upon expressing the moduli in terms of Ry and Ry defined in eq. (2.20), we obtain for the
regularized ensemble average

<Z,Tt%on—fac/Z2 (T)>reg
1 M dR, A2 dR Ro\ 2r2
= 2/, R L 1 R2 Zr2 g, (T;Qarctan <R2> ,7T/R1R2> . (2.45)
4 <V0151,reg) A 1 As 2 non-tac 1 o
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where the large cut-offs A; and As arise from the transformation the regulators § and A in
eq. (2.43) and the normalization factor is given by Vieg = 8Volg1 ;o,. Expressed in terms of
the circular ensemble average (2.41), this (regularized) ensemble average becomes

<ZTfon-fac/ZQ (T) >reg -
1 (]62(7))? s |0a(n) T \? | |0s(n) T4+1,\2
‘4( 0| e (S (205) o+ S (205 )>reg>

(T () o+ <<251(27)>mg + <ZSI(;)>reg + (2575 1)>reg> (246

Note that the individual terms assembled in brackets in eq. (2.46) form modular invariant com-
binations with respect to the modular group acting on the worldsheet modular parameter 7.

2.5.3 Zs orbifold with non-vanishing B-field

Factorizable orbifold: due to the relation (2.25) the (regularized) ensemble average of
the factorizable Zy orbifold theories with the B-field background Re(t) = % are identical to
the regularized ensemble averages of the non-factorizable Zs orbifold theories with vanishing
background B-field. That is to say, upon averaging over the moduli space given in eq. (2.22),

we arrive for the ensemble averages at the mirror correspondence

b=1/2
<ZT3M//Z2 (7)>reg = < 2, (7)>reg , (2.47)

where the right-hand side is explicitly given in eq. (2.46).

Non-factorizable orbifold: the moduli space is parametrized in terms of the angular
complex structure variable ¢ and the real Kéhler modulus k in the range

¢ € (0, g], ke [%,—l—oo) . (2.48)

The partition function for this orbifold cannot be simply obtained by a duality argument.
While this is an interesting case to consider, we do not pursue this further in this work.

3 Orbifold CFTs from D-dimensional tori TP

In order to obtain finite ensemble averages of moduli spaces of finite volume from toroidal
orbifold conformal field theories, it is necessary to consider toroidal target spaces of higher
dimensions as in refs. [20, 21]. Therefore, we now generalize the conformal field theories
analyzed in section 2 to higher dimensional toroidal conformal field theories and orbifolds
thereof. Namely, we now consider D free bosons for D > 6 with periodic boundary conditions
parametrizing the target space torus TP. The Z, orbifold action is again characterized by
an involution ¢z, : TP — TP together with the induced action via the pull-back Lz, acting
on the toroidal metric and the two-form B-field.

In ref. [16] Zy orbifolds of toroidal conformal field theories and their ensemble averages
are studied for involutions ¢z, that invert all directions parametrized by the bosons. In this
section we extend this class of Zo orbifold toroidal conformal field theories and calculate
their ensemble averages.
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3.1 Factorizable toroidal Zs orbifold CFTs

Our first class of theories arises from factorizable tori TP ~ T¢ x T™ equipped with a product
metric and a block diagonal B-field. Such tori admit a Z, orbifold action resulting from
the involution tz,, which is defined via the action

Lz + (l’,y) = (7:’6’3/)’ (31)

where (2, ) are the coordinates on the universal covering space R® x R™ of the torus T x T™.
Moreover, the block-diagonal metric and the block-diagonal B-field are invariant with respect
to the pull-back ¢7 . We denote the toroidal Zg orbifold resulting from the involution ¢z, by

Tin)Zy ~T )2y x T™, D={(+m, l,m>3. (3.2)

As this class of conformal field theories simply arises from a product of the type of
toroidal Zg orbifold conformal field theories studied in ref. [16] and a toroidal conformal
field theory with target T2 considered in ref. [20], the partition function is a product, which
readily generalizes expression (2.9) as

ZTD

fac

/2, (T3 L) = Zipeyz, (73 1) Zpm (T3 m)) (3.3)

The second factor is the partition function of an m-dimensional toroidal conformal field
theory with the moduli m [20, 49] (see appendix A). The first factor reads [16]

D

Here Zp «(;1) is the partition function of the unorbifolded ¢-dimensional toroidal conformal

© ()

04(7)

n(7)
03(1)

n(r) |

6(m)| T

_l’_

1
Zpe g, (T31) = 5 (ZTe (m;0) + 2¢

field theory with moduli [, whereas the remaining terms relate to Zg orbifold contributions [16].

For the considered toroidal orbifolds (3.2) with their block-diagonal metric and with
their block-diagonal B-field the product structure of the partition function (3.3) not only
prevails for a particular choice of the moduli m and [, but also holds globally over the entire
moduli space Mngc /Zs of the underlying family of conformal field theories, i.e.,

MTD

fac

/7o = MTZ X MTm . (35)

Here Mpa denotes the moduli space of conformal field theories of a d-dimensional torus
7?10 Therefore, the resulting ensemble average of this class of Zy orbifold conformal field
theories readily becomes

(Zpp

fac

12(1) = /MTMMW dpu(t,m) Zpp 7, (751 m)

- ( [, a0 Zrez, (o 0) ([, aum) Zenrzm)))  (36)

= {(Zge)z, (7)) (Zrm (7))

10A5 the orbifold action Zs reflects all directions of the first factor T, the orbifold action is well-defined for
any point in the moduli space Mye. Therefore, the moduli spaces M. and M. 5, are identical.
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and factorizes into a product of ensemble averages. Here dpu(l, m) is the measure of the moduli
space Mpp 7, It factors into the measures dp(l) and dp(m) for the moduli spaces of toroidal
conformal field theories, which (for arbitrary d-dimensional tori) is normalized to

Volya = / du(@) = 1. (3.7)
Mea
The ensemble average of a d-dimensional toroidal conformal field theory is calculated as
in ref. [20] and reads

(70 = [ @ patria) = — 55)

d ’
Td Tm(7)2 [n(r)|*

As a result and together with eq. (3.3) the ensemble average of the partition function (3.6)

becomes
1 Eq 2(T)Em 2(7)
(Zrg ) = 21m<7)/”2’” |n<r/>2“+m)
1 [ @) [0 ) [F L () |f By (T)
+2 lQZ(T) ool T lam Lm(f)?\n(f)!m' (3.9)

Here and in eq. (3.8), E5(7) denotes the real analytic Eisenstein series

Im(7)*

Ey(r) = B > lor 1 dPe (3.10)

(2:3)651
where in the summation (c,d) denotes the greatest common divisor of the integers ¢ and
d. The real analytic Eisenstein series F4(7) is a modular function in 7 that is defined
for s € C with Re(s) > % For more details on the real Eisenstein series see for instance
refs. [54, 55] and appendix A.

3.2 Non-factorizable toroidal Zs orbifold CFTs

A systematic classification of all Zs orbifolds of toroidal conformal field theories is beyond
the scope of this work. Instead we focus on an interesting class of toroidal Zy orbifolds that
generalizes the factorizable Zo orbifolds of the pervious subsection.

