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1 Introduction

Since the introduction of supersymmetric quantum field theories (SQFTs), numerous ad-
vancements have been made. From a classification perspective, five-dimensional supersym-
metric field theories are classified by examining the consistency of physics on the Coulomb
branch of moduli space [1-4], utilizing geometric descriptions [3, 5-10], and analyzing the
RG-flows of 6d superconformal field theories (SCFTs) on a circle [11-17]. Six-dimensional
supersymmetric field theories are classified based on the types of non-compact bases and
the methods of gluing them together in F-theory compactified on non-compact elliptically
fibered Calabi-Yau threefolds [18-21]. The classification of 6d little string theories (LSTs)
is also discussed in [21, 22] which will be explained right after.



There have been significant quantitative studies conducted on higher dimensional
SQFTs. For instance, it is possible to calculate the supersymmetric partition functions
of these theories on -deformed R* using various methods. This partition function is
a type of Witten index that counts BPS states on the Coulomb branch. For theories
with classical gauge groups, it can be computed using supersymmetric localization based
on ADHM constructions of the instanton moduli space [23, 24] or using the topological
vertex formalism introduced in [25-27]. We can also calculate the partition function in
the presence of the codimension two or four defects in these theories [28-44]. While the
SUSY localization and topological vertex formalism are effective methods for qualitatively
studying higher dimensional SQFTs, one disadvantage of these methods is that we need
to know ADHM constructions for instanton moduli space of gauge theories or brane web
descriptions of these SQFTs in Type IIB string theory.

An alternative approach to calculating the instanton partition functions is by utilizing
the blowup equation, which was initially developed for the study of Donaldson invariants
in mathematics. In [45], a systematic method for formulating and solving the blowup equa-
tions to obtain Nekrasov’s instanton partition functions of 4d N' = 2 SU(NN) gauge theories
was proposed, and this method was subsequently generalized to 5d N’ = 1 SU(V) gauge the-
ories in [46, 47]. More recently, several extensions have been made to compute various ob-
servables in higher dimensional field theories: the instanton partition functions of 5d SUSY
gauge theories with generic gauge groups and matter representations were computed in [48—
50], the blowup equations for refined topological strings on certain local Calabi-Yau 3-folds
were formulated in [50, 51], and the elliptic genera of self-dual strings in 6d SCFTs on ten-
sor branch were calculated using elliptic blowup equations in [50, 52-54]. Also, as another
extension, the blowup equations for 5d and 6d supersymmetric field theories with codimen-
sion four defects were proposed in [55]. One of the key benefits of the blowup approach is its
capability to systematically calculate the partition functions, including non-perturbative
contributions, through the use of the effective prepotential and consistent magnetic fluxes
on the blowup background which can be systematically obtained for any 5d or 6d supersym-
metric field theory [50, 51]. While we now have a large amount of examples for the blowup
formalism, it remains to be verified whether it can be applied to little string theories.

Little string theories were originally introduced as worldvolume theories of NS5-branes
in the gravity decoupling limit [56-60]. Depending on the space in which the NS5-branes
reside, there are N' = (2,0), (1,1), and (1,0) LSTs in 6 dimensions. The decoupling limit
is achieved by taking the string coupling constant to zero while maintaining an intrinsic
string scaling finite. The resulting theory becomes a non-local theory without gravity
and it has some stringy properties such as T-duality. In this sense, this theory is an
intermediate theory between local quantum field theories and the usual string theories, so a
deep understanding of the LSTs may help us understand both subjects. Additionally, since
NS5-branes are known to be one of the most challenging and interesting non-perturbative
objects to study, a better understanding of these objects is desired. Beside this, there are
also various motivations for studying LSTs, including the investigation of discrete light-cone
quantization and holography in a linear dilation background, etc. For a brief overview of
LSTs in these contexts, we recommend readers to see [61, 62].



A systematic construction of the LSTs is proposed based on the geometric phases
of F-theory in [22]. This construction allows us to classify LSTs according to the types
of base curves and the manner in which they are connected, generalizing the geometric
classification of 6d SCFTs. In quantitative studies, the partition functions of A-type LSTs
engineered by NS5-branes on A-type singularities have been obtained using the localization
method applied to the worldvolume theories of 2d instantonic strings [63]. Similarly, the
elliptic genera of LSTs on some of D-type singularities have been computed based on the lo-
calization method [64]. Also, in [65], the elliptic genera of some LSTs were calculated using
T-dualities and the modular ansatz, which is based on the modular properties of the ellip-
tic genera. However, these computations have only been carried out in a few simple cases,
as the localization method requires ADHM-like constructions of little string worldvolume
theories that are currently unavailable in most cases. The modular ansatz method also has
some limitations, including a rapid increase in the number of unknown coefficients as the
string number increases and the need for precise knowledge of T-duality for LSTs. As such,
it is important to find alternative methods for calculating the partition functions of LSTs.

In this paper, we propose a systematic method for constructing blowup equations for
LSTs and provide examples of its application in the explicit calculation of partition func-
tions. The blowup equations can be formulated by using two key ingredients: the effective
prepotential evaluated on the Q-background, which can be obtained from the effective cu-
bic and mixed Chern-Simons terms on the tensor branch, and a set of magnetic fluxes on
the blown-up P'. We will explain how to obtain these ingredients for arbitrary LSTs.