We construct the non-factorizable toroidal Zs orbifold from an even dimensional torus
T? with ¢ > 3, which we realize in terms of the 2/ dimensional lattice Ag, with lattice
generators s4, A = 1,...,2¢, namely

T? ~R* /Aoy, Aogp={(s1,...,5%)) . (3.11)

Furthermore, we consider the involution ¢z, of the torus T? which exchanges the first £
generators with the second ¢ generators of the lattice Agy. Explicitly, the involution ¢z, is
given by the lattice automorphisms

for A<,
iz, SA {SA“ ora= (3.12)

sa_y for A>1 .
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In order for the involution ¢z, to realize a Z symmetry on the associated toroidal conformal
field theory, we require that the flat toroidal target space metric G and the background
B-field B are invariant with respect to this geometric Zo action, i.e.,

,G=G, 13, B=B. (3.13)

Identifying the lattice generators s4, A = 1,...,2¢, with a basis of tangent vectors of T2,
the Zy invariance of the toroidal metric G implies for its symmetric components Gap =
G(sa,sB) = Gpa, A,B = 1,...,2¢(, the relations

Gap = Gattprts Gagep = Gapye fora,b=1,...,0. (3.14)

This means that the metric G takes the form

& &
o (29) o5

where &, ® are symmetric £ x £ matrices. For the anti-symmetric components Bap =
B(sa,sp) = —Bpa, A,B =1,...,2¢, of the B-field we have similar relations

Bay = Bayeprt, Bavep = Bapre fora,b=1,....0. (3.16)

This means that the B-field takes the form

B B
a-(23). o

where %,% are £ x { skew-symmetric matrices. In the following, we often refer to the
constructed torus 7% with the metric (3.14) and the B-field (3.16) as the non-factorizable
torus T2

o fac, and we denote the Zo orbifold associated to the involution ¢z, of the non-

factorizable torus by T%n_fac [ Zo.

For & = 0, B = 0 the torus T% factorizes into T x T ¢, where each factor comes with
the same metric  and the same B-field 9B. As the Z, orbifold exchanges the two tori, the
non-factorizable toroidal Zo conformal field theory simplifies to the S symmetric orbifold
conformal field theory arising from the product of two tori, as studied in ref. [17].

Before we calculate the partition function of the conformal field theory with the orbifold
target Tffn_fac /7., we construct a 2°-fold cover T2 of the non-factorizable torus Tffn_fac, which
is again a factorizable torus T2 ~ T x T* in the sense that the metric G and the B-field B
lifted from the torus 7% becomes block diagonal. The relevant covering torus T2 ~ R / 1~X2g

is described in terms of the sublattice /~\2g C Ay of index 2¢ given by

Aoe={er, .. e, frro s fo))

(3.18)
€a = Sa — Satts Ja=Sa+tSare, a=1,...,0.

In terms of these generators the metric G and the B-field B of the torus T% become block
diagonal because 0 = G(eq, f) = G(fa,ep) for all a,b = 1,...,¢. Furthermore, the metric
blocks g and § of the two respective factors T¢ x T* read

Gab = G(earer) = 2(Gap — Gapre) s Gab = G(far f5) = 2(Gap + Gapie) - (3.19)
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Analogously, we find for the B-field B that 0 = B(eq, f5) = B(fa,e) and that the block-
diagonal entries become

bap = B(ea,es) = 2(Bap — Bapre) s bab = B(fas fo) = 2(Bap + Bapre) - (3.20)

In terms of the metric and B-field ¢ x ¢-blocks g, §, b and b, we readily express the metric
G and B of the non-factorizable torus T2 as

1 Gg—3§ 1(b+bb—1b

4\g—gg+g 4\b—-bb+b
where the exhibited block structure arises in terms of the basis (3.11). Upon inserting the
specific form (3.21) of the metric G and the B-field B into the matrix H(G, B), a straight-

forward but somewhat tedious calculation reveals that the partition function Zpe (7; G, B)
can be rewritten as

1
ZTQZ (T, G,B) = VN E @h (0 YAN 27') @"' (0 —-A 27’) . (322)
non-fac |’I7(T)| AE{O 1}25

Here the Siegel-Narain theta functions are defined with respect to the ¢ x £ positive definite

h= H(i ;’) h= H(i g) (3.23)

that are determined via the matrix relation (2.31) in terms of the (rescaled) ¢ x ¢ matrices

matrices

¢,G,b,b. The modular parameter of these Siegel-Narain theta functions appearing in eq. (3.22)
is 27 as opposed to 7 in eq. (2.30). As a result the modular invariance of this expression
is not immediately manifest. Note that the partition function Z 2 (7;G, B) as given

non-fac

in eq. (3.22) is a finite sum of products of two Siegel-Narain theta functions, which only
depend on g, b, and g, b, respectively. This is a consequence of the fact that the partition
function Zp2¢  can alternatively be obtained from a shift orbifold of the 2°-fold covering

non-fac

torus T x Tf, which is factorizable.
Now we have all the ingredients at hand to spell out the partition function
ZTZZ

non-fac

/2 of the conformal field theory of the non-factorizable torus orbifolded with respect
(+)
non fac/Z

function of the Zs orbifold conformal field theory is obtained by projecting onto the Zo

to the involution (3.12). The contribution of the untwisted sector Z_, to the partition

invariant states on the Hilbert space, namely

(+) _1 o2ithl omirf) _ L, (++) (+-)
ZTr?cl;n fac/Z 2 (tr + trH+ ge ) - 2 (ZTr?cfn hc/Z + Z non hc/Z ) ’ (324)
where H is the Hamiltonian of the conformal field theory, H4+ the Hilbert space of the
untwisted states, and g the generator of the Zsy orbifold action. The two summands in this

expression are explicitly calculated to be

. b
255 = (TGB), 250 =7 <2T;g,2) . (3.25)

non-fac non-fac

— 21 —



The twisted sector Z\ 22 A can be determined similarly by projecting onto the Zs invariant

states in the twisted Sector of the Zs orbifold theory, i.e.,

ZTT?C{“ faC/Z 2 (tr o + trH7 g ¢ " ) B 5 (ZTr?c{n fac/Z + Z nou fac/Z ) ) (326>

Here H_ refers to the Hilbert space of the twisted states. However, since the whole partition
function Zp2e /2o of the Zs orbifold conformal field theory must be modular invariant, we

non-fac

can directly reconstruct the contributions of the twisted sector via modular transformations as

(++)
follows. The contribution ZTZ‘-’ /23

non-fac

is modular invariant by itself, because it is the partition

function of the conformal field theory that is not orbifolded. The piece Z + Y -) /72
non fac

modular invariant by itself. Instead an S-transformation maps the contribution Z;y ) /23

non-fac

to Z (- ) 17 and vice versa, because the S-transformation converts the insertion of the
non fac

generator g in the trace over the Hilbert space H into a twisted boundary condition without

is not

the insertion of g in the trace over the Hilbert space H_. Thus from eq. (3.25) we arrive at

_ b
250, =2 <T~g> . 2
non fac/Z Tt 2 ’ 2’ 2 (3 7)
The last contribution is obtained from Z.5 T2 +) /23 by acting with a T-transformation, and
non fac
we find
(—) _ T+1 g b
7 = (55 (3.28)
Altogether, the combination Z (+ ) +Z ( pry ) +Z - T2 ) is indeed modular invariant.

/Z> /Zs /Za
non fac non fac non fac
In summary, collecting all the computed individual pieces we find for the whole partition

function the expression

1 1
Zr2t )l = QT DB A2T) ®~<o AQT)
O sl
1 g b T.gb T+1 g b>>
2 |71 |2 Zpe (53505 ) T2 (3505 2
+2< T4<T,272)+ T4(2,272)+ Té< 5 i975) )" (3.29)

where both the first and the second line are modular invariant contributions by themselves.
Note that, due to the insertion of the generator of the Zs orbifold group, the contribution
Z + ) Zo to the partition function depends only on the moduli g, b, which are the moduli

non de/

of the fixed-point locus of the involution tz,.

3.3 Ensembles of non-factorizable toroidal Zs orbifold CFTs

To determine the ensemble average of the non-factorizable toroidal Zo orbifold partition
function Zyoe 5, we first discuss the structure of its moduli space M2

non-fac non-fac

on the moduli space M2 oo/ Zo is the Zamolodchikov metric restricted to the non-factorizable

/Zo The metric

tori T2¢ that are invariant with respect to the action of the involution 1Zs-
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The Zamolodchikov metric of the torus T2 is given by (2.36), which becomes in terms
of the matrix (2.31)

ds}z = Tr (G71dG G71dG - GT1ABG™dB) (3.30)
— %Tr (H—ldHH—ldH) — —% Tr (deH_1> .

Here the positive definite 2¢ x 2¢ matrix H is given in terms of the metric G and the B-field
B according to eq. (2.31). Restricting the Zamolodchikov metric to the non-factorizable
tori T2 we insert eq. (3.21) and get

non-fac’

dsZ o =T (97 'dggtdg + g tdbg~tdb) + Tr (37 dg g tdg + g ‘dbg'db)

) R L (3.31)
=5 T (h~'dhh7dR) + S Tr (K~ dh b~ dh) .

Thus the metric factorizes locally over the moduli space of non-factorizable tori ngn_fac into
the two positive definite parts h and h.

Let us now analyze the global structure of the moduli space of non-factorizable tori Tr?(fn_fac.
To set the stage, we first describe the moduli space My~ of conformal field theories for generic
target space tori TV with the positive definite 2N x 2N-matrices H obeying eq. (2.26) [23, 24].
Consider the 2N-dimensional lattice I' with the even self-dual pairing 2Q given in eq. (2.28).
The symmetric matrix € is a non-degenerate bilinear form of signature (N, N) on the 2N-
dimensional real vector space V =T ®z R. Let W, be a N-dimensional subvector space
of V, such that the restriction Q|y, is positive definite. Note that the choice of W is
not unique and W, is called a majorant of 2. Furthermore, let W_ be the N-dimensional
orthogonal complement W_ = {x € V' |Q(z, W) = 0}. Then the vector space V decomposes

into the direct sum
V=W,aeW_. (3.32)

Due to the signature of  the restriction Q|y_ is negative definite. From this decomposition
we obtain on V' the positive definite symmetric bilinear form

H(u,v) == Quy,vy) — Qu_,v_), (3.33)

with v = vy +u_, v=v4 +v_, where uy,v; € Wy and u_,v_ € W_. Note that H obeys
the relation (2.26), which is equivalent to Q™'H — H~1Q = 0 and to

Q'+HHQ-H)=0. (3.34)

Conversely, given a positive symmetric matrix H obeying this matrix relation, the kernel of
the second factor 2 — H defines the subvector space W and hence the decomposition (3.32)
associated to the positive definite symmetric pairing H.

The symmetric form  with signature (N, N) is invariant with respect to the indefinite
orthogonal group O(N, N,R) acting on the vector space V, namely ATQA = Q for any
A € O(N,N,R). However, the transformation on the vector space V +— A -V acts non-
trivially on the decomposition (3.32), and hence on the space of positive symmetric bilinear
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from H. Conversely, Witt’s theorem ensures that the group O(N, N,R) acts transitively on
the space of positive definite symmetric 2¢ x 2¢ bilinear forms H obeying eq. (3.34). The
stabilizer subgroup preserving the decomposition (3.32) is O(N,R) x O(N,R). Therefore,
we find altogether that the moduli space of majorants Ml(\/][\g] of Q reads

(N) _ O(N, N,R)
Maj = O(N,R) x O(N,R)

M (3.35)
As the moduli space of majorants yields a choice of metric G and B-field B according
to eq. (2.31), it also parametrizes toroidal conformal field theories with target space TV.
However, two majorants that are related by a lattice automorphism O(N, N,Z) of I" yield
equivalent toroidal conformal field theories. Therefore, we arrive at the well-known result,
see, e.g., ref. [49], that the moduli space My~ is given by
Ml(\jfv )' O(N,N,R)
~ 75” ~ ) )
Max = 5o = O(N,N,2) \ /O, R) x OV, ) - (3.36)

Now we are ready to discuss the global structure of the moduli space M2 of conformal

non-fac
field theories arising from non-factorizable target space tori Tann_faC.

moduli space M p2¢ in terms of majorants that admit the Zs orbifold action. The involution

non-fac

t7, acting on the 2¢/-dimensional lattice Ay, induces a Zs-action iz, on the 4/-dimensional

We parametrize the

lattice I' ~ Ayy @ A3,. By construction, the involution iz, leaves the non-degenerate bilinear
form €2 of signature (2¢, 2¢) invariant, i.e., iz, 2 = Q. Furthermore, the vector space V' = I'ezR
decomposes as V = V) @ V)| where VE) are the +1 eigenspaces with respect to the
involution 7z,. It is straightforward to check that the non-degenerate bilinear form €2 of
signature (2¢,2¢) restricts on V(&) to two non-degenerate bilinear forms Q|y ) both of
signature (¢,¢). As a result the majorants compatible with the involution iz, split as

v=wPew ew® ogw, (3.37)

where Wj(:) e W) =Wy and WJ(ri) e W = V&), The moduli spaces Mﬁg% of such

Zo-equivariant majorants is parametrized by transformations that not only preserves the
bilinear form £ but also its two restrictions Q|;,(+) individually modulo those transformations

that preserve the direct sum decomposition (3.37). Therefore, we arrive at

(20) ~ O(&& R) X O(Z’& R)

Mitajzy = O(L,R) x O(L,R) x O(,R) x O(¢,R)

~ M x M. (338)

As before, in order to describe the moduli space of conformal field theories of non-

factorizable target space tori T2

e nfac, We need to further divide by those lattice automorphisms

of I' that are compatible with the involution iz,. These are realized by the discrete group
O, 0, Z) x O, ¢,Z). Thus, the moduli space of the conformal field theories with non-

factorizable tori T2

e fac &S target spaces becomes

N , N O(t, £, R)*2
Mz = 0U T x0(0.0.7) = Ot 2)<2\ [0 ry= (3.39)
~ MTZ X MT@ .
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The two factors M. of this moduli space are parameterized by the positive definite bilinear
forms h and h explicitly given in eq. (3.23). Note that the arguments of the bilinear forms h
and % in terms of the metric g and the B-field b and the metric g and the B-field b are rescaled
by a factor %, which reflects the fact that these £ x £ blocks parametrize the diagonal tori

T* x T* of the non-factorizable torus T2

on-fac COrresponding to the sublattice 1~\2g of index 2°.

Let us point out that the presented construction of the moduli space MTffn.fac does not
cover all possible conformal field theories that can be constructed from Zo orbifolds associated
to the involution 7, acting on non-factorizable tori T2 . . /7, as defined in eq. (3.12). On
top of the B-field B entering the majorant H in eq. (2.31), which obeys the relations (3.16),
there are additional discrete choices for the B-field that are invariant with respect to a
Zs symmetry once the discrete transformations O(2¢,2¢,7Z) are taken into account. In our
treatment, we only consider B-field configurations that are invariant under the involution
17, without taking into account such discrete transformations.