It turns out that the blowup equations for LSTs are rather different from those for
5d/6d SQFTs. Interestingly, the blowup equations for LSTs involve summation over mag-
netic fluxes for an auxiliary gauge field as well as those for the dynamical gauge fields.
This auxiliary gauge field is a non-dynamical 2-form field used to cancel mixed anoma-
lies of gauge symmetries. We will explain the precise role of this auxiliary gauge field in
the next section. However, we note that the summation over auxiliary magnetic fluxes
is not convergent in terms of Kéhler parameters. This is essentially due to the absence
of a quadratic kinetic term for the auxiliary gauge field. Despite this, we show that the
partition functions of the LSTs calculated from other methods satisfy the blowup equations
that we have proposed when certain upper and lower bounds are placed on the power of
Kahler parameters coupled to the auxiliary magnetic fluxes. Furthermore, we will show
that elliptic genera of the LSTs can be calculated by solving the blowup equations when
combined with the modular ansatz. We illustrate our approach using Ay type ITA and IIB
LSTs, Eg x Eg and SO(32) Heterotic LSTs as rank-1 LSTs, and the SU(3) gauge theory
with a symmetric and an antisymmetric hypermultiplets as a rank-2 LST.!

The rest of this paper is organized as follows. In section 2, we provide a review of
the blowup equations and modular bootstrap approach for 6d SCFTs, and present the
proposed blowup equations for LSTs. In section 3, we demonstrate how our proposal
works with several examples. In section 4, we summarize our results and discuss some
future directions. In appendix A, we collect some facts about the elliptic functions used

'Here we use a word “rank” as a number of dynamical parameters which is different from [22].



in the main context. In appendix B, we present the computations of the elliptic genera of
some LSTs using ADHM constructions of instantonic strings.

2 Blowup equations and modular bootstrap

In this section, we propose the blowup equations for the partition functions of 6d little
string theories on T2 x R*. We begin by reviewing the formulation of blowup equations for
6d SCFTs and then extend this approach to construct the blowup equations for 6d LSTs.
We also describe how to calculate the elliptic genera of strings in LSTs using their modular
properties and by solving the blowup equations.

The elliptic genera of strings in 6d LSTs on a torus 72 times Q-deformed R*, which is
a Witten index, is defined as

Z(7, ¢, m;e12) = Trrr [(_1)F627ri(THL—7'—HR)62mLel(J1+JR)62m’eg(J2+JR)627ri¢-He27rim~F} :

(2.1)
where 7 is the complex structure of the torus, H;y and Hpg are left-moving and right-
moving Hamiltonians in the 2d worldsheet, J; and Jy are Cartan generators of the SO(4)
Lorentz rotation on R*, Jr is the Cartan for SU(2)r R-symmetry, ¢; and ez are the Q-
deformation parameters, II and F' are gauge and flavor charges, and ¢ and m collectively
denote chemical potentials for gauge and flavor symmetries, repectively. The supercharge Q)
and its conjugate QT commute with J; +.Jg and Jy+ Jg, and the right-moving Hamiltonian
is given by 2Hp = {Q, QT}. This elliptic genus counts BPS spectrum in the Ramond sector
annihilated by @ and QT, so it is independent of 7, in the 2d worldsheet SCFT living on
strings with tensor charge denoted by k.

2.1 Blowup equations for 6d SCFTs

Let us review the blowup equations for the 6d SCFT which are functional equations for
the full partition function defined by

Z(1,p,0,m;€12) = e_zm"gZpert X Ze"ka, (2.2)
k
with Zp—g = 1 where Z,e is the perturbative contribution of the partition function on
T? x R%, £ is called the effective prepotential and ¢ here denotes the tension of the self-
dual strings with charge k parameterized by the scalar vacuum expectation values in the
tensor multiplets. We note that the partition function (2.2) can be written as a factorized
expression of

7 — 6_2ngGV — ¢ 2ME PR Z (_1)2(jl+jr)N]'§l1j \/]?le ()6<—1)Xjr(§+)627rid-m ’ (23)
o —p1)ld =p2

jlva‘7d

where Zgy is the refined Gopakumar-Vafa (GV) invariants [66, 67] counting the BPS de-
generacies N;ll,jr on Q-background. Here, PE[f(u)] = exp [Zle 1 (u")} is the Plethystic
exponential, m collectively denotes chemical potentials (¢, ¢, m) for tensor, gauge and

flavor symmetries, d is the electric charge of the BPS state with Lorentz spin (j;,j,) =



(%, #), X; is the SU(2) character of spin j representation, €4 = % and p12 =

p2mic1

The effective prepotential £ in the prefactor arises from the classical action and the
regularization factors in the path integral. We can compute it by evaluating the low energy
effective action on the 2-background in the presence of non-trivial background gauge fields.
The low energy effective action of 6d SCFTs on a circle which was computed in [14, 50, 68—
70] consists of the classical (or tree-level) and the 1-loop contributions. The tree-level
action for a 6d SCFT is given by

1
Stree = / <_2QaﬂGa A *G,B - QaﬁBa A X4,3 + - ) (24)

where - - - stands for the SUSY completions, Q% = £ . %8 is the intersection form of the
tensor multiplets corresponding to the intersection pairing of compact cycles X% in the base
surface of the associated elliptic Calabi-Yau threefold, and G, is the 3-form field strength
for a self-dual 2-form tensor field B,,. The second term is the Green-Schwarz term which is
required to cancel the 1-loop gauge anomalies via Green-Schwarz-Sagnotti mechanism [71].
The Green-Schwarz term contributes to the 6d anomaly 8-form as

1
Igs = _§QaﬁX4aX45, (2.5)
where the 4-form Xy, which appears in the Bianchi identity dG, = X44, is given by

1 1
X4a — _Zaapl(TG) =+ Z Z ba,a ’I‘I'Faz + CQCQ(R) . (26)
a

Here, p1(Ts) and co(R) are the first Pontryagin class of the 6d spacetime tangent bundle
and the second Chern class of SU(2)g R-symmetry bundle, respectively, and F, is the
field strength of the a-th symmetry group including all gauge and flavor symmetries. The
coefficients aq, bqo and c, are determined from anomaly cancellation conditions.

The classical action provides non-trivial contributions to the effective prepotential. The
characteristic classes in the Green-Schwarz terms can be replaced by the 2-deformation
parameters as

Pi(Ts) = —(E+ ), ea(R) e, (2.7)

. Using this, the tree-level effective prepotential on the -deformed back-

with ex = %

ground is evaluated as

1 T a b
gtree = — _7Qa6¢a,0¢,8,0 - Qaﬂqba,o <ﬁ(6% + 6%) + %ﬂKa,ijgba,iﬁba,j + 0563_)

2.8
€1€2 2 4 ’ ( )

where ¢o,0 = ipa/2m denotes the scalar VEV in the tensor multiplet, K, ;; is the Killing
form of the a-th symmetry group, and ¢, ; are the holonomies for gauge and flavor sym-
metries.

There are also 1-loop contributions to the effective prepotential £ which can be calcu-
lated as follows. The 6d SCFT compactified on a circle leads to a 5d Kaluza-Klein (KK)
theory. The low energy theory of this 5d KK theory on a Coulomb branch is characterized



by topological Chern-Simons couplings which involve contributions from the Kaluza-Klein
momentum states along the circle as well as zero momentum states. The 1-loop Chern-
Simons terms at low energy can be written as

S1-loop = / (241;2 Ai NEj N Eyy = 2 C7 Ai Apy(T) + 5GP A A C2(R)) ; (2.9)
where the first term is the cubic Chern-Simons term for the gauge and the flavor sym-
metries, the second and third terms are the mixed gauge-gravity and gauge-SU(2)r R-
symmetry Chern-Simons terms, respectively.

The cubic Chern-Simons terms are determined by the cubic prepotential given by [3,
68-70]

neZ \ecR f wEwy

Fl-loop = % Z (Z InT + e - ¢’3 _ Z Z InT +w - ¢+mf‘3>, (2.10)

where R is the set of root vectors of the 6d gauge group, wy and m; are a set of weights
and mass parameters, respectively, of the f-th charged hypermultiplet. The summation
over all integer KK charges n can be performed by using the zeta function regularization.?
The mixed Chern-Simons coefficients C& and Cff can be computed in a similar manner.
At this time, the contributions of the positive KK charge states and negative KK charge

states cancel each other, and so we find

og:_ai<z|e.¢y—z > |w-¢+mf|), =3y ledl. (211

eeR f wewyg eeR

The 1-loop contribution to the effective prepotential is comprised of the collection of the
Chern-Simons contributions.

6% +
48

1 €2 €2

gl—loop = - (Fl—loop + ZCZGQSZ + +02R¢1> . (212)
€1€9 2

The full effective prepotential of a 6d SCFT on a torus times Q-deformed R? is then
given by the sum of the classical and the 1-loop contributions:

&= gtree + 51—100p . (213)

This explains how to compute the effective prepotentials £ for arbitrary 6d SCFTs. We
remark that when the 6d SCFT is compactified on a circle with automorphism twists, the
intersection form Q% the Killing form K, ;j, and the gauge and flavor algebra appearing
in the effective prepotential should be replaced by those of the twisted theory. See [50] for
explicit calculations of £ for many interesting 6d SCFTs on 72 x R* with/without twists.

Let us now explain how to formulate the blowup equations for 6d SCFTs. Consider a
6d SCFT on a blowup geometry €2 obtained by replacing the origin of the C? by a 2-sphere
P!. The partition function on this C2 background, which we will call 7 , is factorized under

2For a 6d SCFT with twist, we can have fractional KK-momentum states. See [50].



the supersymmetric localization as a product of two contributions coming from the north
and south pole of the P! at the origin [45, 46]. It turns out that the partition function is
independent of the volume of the P!, and thus blowing down the P! results in a smooth
transition from Z to the ordinary partition function Z on C? without the P! at the origin.
More precisely, as indicated in [50], the partition function Z defined on C2 is related after
the blowdown transition to the ordinary partition function Z on C? by replacing (—1)F
n (2.1) and (2.2) by (—1)2?/®. This replacement of the fermion number operator can be
implemented by shifting the Q-deformation parameter €; for the angular momentum to
€1 + 1. Thus one finds

Z(¢7 m,eq, 62) = e_QWig(¢’m’€17€2)ZGV(¢7 m,eq, 62) ;

. (2.14)
ZGV(QZ),TI"L, €1, 62) - ZGV(¢7m7 €1 + ]—7 62) .

Note that ¢; in the prefactor £ remains the same because shifting ¢; in the GV-invariant
does not affect the regularization factor.