The family of Se-symmetric orbifold conformal field theory studied in ref. [17] corresponds

to the points in moduli space My 2, where the equivalence classes of the majorants h

fac

and h are equal. That is to say, the moduli space My, e/g, of the Sy-symmetric orbifold
conformal field theory is the diagonal submoduli space

MTZXTZ/SQ ~ { (m, T:fvl) € MT%

non-fac

m=t}, (3.40)

where m and m are equivalence classes of majorants h and h.
The metric (3.30) of the moduli space My~ of a toroidal conformal field theory yields
the measure dmy, which upon integrating over the moduli space (3.36) we normalize as

/ dmpy = 1. (3.41)
M

TN

To calculate the ensemble averages of the partition functions derived in the previous section,
it is necessary to average the Siegel-Narain theta functions O (0, %A, 7) defined in eq. (2.29)
over the moduli space Mpn as

<®H(0, 1A,x)> - / dmy ©4(0, LA, ) . (3.42)
2 Mn 2

This computation is detailed in refs. [24, 30]. Here we quote the result for N > 3 and
A e {0,1}2N

—_

1

- - for 0 = A € {0,112V
2 2 Teavd or 0= A€ {0,117,
1 (c,d)=1
<6H(07 A,$)> - dATOA (343)
2 1 > () ki for 0 # A € {0,1}2V .
2 cEZL,dE27 ‘C‘T+d‘N
(c,d)=1

For the average of these Siegel-Narain theta functions there are three distinct cases. The
tuple A is either zero or non-zero. In the latter case we distinguish between ATQA being
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even or odd. Therefore, we define

(0 (2)) == (0n(0,0,2)) ,

<eg*@»>;:<eHax;A¢w> for ATQA even, A #0, (3.44)
(05 @)) = (On(0.58.0)) for ATQA 0dd

Using eq. (3.43) and the definition for the real analytic Eisenstein series (3.10), we find
for the average

(6 (@) = 22el). (3.45)

0\ _ 1 Enp(5)  Enpl(z)
(O @) = 2N 1 (Im(g)%zv - Im(a:)];) ’

(3.46)
2 Enyy (%) 2V +2  Enp(3) 1 Enp(z)

(=) —
<@H (x)> - IN(2N — 1) Im(%)% B 2N (2N —1) Im(%)% - 2N — 1Im($)% '

With these averaged Siegel-Narain theta functions at hand, we can now determine the
ensemble average of the partition function Zj 2

non-fac

/2, Of the Zy orbifold toroidal conformal
field theories based on non-factorizable tori Tffn_fac. We recall that the measure (3.31) and the
moduli space of this ensemble of conformal field theories factorizes, which becomes manifest
once we parametrize the moduli space by the majorants h and R of eq. (3.23). Moreover,
the partition function Zngn_fac /Zs (1; h,ﬁ) of eq. (3.29) is a sum of products of terms, whose
factors are Siegel-Narain theta functions that depend on the two respective majorants h and

h. Thus, the ensemble average factors over these sums of products as well, and we obtain

<ZTr?£n—faLc/Z2 (T)> - /MTZ dmh ‘/MTZ dmﬁ ZTr?gn—fac/Z2 (T’ h7 h)
S > <® (0 1A, )> <@~(o LN )>
2" AN (347)

Ae{0,1}2¢
b5 (@remm) + (ZoGin) ) + (2 (55 )

The sum over A € {0, 1}2 splits into the contribution A = 0, (2¢ —1)(2~! + 1) summands

with A # 0 and ATQA even, and 2/71(2¢ — 1) summands with ATQA odd. Thus, inserting
the definitions (3.44) and carrying out the sum over A € {0,1}% we arrive at

12 (7)> = ;m(;w <<@g)(27)>2

+2 -1+ 1) <@§;>(2T)>2 +2712f - 1) <@§,)(2T)>2> (3.48)

<ZT2z

non-fac

b5 (@renm) + (ZeGin ) + (25 5m) ) (3.49)
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Finally, we express the determined average in terms of real analytic Eisenstein series
using eqgs. (3.46). In order to bring the final result into a manifest modular invariant form,
we apply the identify

E, (w ; 1) 1 —282_2;1]58(:1:) — By(2z) — E, (;”) . (3.50)

which is derived from the Fourier decomposition of the real analytic Fisenstein series in terms
of the Hecke eigenmodes with respect to the Hecke operator Ts, for details, cf., appendix C.
Putting everything together, we arrive at our main result of this subsection, which is the
manifest modular invariant ensemble average

12,(7))

= 1 2 T 2 T+1 2
_2|n<7>|“1m<7>f<2f—1><(EW” #(5) B (5 ))

— (142" By, (T)2>

<ZT22

non-fac

L Buen) L Ep(3) By (75 50
£ N - / :
2\ @02 e (5)s ()" (i) |y (52)[

Here the expressions inside the brackets in the first and third lines are modular invariant as
a consequence of the Lemma 2 in appendix C. Using formulas in appendix A and eq. (3.8),
we can also write the averaged partition function as

<ZT§£n»fac/Zz (T)>
B 1 05(7) |** o 104(7) % N2 |05(7)|* T4+ 1\, 2
‘2”1(2@1)(7;(7) e+ LS| e () + | e (5 )>>
1-¢ T 2 T 2
21(;2_1)<ZT2(7)>2+§ <<ZTZ(27)>2+<ZTZ (2)> +<ZTe< ‘2”>>> . (3.52)

We observe that this expression for the ensemble average is consistent with the lower-
dimensional regularized ensemble average stated in eq. (2.46).

Finally, notice that the ensemble average over the submoduli space Mye, 7,5, defined
in eq. (3.40) becomes

(Zyse (™)) = ;W (01,(0,0,7)04,(0,0,7))

+ % (<ZTZ(2T;h)> + <ZTe (; h>> + <ZTe (Tzﬂh») )

which is the ensemble average of the partition function for the product of two equal tori T*

(3.53)

orbifolded by the permutation Sy as calculated in ref. [17].
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4 Dual holographic Chern-Simons theory

In this section we discuss the ensemble averages of conformal field theories of the type
calculated in the previous section from a three-dimensional holographic dual bulk perspective.
In the section 4.1 we analyze ensemble averages of two-dimensional conformal field theories
that arise from products of families of conformal field theories. For such products the ensemble
average factorizes, which raises a conundrum about their dual holographic interpretation. We
discuss possible scenarios for such cases. In section 4.2 we examine the calculated ensemble
averages of the previous section, which exhibit similar phenomena as the ensemble averages
of products of families of two-dimensional conformal field theories.

4.1 Products of conformal field theories

Consider two families of two-dimensional unitary conformal field theories CFT,, a = 1,2,
which are parametrized by (local) coordinates m, of their moduli spaces M,. Their partition
functions are defined in the usual manner

Za(’r; ma) = Try, (qLo(ma)q—[_/o(ma)> , a=1,2, (41>

where H, are the Hilbert spaces of states, Ly and Lq are the moduli-dependent holomorphic
and anti-holomorphic degree zero Virasoro generators of the conformal field theories CFT,,
and ¢ = €>™7,

We are assuming that both moduli spaces M,, a = 1,2, have fixed finite dimension
dq = dim M. This implies that for generic values of m, the conformal field theories CFT,
possess d, marginal operators, i.e., d, primary fields of conformal dimension (h, h) = (1,1)."!