Now, by identifying the blowup partition function Z on C2, which takes a factorized
expression under localization, with the partition function Z on the ordinary C? back-
ground, we can find a functional equation so-called a blowup equation as follows [45-47]
(See also [49-55, 72, 73] for various generalizations):

A(m,e1,e2)Z(¢,m, €1, €2) = Z(—l)wZA(N)(ﬁa B)Z®)(ii, B), (2.15)

—

n

where |7i| = Y, n; denotes the sum of magnetic fluxes n; for the dynamical tensors and
gauge symmetry groups on P!, B denotes the background magnetic fluxes for the global
symmetries, and A is a constant prefactor independent of the dynamical Kéhler parameters
¢. Here, ZWN) and Z) are localized partition functions near the north and south poles of
the P'. They can be obtained, since the local geometries can be approximated as C2, from
the ordinary partition function Z by shifting the chemical potentials as

ZWN\(7i, B) = Z(¢; + e1ni,m; + €1Bj, €1, —€1) ,

) m s (2.16)
Z( )(an) Z(¢; + €anj,mj + e2Bj, €1 — €2, €2) .

Here ¢; collectively denotes the scalar VEVs in the tensor and gauge multiplets.

The prefactor A can be zero. In this case, the blowup equation is called vanishing
blowup equation. For example, when the 6d SCFT contains a half hypermultiplet that
does not form a full hypermultiplet, the theory admits only vanishing blowup equations.
We will not discuss vanishing blowup equations in this paper.

We cannot turn on arbitrary magenetic fluxes (7, E) on the P!, but they must be
correctly quantized. The proper quantization conditions for the maginetic fluxes are [51]

(71, B) - e is integral /half-integral < 2(j; + j,) is odd/even, (2.17)

for all BPS particles of the gauge and flavor charge e and spin (j;,jr). Among (7, E)
satisfying the quantization conditions, a set of special magnetic fluxes called consistent
magnetic fluzes can give a blowup equation (2.15) which the partition function Z obeys.



We refer the reader to [50] for a detailed discussion on the process of identifying the
consistent magnetic fluxes and solving the blowup equations to calculate the BPS spectra
of 5d and 6d SQFTs.

It is more convenient to express the blowup equation (2.15) in terms of the GV-invariant

as follows:
A(m, €1, e2) Zav (6, m, a1, e2) = 3 (=) eV 200 (53, B) 23 (5, B), (2.18)
7
where
V = E(¢i, my, €1, €2) — E(Pi + e1ni, mj + €1Bj, €1, €2 — €1) (2.19)
— E(¢; + eany, m; + €28, €1 — €3, €) .
For a 6d SCFT, we can split the GV-invariant part as
Zav = Zport X Zotw = Zpery X 3 €270 ka0 7. (2.20)

E
Here, Zpery is the 1-loop perturbative contributions from the tensor, vector and hyper-
multiplets. Zg, is the self-dual string contributions which are given by a summation over
the elliptic genera Z;: of the worldsheet SCFTs on self-dual strings with tensor charge

k= (k1, k2, -+ ,kn) where ko € Z>g for all a. The explicit form of the 1-loop contribu-
tions is given by

Zpert =PE [Itensor + Ivector + Ihyper] ) (221)
where the single-letter contributions Iiensor, Ivectors Ihyper Of tensor, vector and hypermul-
tiplet are

p1 + D2 1
T = — , 2.22
tensor (1 — p1>(1 _p2) 1 —q ( )
1+ pip2 rilnr
Ivector = - Z Z 2minT-tp- d)‘ (223)

(1 =p1)(1—p2)2 nez peR

Ihyper _ p1p2 Z Z Z e27rz|n7'+w ¢>+mf| (224)

(1 =p)(1=p2) 7= F e,

where ¢ = €™,

For a given 6d SCFT, we can systematically compute the effective prepotential £ and
find the consistent magnetic fluxes (7i, B), and thus formulate the blowup equations as
2mid-m

n (2.18). We then expand the blowup equations in terms of the Kéahler parameters e
and solve them iteratively to calculate the BPS degeneracies of N J‘-i ;, of the 6d theory.

2.2 Blowup equations for LSTs

We will now extend the blowup formalism for 6d SCFTs to 6d LSTs. Little string theories
are characterized by a collection of 2-form tensor fields whose intersection pairing, repre-
sented by Q%7 is negative semi-definite and has a single null direction. This means that
there exists a unit vector ¢, in the string charge lattice such that Qaﬂﬁlg = 0. As a result,



the tensor field corresponding to the null direction ¢, in the string charge lattice is non-
dynamical. We will call the strings with tensor charges propotional to ¢, as the full winding
strings. The tension of these full winding strings, represented by T ~ Mftrmg, is always
finite, and it defines the intrinsic scale of the LST. The full winding strings in LSTs are
therefore distinguised from the self-dual strings in 6d SCFTs which have tensionless limit.

We are interested in the elliptic genera of 2d worldsheet SCFTs of LSTs on tensor
branch. We can write the contributions from the dynamical strings to the partition function

as a collection of the elliptic genera of the strings as follows:

ZStI‘ — Z U]fl - /U]kiTNZE) (225)
k
where
Vg = e—QTFiQD‘B(b,&O , N = eQﬂ—i(w_QNB(bﬂ,O) , (226)

with « = 1,--- ,N —1 and 8 = 1,--- ,N. Here, the scalar VEVs of the N — 1 tensor
multiplets ¢z and the little string tension w ~ T play the role of chemical potentials for
the string charges. The full winding string states are represented by the fugacity e?™*,
but are independent of other tensor scalar VEVs ¢g 9.

There is a natural limit w — ¢oo while keeping ¢, o finite. In this limit the full winding
string states are truncated and the LST is reduced to a 6d SCFT with N — 1 tensor
multiplets. From this point of view, the LST can be considered as an affine extension
of the 6d SCFT by attaching an affine tensor node to the tensor quiver diagram. This
leads to the intersection form Q% with N tensor nodes of the LST [22]. The partition
function (2.25) under this 6d SCFT limit becomes that of the self-dual strings in the 6d
SCFT and it satisfies the blowup equation discussed in the previous subsection.

We now proceed to construct the blowup equations for the partition function of the
LSTs and use them to compute their elliptic genera. One of the distinguished features
of the LSTs from 6d SCFTs is that the mixed gauge-global anomalies in LSTs are not
completely canceled by the standard Green-Schwarz mechanism. The anomaly 8-form for
the mixed anomalies should take a factorized form as

IFed = Vi A Xy, (2.27)

where the first factor Yy is a 4-form given in terms of the second Chern classes for the
dynamical gauge fields

1
Yi=7 > UG TeFG, (2.28)
a=1
and the second factor Xy is a 4-form independent of the dynamical gauge field which can
be written as

1 1
Xap = —Zaopl(Tﬁ) T Z ba,o Tr F + coca(R) . (2.29)
a

Here, F, and F, are the field strength for the gauge group G, and that for the a-th
flavor group respectively. We normalize the instanton number as k, = iTrFéa € Z when
integrated over a 4-manifold and it parametrizes the a-th direction in the string charge



lattice. The coefficents ag, bq0, and co are fixed by the 1-loop and the Green-Schwarz
anomaly calculations. When the theory has a F-theory construction on an elliptic Calabi-
Yau threefold, we can identify them as

ap =K -S1s1, bao=3XF, - SrsT, 0= Llah, (2.30)

where K is the canonical class of the base B in the CY 3-fold, Y1gr is the curve class
associated to the little string scale satisfying - X1 = 0, X, is the curve class supporting
the 7-brane with a-th flavor symmetry, h? is the dual Coxeter number of the group G,
and the dot - between two curve classes stands for the intersection number of the curves.

The non-vanishing mixed anomalies are inconsistent with the dynamical gauge symme-
tries in the presence of background gauge fields for the global symmetries. Therefore, there
must be a regularization scheme that cancels these mixed gauge anomalies while preserving
the dynamical gauge symmetries, even in the presence of non-trivial background fields for
the global symmetries.

There are some choices of regularization scheme. For instance, in [74], the mixed gauge
anomalies were canceled by adding Green-Schwarz counterterms involving a 2-form back-
ground gauge field coupled to the 2-form instanton currents J ~ xTrFg A Fg. Here, the
2-form background gauge field transforms under the background global symmetry trans-
formation and also under the local Lorentz transformation. This results in a continuous
2-group global symmetry.

In this paper we will introduce another counterterm which leads to the consistent
blowup equations for LSTs as we will explain below. We shall introduce the counterterm
defined as

AS = _/BO A X470, (231)

with a 2-form gauge field By which transforms under the dynamical gauge transformation
parametrized by Ag as

1
By — By+ Zfa TI"AGQFGQ . (2.32)

This modifies the Bianchi identity for the 3-form field strength Hy = dBy as

dHy =Yy . (2.33)
Then the gauge variation of the counterterm cancels the gauge anomalies arising from I, g“i’“’d
in the presence of the background fields for the global symmetries. Let us emphasize that
the 2-form field By here is not a fixed background field since it transforms non-trivially
under the dynamical gauge transformation. We need to integrate this field in the path
integral although it has no kinetic term in the action. This 2-form field can be considered
as a kind of Lagrange multiplier introduced to cancel the mixed gauge-global anomalies.
We are now ready to formulate the blowup equations for the LSTs. We first need to
prepare the effective prepotential on the -background. The tree-level action for a LST is
almost the same as that of 6d SCFTs, but now there are additional contributions from the
gauge kinetic terms coupled to the little string tension w and the counterterm (2.31). We

~10 -



propose that the tree-level effective prepotential for a LST is

LST SCFT 0
5tree = Ctree + St(re)e ’ (234)
0 1 w aq b ,0
5t(re)e = — | 5laKaijba,iPa; — 90,0 ((E% + €3) + —== Kq iMaiMa,j + Coﬁiﬂ .
€1€9 | 2 4 2

Here, we introduced an auxiliary scalar VEV ¢g o to take into account the magnetic flux
of the 2-form By in (2.31) on the blowup background, which will be explained in more
detail below. The first term with w in St(?ge is the gauge kinetic terms evaluated on the (-
background and the second term with ¢q g is the contribution from the counterterm (2.31).
The 1-loop contributions to the effective prepotential £ _jp0p and to the GV-invariant Zpert
can be calculated in the same way as those for 6d SCFTs presented in (2.12) and in (2.21)
respectively in the preivous subsection.

—2mi€

Now we claim that the partition function Z = e X Zgy of a little string theory

satisfies the blowup equation
A(ms er,e2) Z(¢oms er,e2) = ()" 2N (53, B) 25 (i1, B)
& A(m, e1,e2) Zav(d,m, €1, €2) = Z(—l)‘me’zva&? (i1, B) 2507, B)

JN
n

(2.35)

with a set of consistent magnetic fluxes 7, B satisfying the quantization in (2.17). Z is
again the partition function with the ¢; shift given in (2.14), and Z") and Z(%) are the
local partition functions near the north pole and south pole of the P! defined by (2.16).