Furthermore, suppose that the moduli spaces M, have finite volumes
Vol(M,) = / du(mg), a=1,2, (4.2)
Ma

with respect to the measure du(mg) induced from the Zamolodchikov metrics of the conformal
field theories CFT,. Then we can define the ensemble averages

(Zu() = iy oy, ) Zalrima). (4.3

which we assume to be also finite.

Finally, assume that both ensemble averages (Z,(7)), a = 1,2, enjoy a holographic
interpretation in terms of a three-dimensional bulk action Sg[g, ¢,] on three-dimensional
spaces M3 with a single toroidal boundary component M3 = T? with complex structure 7.
Due to the conformal symmetry at the boundary 72, the holographic duality implies further
that the metric approaches three-dimensional (Euclidean) anti-de Sitter space — that is to
say a hyperbolic three-space — at the asymptotic region of the boundary OM3z = T2. The

" The conformal field theory CFT, may have additional primary fields of conformal dimension (h, ) = (1,1)
for some values of m,. These primaries are either exactly marginal operators for non-generic values of m, or
they are not exactly marginal. In the former case it means that a new stratum of families of conformal field
theories is attached to M, at this non-generic point in moduli space. In the latter case deformations with
respect to such operators are obstructed at higher orders.
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boundary conditions of the remaining fields ¢a|TT2 conform with the spectrum of the ensemble
average of conformal field theories. The described holographic interpretation implies at the
quantitative level that the partition functions of the three-dimensional bulk theory calculate
the ensemble average of the families of conformal field theories, i.e.,

(Z(r)) = [ Dlg.ga] = Srlae. (4.4)

Here the r.h.s. is a functional integral over bulk field configurations with specified boundary
conditions, bulk metrics that on the boundary give rise to 722, which possibly includes sums
over topologies. For example, in refs. [20, 21|, the path integral over the metric g localizes
to a sum over hyperbolic geometries M3 with asymptotic boundary conditions M3z = T2
with complex structure modulus 7. In the context of the ensemble averages of higher
genus partition functions of symmetric product orbifolds considered in ref. [17] smooth bulk
geometries that are not handlebodies become relevant. See also refs. [56, 57]. Now we consider
the product of the two two-dimensional conformal field theories CFT gy = CFT; x CFTy,
which by construction again yields a family of unitary conformal field theories parametrized
by (my,mg) € Mj X Ms. Since the Zamolodchikov metric and hence the moduli space
measure also factorize, the ensemble average of the family of product conformal field theories
is just the product of the averages of its factors, i.e.,

(Z192(7)) = (21(7)) (Za(7)) - (4.5)

From the dual holographic perspective the observed factorization of the partition function
poses a puzzle, as the partition function of a possible holographic dual three-dimensional bulk
theory is also required to factorize. Assuming that a holographic description exists at all, we
discuss in the following scenarios for possible bulk interpretations of such ensemble averages:

o Since the ensemble average (Z1g2(7)) factorizes, a possible interpretation for a three-
dimensional dual description is obtained in terms of the three-dimensional action
S1g2 = S1[g1, &1] + S2]g2, @2]. In this setup the two metrics g1 and g2 are distinct on the
two three-spaces M?Sl) and M3(2)7 and both three-spaces M?Ea), a = 1,2, should have a
common asymptotic toroidal boundary 722 = 8M?E1) = 8M§2) — as depicted in figure 5

— on which the two metrics g; and go coincide asymptotically. Then by construction

the holographic correspondence becomes

(Z1g2(7)) :/D[917927¢17¢Q] e~ S1lg1:01]=52lg2.02]
= /D[91,¢1] 6_51[91’¢1]/D[92,¢2] e~ S2lgz.02] (4.6)
= (Z1(7)) (Z2(7)) .

Thus, the holographic dual arises from two distinct three-dimensional bulk theories
that are glued together at a common asymptotic boundary.

e The product conformal field theory CFT;g9 could be a (d; 4+ ds)-dimensional subspace
M1 x Ms of a higher-dimensional moduli space Myggal, i.6, M1 X Mo C Mioal With
dim Mota1 > dy + d2. Such a scenario occurs, if the conformal field theory CFT;g2

— 29 —



Figure 5. Bulk manifolds Mél), Méz) sharing the same boundary.

2(1) ®1,i=1,...,dy, and 1®g0§-2),
j = 1,...,do, further exactly marginal operators. The operators 1 are the identity
(1) (2)
( J

of the respective conformal field theories CFT; and CFTs. The additional marginal

has in addition to the exactly marginal operators ¢

operators, and ; ’ and . are the marginal operators of conformal weight (h, h) = (1,1)
operators are of the form 1 @42, where the operators () and ¥ of the conformal
field theories CFT; and CFTy have conformal dimensions (h(1), h(V) and (h®, h(?),
such that A" + A2 = h() 4+ 42 = 1. These additional exactly marginal operators
w(l) ® w(Q) parametrize directions in Mgt that are normal to the product subspace

M1 X M2.12

Generically, it is not expected that the larger moduli space Miotar €xhibits a product
structure (unless enforced by symmetry). Therefore, the ensemble average of the
partition function Ziota1(7; Miotal) of the total family of conformal field theories CFTygtal
does not exhibit the product structure any longer

1
(oka(7)) = gy o 0 ota) Ziaa(7: ). (4.7)

where we assume that the volume of Miqia is finite and that the integral over the
partition function Mita1 converges.

Since the dimension of the moduli space Mg, is higher than the subspace My x Mo,
the contribution to the ensemble average arising from this subspace has measure zero.
Its contribution is therefore not relevant for the total ensemble average. As a result a
holographic dual formulation for the conformal field theory CFTyuta does not need to
reflect a product structure any longer, and the average (Ziota1(7)) can possibly arise
from a conventional three-dimensional bulk theory on a three-dimensional space Ms
with an asymptotic boundary component T72.

o Finally, let us remark that even if the product of conformal field theories does not give
rise to additional exactly marginal operators, the products of conformal field theories

25 given two-dimensional product conformal field theory represents a point p € M1 x Mz C Miotar. The
set of exactly marginal operators form a basis of the tangent space T Miotal at the point p € Miotar. At
any point p € M; x My this tangent bundle splits as T, Miotal =~ Tp(M1 X M2) @ Np(M;1 x Ms), where
the two summands denote the tangent and normal bundle of M; x My relative to the embedding space
Motal, respectively. The exactly marginal operators that parametize deformations within the submoduli
space M1 X Mo reside in the tangent bundle T,(M1 X Ms), whereas those exactly marginal operators that
parametrize deformations that wander off into the bigger moduli space Miotal have non-vanishing components
in the normal bundle N,(M; x Ma).
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could be part of a larger ensemble, in which the product moduli space M1 x My arises
as a connected component. If the connected component has measure zero in this larger
moduli space Miqta1, then the holographic dual description — if it exists at all — should
be given the entire moduli space Miotal, which does not need to reflect the product
structure (4.5) unless the entire moduli space Myotar is again a product itself. Such a
scenario is conceivable, if for instance the ensemble M, of conformal field theories
consists of different strata of different dimensions. Furthermore, if the product stratum
Mi x My is of lower dimension than any of the other strata, it does not contribute to
ensemble averages over the entire moduli space. It would be interesting to find explicit
examples of this type.