There are a few remarks for the blowup equations for LSTs. Firstly, the magnetic fluxes
i on the blownup P! in the blowup equation involve not only the magnetic fluxes for the
dynamical tensor and gauge symmetry groups, but also the magnetic flux for the 2-form
gauge field By that is added to cancel the mixed gauge-global anomalies. As explained
above, the 2-form field By behaves like a Lagrange multiplier and we should sum over its
magnetic fluxes on the blowup background. Otherwise, it will not be possible to activate
background fields for the symmetries that have mixed anomalies with gauge symmetries.
In the blowup equation, turning on a flux ngo for By is implemented by a shift of the
auxiliary scalar field in the form ¢o0 — ¢o0 + nop€1,2 with ngg € Z. The summation
of these auxiliary magnetic fluxes is crucial to construct a consistent blowup equation for
LSTs that have mixed gauge anomalies. We note that the auxiliary field ¢g o only serves the
purpose of activating the fluxes nge1 2 and ultimately disappears in the blowup equation
through the use of the combination V = W) 4+ £(5) — g,

Secondly, the sum over the auxiliary magnetic flux ngo on P! in the blowup equation
is not convergent. It turns out that the ngo dependent terms appear only in the exponent
V' in the blowup equation and they are all linear in ngo. Namely, the right side of the
blowup equation contains a sum over ngo of the form

Z e~ no0f(mier2)+ o 7 (2.36)

10,0 €z

with a function f(m;e; 2) independent of the dynamical Kéhler parameters ¢. This sum is
obviously divergent, so it seems that the blowup equation is not well-defined.
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Nevertheless, we assert that the blowup equation of a LST is still valid in the following
sense. As we will demonstrate explicitly with examples in the next section, the LST
partition functions satisfy the blowup equations if we first expand them in terms of Kéhler
parameters and then sum over the auxiliary magnetic fluxes ng . Surprisingly, if one sums
up the fluxes |ngg| < nmax, one finds that every order in the Kéhler parameter expansion is
exactly canceled, leaving a few terms coming from the maximum flux |ngg| = nmax. These
remaining terms are also canceled iteratively by new terms appearing when the maximum
flux is increased such as Nmax — Mmax + 1 — Nmax + 2 — Nmax + 3, and so on. Hence, if
sufficiently large enough fluxes are summed up, all terms arising from smaller ng o fluxes
are canceled out. This is how the blowup equation works for LSTs and is rather different
from the structure of the typical blowup equations for 4d/5d/6d SCFTs.

In particular, without the sum over the auxiliary flux ng g, the above blowup equation
does not hold at all. This is related to the fact that the LSTs possess mixed gauge anomalies
in the presence of background fields such as B and €12 for the global and Lorentz symmetries
which we need to activate to formulate a consistent blowup equation and that we need to
introduce the 2-form By and the counterterm (2.31) associated to the auxiliary flux to
cancel such mixed gauge anomalies. We have checked this for a number of examples that
we will discuss in detail in the next section. Therefore, we propose that the auxiliary
magnetic flux ng o must be taken into account in the construction of the blowup equations
for LSTs. The counterterm (2.31) with the auxiliary 2-form field By is required in this sense.

Importantly, we can use the blowup equations, combining them with the modular
ansatz, to determine the elliptic genera of 2d worldsheet SCFTs on strings in LSTs. To
show this, let us now illustrate how to bootstrap the BPS spectra of LSTs using the blowup
equations and the modular properties of the elliptic genera.

2.3 Bootstrapping LSTs

We first review how to formulate a general ansatz for the elliptic genus of BPS strings in
6d theories by exploiting its properties under the modular transformation. The modular
property of the elliptic genus defined in (2.1) is governed by the 't Hooft anomalies of the
worldsheet SCFT. Under the modular transformation, the elliptic genus transforms as [75],

E(GT +b z ) = e(a, b, c,d) "k eXp< f(z)) ZE(T’ z), (2.37)
ab

cr+d et +d
where (29%) € SL(2,7Z), €(a,b,c,d) is a phase factor, cp g are chiral central charges of

2mic
ct+d

the worldsheet SCFT, and z collectively denotes chemical potentials for the symmetries.
The modular anomaly f(z) is closely related with the anomaly polynomial I of the 2d
SCFT [76, 77]. In fact, it agrees with the supersymmetric Casimir energy of the 2d SCFT
defined in [78] which is given by an equivariant integral of the anomaly polynomial Iy,

f(z) = /eq Iy . (2.38)

The equivariant integration here can be implemented by the replacement rules for the
characteristic classes as

1
p(Te) =0, (i) e2, ca(r),c2(R) — €, 5 Tr F2 = Kgijbaida - (2.39)
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Knowing the anomaly polynomial of the worldsheet SCFT and the modular transformation
in (2.37), we can formulate an ansatz for the elliptic genus in terms of elliptic functions.

The anomaly polynomial of the 2d SCFTs living on self-dual strings in 6d SCFTs has
been calculated in [79, 80] by using anomaly inflow mechanism. For a 6d SCFT with an
intersection form Qg‘f'f , the anomaly polynomial of the worldsheet CF'T on a self-dual string
with charge k = {kq} is

a 1
Iy = chfka <X4B + 2k6X4(T4)> ) (2.40)

where X3 is a 4-form defined in (2.6), x4(74) is the Euler class of the transverse SO(4) =
SU(2); x SU(2), Lorentz rotation which can be written as x4(74) = c2(l) — c2(r) in terms of
the second Chern classes for the SU(2); x SU(2), bundle. The first Pontryagin class p1(7s)
of the 6d tangent bundle in X4, is decomposed as p1(Ts) = p1(T2) — 2¢2(l) — 2¢2(r).

Similarly, the anomaly polynomials of 2d SCFTs on BPS strings in a number of LSTs
were calculated in [65]. We will generalize this computation and provide a universal ex-
pression for the anomaly polynomials of the 2d SCFTs on strings in LSTs.

The 't Hooft anomalies on the 2d worldsheet of the self-dual strings in the 6d SCFTs
embedded in a LST should be the same as (2.40). However, there is another contribution
to the ’t Hooft anomalies coming from the full winding strings in the LST. This extra
contribution can be captured by integrating the mixed gauge anomaly 8-form Iénixed on
the full winding string background [74]. Let us define the number of full winding strings
k € 7Z as a maximal integer satisfying ko — k€, > 0 for all a. We propose that the anomaly
polynomial of the 2d SCF'T on strings in a little string theory is

1
Iy = Qaﬂka (X45 + 2/{ZBX4(T4)) + K/X4’O . (2.41)

Here, Q% is the Dirac pairing of the N-dimensional string charge lattice and Xy is
defined in (2.29). We can use this anomaly polynomial to compute the modular anomaly
f(2) in (2.37) for the worldsheet SCFTs for strings with a charge k.

A function which transforms as (2.37) under the modular transformation is known as
Jacobi form.? In the language of Jacobi forms, (2.37) implies that elliptic genus has weight
0 and its indices are fixed by 't Hooft anomaly coefficients of the global symmetries on the
worldsheet theory. To write down an ansatz for the elliptic genus of k strings using the
Jacobi forms, we need to use the modular property in (2.37) and the pole structure of Zz.

We propose a modular ansatz for the elliptic genus for the strings in LSTs, which will
be of the form

g L Op(r, €x,¢,m) ( 1 ) (2.42)
ko n(r)2ler—crl [T, D (7, e4) D8 (7, €4, ¢) \ DRUE(7, ex,mqp) )’

where ¢ and m collectively denote chemical potentials for gauge and flavor symmetries,
respectively. This is an extension of the ansatzes introduced in [81-83], which were subse-
quently extended in [65, 76, 77]. Here the denominator factors in the ansatz will be fixed
by pole structure expected for the moduli space of strings, which we will explain now.

3We summarize the definition, terminologies, and properties of Jacobi forms in appendix A.
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Firstly, the factor n(7)2¢=¢&l where n(7) is the Dedekind eta function defined in (A.5),
fixes the leading behavior of the elliptic genus in g-expansion which is determined by the
vacuum Casimir energy of the 2d SCFT.

The second factor of the form

ko
Dy (1, ex) = H 90—1,1/2(7'7 351)@—1,1/2(7', se2), (2.43)
s=1

is the contribution coming from the transverse motions of the strings [84, 85], where ¢_ 1 /9
is the weight —1 and index 1/2 Jacobi form

O1(7, 2
90—1,1/2(Ta z)=1 717((7_)3) ) (2.44)

with the Jacobi theta function (7, z) given in (A.11). Notice that the leading order of
®_1,1/2(7, ) in g-expansion is O(1), so that this does not change the leading behavior of
the elliptic genus in g-expansion.

The third factor, D3>, arises from the bosonic zero modes of instantons for the 6d

gauge algebra g,. For instance, when the gauge algebra is g, = su(2), we have

ko s—1
DI =TI ] ¥-11/2((s+ ey + (s —1—20)e_+e-¢), (2.45)

s=11=0
where e is the positive root of su(2) and ¢(x +y) = o(7,2 + y)o(7,2 — y). For a general
gauge algebra g,, we use an embedding su(2) C g, which maps three SU(2) generators to

7273

generators T2=123 associated with a positive root e of g, [86, 87]. This embedding gives

the denominator factor D%~ as [65]

o« A
DI = ] Dl e (2.46)

eER;'a

where R;“a is the set of positive roots of g, D,‘:é is (2.45) by replacing an su(2) positive
root with a given root of gq, |-] is the floor function and

1 ifeisalongrootorg=A,, D, E,
tr(TeaTeb) =0, & =142 ifeisa short root and g = By, Cp, Fy - (2.47)

3 if e is a short root and g = G»

Lastly, some LSTs have a denominator factor DP"¥ which depends on the winding
number x, as mentioned in [65]. This factor is associated to certain full winding string
states that are decoupled from the 6d LST, which means that these states do not possess
dynamical gauge charges, and presumably escape to the bulk spacetime in which the LST
is embedded. In the examples we present in section 3.2, for example, the LSTs can be
embedded in 10d heterotic string theories and the modular ansatz for strings in these
theories includes a denominator factor of the form

DR = T w-1.1/2(EsA(mo — €4)), (2.48)
s=1
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where my is the chemical potential for the SU(2),, C SU(2)r x SU(2),, rotational sym-
metry transverse to the 6d spacetime of the LSTs. These are chosen to match the ADHM
constructions for the strings. Specifically, the value of A is set to 1 for SO(32) heterotic
LST in section 3.2.2 and to 2 for Eg x Eg heterotic LST in section 3.2.1. However, we find
that it is possible to select alternative denominator factors that do not alter the dynamical
string spectrum, while leading to different full winding string states that decouple from
the LST. For example, as we will show in section 3.2.1, the same string spectrum for the
FEs x Eg heterotic LST can be obtained by using a different denominator factor with A = 1.
We postulate that, for a generic LST, it is always possible to choose the factor DE“H‘ to
be either trivial or in the form specified in (2.48) with a certain A € Z, provided that a
modular ansatz of the form (2.42) can be established. This modular ansatz will be consis-
tent with the dynamical string spectrum of the LST, though the decoupled states that are
independent of dynamical gauge symmetries may vary.