4.2 Ensemble averages of toroidal Z, orbifold CFTs

Let us illustrate the general considerations in the previous subsection with a few examples
of families of toroidal conformal field theories and their Z, orbifolds that are discussed
in this work:

Ensemble average of products of toroidal CFTs: as proposed in refs. [20, 21] the
holographic dual description of the ensemble average (3.8) of the family of two-dimensional
conformal field theories CFT;q with a toroidal target space T¢ is given in terms of a
U(1)¢ x U(1)? Chern-Simons theory on three-dimensional hyperbolic handlebodies with a
single toroidal asymptotic boundary component T?. The bulk gauge one-forms A, A,,
a=1,...,¢ of the gauge group U(1)? x U(1)¢ obey the holomorphic and anti-holomorphic

boundary conditions [16]
Adlre = 0:Xa(2,2)dz,  Adlre = 0:Xa(2,2)dz, a=1,....d. (4.8)

Here z are holomorphic coordinates at the boundary T2 and X,(z,2), a = 1,...,d, are the
free bosonic fields of the two-dimensional conformal field theory on 72, which parametrize the
target space torus T<. Note that the fields 9,X, and 9:X, are primary fields of conformal
dimension (h, ) = (1,0) and (h, h) = (0,1), respectively. Moreover, there are d? primaries
0.X,0:Xy, a,b=1,...,d, of conformal dimension (h, h) = (1,1) that make up for the exactly
marginal operators of the d?-dimensional moduli space Ma.

Now we consider the product family of conformal field theory CFTp¢grm of the two
families of toroidal conformal field theories CF T and CFTpm with target tori 7 and 7.
The ensemble average over the product moduli space Mpe x Mpm yields'

)y — Ey/o(7)Epy2(7)
<ZT‘7'®Tm( )> Im(T)HTm ’n(7)|2(f+m)

= (Zpe(7)) (Zpm (7)) - (4.9)

We associate the exactly marginal operators 0, X,0: Xy ® 1, a,b=1,...,f and 1 ® 82)?&05)?1,,
a,b=1,...,m, to the ({2 + m?)-dimensional moduli space Mp¢ X Mpm of the product
family. Here X,, a =1,...,¢, and X,, a=1,...,m, are the free bosons of the two toroidal
conformal field theories.

13Products of real analytic Eisenstein series from products of Narain conformal field theories or from subloci
associated to such Narain products are also discussed in ref. [48].
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The product family of conformal field theories CFT g rm has 2¢m additional exactly

marginal operators, namely
0.Xe ®0:Xp,  0:X,®0.X,, a=1,....0, b=1,...,m . (4.10)

These additional exactly marginal operators extend the moduli space Mpe X Mpm to the
larger moduli space Myp with D = ¢ + m of dimension D? = 2 + m? + 2¢/m. Thus,
the product family of conformal field theories CE'Tpe¢gprm with moduli space Mpe X M
naturally embeds into the larger family of toroidal conformal field theories with target space
torus TP and moduli space Mp, which yields the ensemble average (3.8) with the discussed
holographic dual in terms of the bulk U(1)” x U(1)” Chern-Simons gauge theory.

Ensemble average of factorizable toroidal Zs orbifold CFTs: the ensemble average
of the partition function of the family of factorizable toroidal Zo orbifold conformal field
theories studied in subsection 3.1 factorizes as established in eq. (3.6) because the moduli
space Myp 7, factorizes as Mqpe x Mrpm, cf., eq. (3.5).

As opposed to the moduli space of the product conformal field theory CFTregpm
discussed in the previous paragraph, for generic points (my, mg) € Mpe X Mg the family
of conformal field theories CFTr¢/7,57rm does not have any primary fields with conformal
dimension (h,h) = (1,1) that are of the form P @@ where 1) and @ are primaries
of the respective conformal field theory factors. Therefore, the moduli space Mpe X Mpm is
not a lower-dimensional slice of a higher-dimensional embedding moduli space.

Hence, the moduli space of the product conformal field theory CFTr¢ /7,57 does not
naturally extend to a larger family of conformal field theories. However, the factorized
ensemble average <ZTe JZ2@T™ (7‘)> = <ZTe /2 (7')> (Zpm (1)) of the partition function can still
be obtained from the holographic duals of the conformal field theory factors CFT 7, and
CFTpm along the lines of eq. (4.6). The three-dimensional holographic duals of these two
factors of families of conformal field theories are proposed in refs. [20, 21] and in ref. [16],
respectively.

Ensemble average of non-factorizable toroidal Z, orbifold CFTs: the moduli space
Moae 7, for the family of conformal field theories resulting from non-factorizable toroidal
Zs orbifold conformal field theories studied in subsection 3.3 again factorizes, cf., eq. (3.39).
However, the partition function Zngn_fac does not factorize, and hence the ensemble average
is neither of the factorized form. As a consequence, the boundary conditions of the fields
of a prospective holographic dual three-dimensional bulk theory does not decompose into
two sectors that respect the product form of the moduli space Myac/7,. Nevertheless, the
resulting ensemble average (3.51) becomes a finite sum of products of real analytic Eisenstein
series. It would be interesting to propose a holographic dual, which possibly consists of
non-trivial topological sectors, similarly as the vortex sectors considered in refs. [16, 17]. We
hope to come back to this question in the future.

5 Conclusions and outlook

In this work, we analyze and explicitly construct Zs orbifolds — and their moduli spaces —
of toroidal conformal field theories arising from topologically distinct classes involutions ¢z,
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of their target space tori. This serves as a new testing ground for examples of ensemble
average holography in the sense of refs. [20, 21]. Using the Siegel-Weil formula for averaging
Siegel-Narain theta functions, we obtain explicit formulas for the averages in terms of sums
of products of real analytic Eisenstein series.

Factorizable toroidal target spaces: the family of factorizable toroidal CFTs with
moduli space Mpe X Mpn naturally embeds into the larger moduli space Mpeim. Put
differently, the factorizable family of CFTs has additional exactly marginal operators that can
deform the theory away from the product Mp¢ x Mpm. Averaging the partition functions
only over the moduli My¢ x Mpm requires a dual holographic description of the product
type as well as discussed around eq. (4.6). However, including deformations with respect to
all exactly marginal operators and considering the larger ensemble M im is well motivated
here, as the original Narain correspondence is obtained [20, 21].

For the family of factorizable Zy orbifold conformal field theories the moduli space is
again identified with M+ x Mpm. However, at a generic point in moduli space there are
no further exactly marginal operators that canonically extend the factorizable moduli space.
Hence, averaging over the product moduli space is a canonical choice.

For these two cases, we argue in section 4.2 that one can give a holographic interpretation
to the ensemble average of the partition function by considering bulk theories that share a
common boundary as illustrated in figure 5. This notion also appears in ref. [17] and these
arguments resemble the holomorphic factorization considerations that appear in refs. [43, 57].

Non-factorizable toroidal target spaces: the main focus of this work are families
of conformal field theories and their Zs orbifolds with the toroidal target space that are
non-factorizable. That is to say that starting with a two-dimensional torus target space T2
which is not a Cartesian product of circles, we define a Zo action and calculate the partition
function of the Zs orbifold and the regularized ensemble average. For the low-dimensional
target torus 72, we find an expression (2.19) for the partition function solely in terms of
partition functions of free bosonic conformal field theories on the circle.

We generalize this construction to higher dimensional target space tori. In order to
determine ensemble averages, we express the partition function in terms of Siegel-Narain
theta functions instead of expressing them in terms of low-dimensional toroidal partition
functions (as for the target space 72).'* To calculate averages over the moduli space MTffn .
associated to this ensemble, we employ the Siegel-Weil formula. We derive a manifest modular-
invariant expression (3.52) for the ensemble average of the paritition function in terms of a
sum of products of averages of toroidal partition functions of lower dimension. For generic
members of conformal field theories in this ensemble all exactly marginal operators describe
deformations of the moduli space MTffmfac’ and therefore averaging over this moduli space
takes into account all deformations consistent with the Zs orbifold action in the considered
family of conformal field theories. This moduli space has an interesting connection to the

moduli space MSymN(Te) of family of symmetric product orbifold conformal field theories

1We expect that in principle an interesting formula for the partition function of non-factorizable Zy orbifolds
in terms of partition functions of lower-dimensional tori can be derived.
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Sym? (Té) discussed in ref. [17].1*Namely, Mg 2 (1% is the subslice of MTffn-fac’ where the
tensor product of two identical toroidal CFTs is orbifolded by Ss ~ Zs. One can consider
deformations associated to exactly marginal operators that deform this product structure

to the larger moduli space of non-factorizable target space tori T2

e nfac discussed in the

present work.

An interesting and possibly non-trivial calculation/construction is to generalize our work
for the non-factorizable target space to non-factorizable Sy orbifolds, where Sy denotes
the permutation group of N elements. This represents a generalization of the Sym®™ (T%)
orbifolds considered in ref. [17].

We have also discussed in the main text that one can add to our construction discrete
choices of B-field that are invariant under Zo action only once the discrete duality trans-
formations O(2¢,2¢;7) are taken in to account. It would be nice to see how explicit one
can be with averages of toroidal orbifolds that include these choices and whether these
choices have a bulk meaning.

Holographic interpretation: for the ensemble of factorizable Zs orbifold toroidal confor-
mal field theories, we propose a possible holographic interpretation in terms of perviously
discussed Chern-Simons theories on bulk manifolds that share a common boundary. It would
be important to quantitively further check such a proposal and to discuss its implications.

Formulating a holographic dual for the non-factorizable case seems even more challenging.
While the moduli space still factors for non-factorizable Zy orbifold toroidal conformal field
theories, we have not put forward a proposal for a possible dual bulk theory. However, the
derived analytic expression for the ensemble average of the partition function in terms of
products of Eisenstein series suggests that the Se permutation symmetry might play an
important role in the bulk theory as well. Alternatively, we can view the non-factorizable
toroidal Zs orbifolds as arising from a shift orbifold (cf., for instance ref. [50]) of the factorizable
toroidal Zo orbifolds. This perspective might also shed light on a possible holographic bulk
interpretation in the future.

Other orbifolds, discrete torsion and supersymmetry: one can think of generalizing
our construction by considering Zy, N = 3,4, ..., or other discrete groups such as Zy X Zgy or
Zpn X Zpg. In particular, the latter cases are interesting because they admit discrete torsion.
On the level of the partition function of orbifolds of conformal field theories, discrete torsion
amounts to assigning suitable group-theoretic phase factors to its various orbifold sectors
such that partition function is modular invariant [49, 58, 59]. A concrete example for an
orbifold conformal field theory with discrete torison is given by orbifold toroidal conformal
field theories of the type [59]

TP <« TP % TP
ZQXZQ

(5.1)

It would be interesting to study such classes of orbifolds with discrete torsion from the

scope of our current work.

5More generally, ref. [17] studies ensemble averages of symmetric product orbifolds conformal field theories
Sym™ (T*) with N > 2.
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Another future direction is to add supersymmetry to our setting along the lines of ref. [17],
where the original Narain averaged duality [20, 21] is generalized to include supersymmetry.
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A Theta functions and toroidal partition functions

Some theta function transformations. Here we collect some useful definitions and
relations related to theta functions and the Dedekind eta function. Theta functions with
characteristics «, 8 are defined as

Q . .

0 [ ] (z]7) = Z exp (m(n + a)?7 4 27i(n + a)(z + ,6’)) . (A.1)
ﬁ ne’

Here 7 = 11 + imo € H is the modular parameter of the genus one Riemann surface that

is defined in the upper half plane H = {z +iy|y > 0;z,y € R}, and z is a point on this

Riemann surface.

We are particularly interested in the theta functions 6 [Z] (r) =46 la

,6’] (0]7). The

following definitions appear in partition functions in the main text

0 ll (/)2] (1) =0a(r). 0 m (1) = 0s(r). 0 [192] (1) = Ou(r) (A2)

Note these theta functions transform under modular transformations as:

Oo(7 +1) = eTOs(7), o <—i = /—ir04(7)

1
Os(r+1) = 04(7), 05 <—> = Virts(r)
; (A.3)
Ou(r+1) = 05(r), O (_T> — /ZiTbs(r)
17 ].
n(r+1)=etzn(rt), 17 <—T) = —itn(T)
The Dedekind eta function is defined as
nr)=¢/*[1-q"), q=e"". (A.4)
n=1
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The following identities are useful:

O2(1) _ 2n(27)° Oa(r) _ n(7/2)? O3(1) _ n((r+1)/2)
n(r)  n(r)? n(r)  n(r)? n(r)  em/2(r)?

Starting with the first identity in eq. (A.5), we can prove the others by modular trans-

(A.5)

formations, namely

o) _ 20020 g Oalr) _ (=2 Acim/Dalr/D e/ o
n(r)  n(r)? 7nlr)  (=it)n(7)? (—iT)n(7)? n(r)* '
0a(r) _ n(r/2)* 1 O5(7) _ n((r+1)/2)* (A7)

n(r) ()2 () emi/i2(r)?
Toroidal partition functions and theta functions. Consider a two-dimensional CFT
on a Riemann surface of genus g = 1 and target space a D-dimensional torus 7”. The moduli
of this theory are the metric Gy and the anti-symmetric B-field By;ny. We sometimes
denote these collectively as

m={Gyn,Bun} . (A.8)
The partition function is
1
Zrp(T;m) = ——p5 Z exp (F(T;m)) (A.9)
(P 2o
with
1
F(r;m) = 2T MAW A — o/ 717 (MAGABMB + ( /)2 WAGAgWE—
o
2 1
— =W4BMp 2WABABBBCWC) : (A.10)
a ()

In terms of the theta functions defined in section 2.4 the partition function can be written as

1
ZTD (T, m) == 72D@H(G,B) (O, O, T) . (All)

[n(7)]
Average of theta functions. For the average of Siegel-Narain theta functions (2.29) with
rational characteristic b € Q*” over the moduli space Myp of 2D x 2D matrices H (cf.,

the discussion in section 3.3), one gets [30]

Yd-b 2midc* bH Q. bY
01(0.b, 2 :/ dmpy ©5(0,b, ) = _ b, b’ A2
(On( ) o, H( ) (c,d):zl,c>0 o +dP (A.12)

where (¢, d) denotes the common greatest divisor of the integers ¢ and d and the 2D x 2D-
matrix € is given in eq. (2.28). The symbol v, for any v € R?P is defined as

1 forveZ?P,
Yo =

A.13
0 else. ( )

The integer ¢* is part of a Bézout pair (c¢*, d*) obeying cc* +dd* = (¢, d) = 1, which exists for

any coprime integers ¢ and d by Bézout’s Lemma. Note that the average (A.12) is well-defined
for any choice of Bézout’s pair (¢*,d*). For more details on this formula, see ref. [30].
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B Details on non-factorizable tori

To calculate the partition function, we need the quantity from (A.10), F(7;m) evaluated
for the metric and B field above (hence m depends on g,g,b,b). To do so, first split the
momentum and winding modes M, W into two D-dimensional vectors, like so

1

w
MAWA = (my,...,mg,m, ..., m) | @ | = mew® + mw® (B.1)
@Z
and define the quantities
Thq = Mg £ Mg, L =w+w". (B.2)

These definitions, together with the identities

(mT,m7) @jﬁ:j;é) (g) = (m+m) A(m+m)+ (m—m) A(m—m) (B3)

(wT, &) (jjj:j;j:) (2) —(wra) A(m+m)+(w-w) A(m—m) (B4

where A,ﬁ are £ X £ matrices, enable us to write the partition function in a nice form.

Essentially these identities rely on the fact that

T(A+AA-A\ _ A0 11
() (A—AA+A> (o A)’ (1-1) (B:5)
We get
F(r;m(g,b;3,b)) = Fy(r;m(g,b)) + F_(1;m(g, b)) , (B.6)
with
Fo(rym) = mimy (v 0l%) — /7o v 0™y + b ([a ( )
+(Tym) = Ty (T4 0y 2| C+,a9 T+p 1 (0/)2 +9Yabt+
1 a b b 1 a b 2 (b B
- g(ﬂ a t+,b) T i) <[+( )ab[+) (B.7)
and
F_(t;m) = iy (v o1%) — o7 to g%y + . ([a Gapl® )
_ ; —at_ ,a —, A (0/)2 —Yabt—
- i([a'E Pe )~ ! (@) (B.8)
@/ TN Ty (@R N e ) '
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Here, the dependence of the moduli m is on g,b or g, b. The upshot is that F(7;m) splits
into the sum of two quantities, one of which depends only on g¢,b and the other only on §,5
(as far as target space moduli are concerned). Note that t4, [ are vectors in Z‘ and take
even or odd values in a correlated way. This means

ty =21y +p, L =204 +¢q (B.9)

are vectors in Z‘ and p,q € {0, 1}*. Plugging (B.9) into (B.7) and (B.8), we obtain (written
in matrix notation)

Fy(rim) = 2mi(27) <T+ + ];)T (l+ + g) — O/7r(272)2< (m + g)Tg_l (m + ]27)

1 a\ " g\ 1 a\ ", p
T L) (h+5) o(n+g) o (rs) v (rer)
1 a\", q
- (z++2> by b<l++2) (B.10)

and similarly for F_ (7;m). The partition function can be written as
1

1 1
Zng _faC(T;G, B)=——4 E Oy, (O, 2A,27‘> s (O, 2A,27’) . (B.11)
non ‘T](T)’ AE{O,].}Q[

C Real analytic eisenstein series

Real analytic Eisenstein identities. In the calculation of the ensemble average (3.43)
we use for the real analytic Eisenstein series the identities

1 Z 1 _ 1 EN/Q(%) B EN/z(x
2 falcx+dN 2V =1 \m(2)s  Im(z) )
e , (C.1)
1 Z (—1)5 _ 1 iEN/Q(%) . 2N 42 EN/Q(%) + EN/z(x)
2 Fplex+dN 2V =1\ 2V o)y 2V (5T Im(z)2

(c,d)=1

where in the sum the symbol (¢, d) denotes the greatest common divisor of ¢ and d, i.e, (¢,d) = 1
says that ¢ and d are coprime. To show these identities we start with a useful lemma:

Lemma 1. Let a be any positive integer. Then for any integers ¢ and d the following two
conditions are equivalent:

(i) (¢,2%d) =1, (ii) ¢ odd and (¢,d) = 1.
Proof. If ¢ and 2%d are coprime, then both ¢, 2% and ¢, d are coprime. Hence, ¢ odd and

(¢,d) = 1. Conversely, if ¢ is odd then ¢, 2% are coprime. As ¢ and d are coprime as well,
altogether ¢, 2*d must be coprime and hence (¢,2%d) = 1. O
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We now show the first real analytic FEisenstein identity (C.1) explicitly, and we start
with the calculation

—-N
Z le-z+d ™ = Z lc-x+2d N =27V Z c-g—l—d‘
(e,d)=1 (e,2d)=1 (e,d)=1
d even c odd
T -N —N
=2 N Z c-§+d — 27N Z c+d‘
(e,d)=1 (e,d)=1

_2—N Z Cg—kd N_2_N Z |C'£L‘+d|_N
B 2

(C,d)zl (2C,d)=1 (02)
=2 N Z c-%—i—d —o N Z lc-x4d™
(e, d)=1 (e, d)=1
d odd
=2 Z c-£+d_N—2_N Z le-z+d™
2
(e, d)=1 (e,d)=1
+27N Z lc-x+d™N,
(e,d)=1
d even

where the summations are manipulated time and again using Lemma 1. Solving in this
. —N .
expression for > gy |c-x+d|™" yields

d even
1 —N
> |C'$+d|_N:2N_1(Z C';er’ - > |C‘f'3+d|_N) - (C.3)
(e,d)=1 (e,d)=1 (e,d)=1
d even

Inserting the definition of the real analytic Eisenstein series (3.10), we arrive at the first
identity (C.1).

For the second identity (C.1) our derivation is similar but a bit more tedious, because
we first split the sum over d into positive and negative contributions. This can be achieved
by introducing an auxiliary summation index d’ for the even integers d, which discriminates
between the positive and negative part by setting d = 4d’ and d = 2(2d’ + 1). After splitting
the sum in this way, we perform a similar calculation as in eq. (C.2) to obtain the second
identity (C.1).

Hecke operators and modularity. The real analytic Eisenstein series Eg(x) are eigen-
functions of the Hecke operators. This means

1 axr +b 028_1(j)
T:Es(x) = — E, ( > = Ey(x), C4
B@= B B (C4)
0<b<d—1

where oy, (x) = 3 g, d" is the sum of positive divisor function. We have

TyE,(x) = \}i <E3(2x) o (g) VB, (x‘; 1)) (C.5)
o25-1(2) = 14271 (C.6)
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Let us finally also state a useful lemma, which we use in the main text to identify manifest
modular invariant combinations of real analytic Eisenstein series:

Lemma 2. Let f(x) be a modular invariant function f(x) with respect to the modular group
PSL(2,Z), which acts on the argument x by Mobius transformations. Then the function g(z),
given by

o) = 1200+ £ (5) + £ (57 ()

1s modular invariant.

Proof. The modular group PSL(2,7Z) is generated by the standard generators T and S that

map x to z 4+ 1 and x to —%, respectively. For the generator T we calculate g(x + 1) =

f2z +2) + f(Z) + f(£E2) = g(z) because f(2z +2) = f(2z) and f(Z2) = f(%) by the
modularity of f. For the generator S we find

()1 (2) (21 () @) ermes(2)

where for the second equal sign the modularity of the function f is again used. Furthermore,

by modularity of f, we have for the last term in this equation

) =)= ) = () =0 ()

which demonstrates altogether that g(—1) = g(z). Thus, g(z) is invariant with respect to

both generators 1" and S, and hence is a modular invariant function. O
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