After factoring out the denominator factors, the numerator @ in the modular
ansatz (2.42) starts at ¢" order in g-expansion and becomes a Weyl-invariant Jacobi form
whose weight and indices are fixed by the 't Hooft anomalies of a given theory and the
structure of the denominator in the modular ansatz. For every simple Lie algebra, the
Weyl-invariant Jacobi forms with given weight and index can be written as a linear com-
bination of finite generators [88, 89]. Thus, the numerator is given by the finite linear
combination of the generators gpkjhmjl(zl) of the Weyl invariant Jacobi forms with weight
kj; and index my; for I’th symmetry algebra g;:

al (4)
ZC RO Hwkﬂmﬂ(a)”ﬂ : (2.49)

75l

where z; denotes a chemical potential for [-th symmetry, C; € C, and E4 and Eg denote the
Eisenstein series of weight 4 and 6, respectively. The exponents ai)6 and b l) are constrained
by the condition requiring that the elliptic genus Z;; be transformed as (2.37) under the

modular transformation. They are thus non-negative integers satisfying two conditions:

) . [ka/Ee]
4a4(f) + Gag) + Z kﬂbﬂ ler, — cr| + ZQk + Z Z Z 2s — welght(Dbuu‘))
j7l (67 €€R+ s=1
(2.50)
and
(i) I
= ijlbjz (21, 21)q — ) Z Z s*(ef + €3) (2.51)
gl a s=1

[Ka/Ee)
—Z Z Z Z (s+ e+ (s—1—20)e_+e- d)) (index(pgulk))

@ eER+ s=1

for each i, where (-,-)g, is a symmetric bilinear form for g; defined by its Killing form.
The index [ runs for all symmetries of the 2d worldsheet SCFT, while g, denotes gauge
symmetry for a-th node. Hence the modularity fixes the elliptic genus up to finitely many
constants C; in (2.49).
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The unknown constants C;’s can be fixed by imposing the GV-invariant ansatz (2.3) of
the elliptic genus and by solving the blowup equation. Note that the modular ansatz (2.42)
for 3", ko > 1 can have higher order poles at e = 0 and ez = 0 arising from the center of
mass contribution (2.43) for generic C;’s. However, the single letter index in the Plethystic
exponential of the GV-invariant ansatz can have only simple poles at €; = 0 and €2 = 0.
This imposes strong constraints on Cj’s.

Furthermore, we demand that the partition function satisfies the blowup equation.
In contrast to the 5d/6d SCFT cases, the blowup equations for LSTs involve a divergent
summation over an auxiliary magnetic flux ng, as explained in the previous subsection.
Due to this structure, it seems that the partition function of an LST cannot be deter-
mined solely by solving the blowup equations and the GV-invariant ansatz (2.3). However,
the modular ansatz in (2.42) places further constraints on the partition function and, by
combining it with the blowup equations, it should be feasible to completely determine the
partition functions of LSTs in Kéhler parameter expansion. We will demonstrate this with
several interesting examples in the next section.

3 Examples

In this section, the partition functions of several low rank LSTs are calculated. We first
compute elliptic genera of strings using the ADHM constructions. We then construct the
blowup equations for the partition functions of the LSTs and verify that the results from
the ADHM constructions satisfy the blowup equations. Lastly, we formulate the modular
ansatz for the elliptic genera of strings in the LSTs and fix the unknown coefficients in the
ansatz by solving the blowup equations. We show that the partition functions obtained
through this method are consistent with the results obtained using ADHM constructions.

3.1 A; LSTs

Our first example is the little string theories on N parallel NS5-branes in type II string
theories in gravity decoupling limit introduced in [56, 57]. In the ITA theory, the little string
theory is the N' = (2,0) LST with N tensor multiplets. This LST is realized in F-theory by
an elliptically fibered Calabi-Yau threefold whose base surface contains a loop of IV rational
curves of self-intersection number —2 [22]. The intersection matrix Q% of the —2 curves is
given by the minus of the Cartan matrix of the affine Lie algebra Ay_; = As\lf)_l. On the
other hand, the LST in the IIB theory is the N' = (1, 1) Yang-Mills theory with U(/V) gauge
group which is realized in F-theory by an elliptic CY 3-fold with a base containing a genus
one curve of self-intersection number 0. These two LSTs in ITA and in IIB, which we call
Ayn_1 LSTs, are related via T-duality under a circle compactification. In this subsection,
we consider the partition functions and the blowup equations of these LSTs for N = 2.

3.1.1 IIA picture

Let us first consider the N' = (2,0) Ay little string theory for 2 NS5-branes in type ITA
string theory. This theory has two tensor multiplets (for one dynamical tensor field and
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one free tensor field) with the intersection form

Qb — (_22 _22) . (3.1)

The index part of the partition function is factorized as

ZEy = Zhow - ZH2 (3.2)

pert str

where the perturbative partition function is given by the contributions coming from two
N = (2,0) tensor multiplets

Nz : . 2
Zper, = PE [((1 - pf;tzlb— p2) <M M 1) S —121)(1;02— P2)> 1 —qq} ' 33

Here M = e>™™ is the fugacity for the SU(2),, C SU(2)g x SU(2),, rotational symmetry
of the R?* plane transverse to the NS5-branes.

The partition function ZSItI;A is from the strings carrying tensor charges defined as
1A o (7N s
Zgr = Y, Q" 0 Zikyoka)» (3.4)
k1,k2>0

where Q = 2mi(2¢1.0-2¢20) ig the fugacity for the dynamical tensor charge and w is the
chemical potential for the winding number. We will now study two distinct methods for
calculating the elliptic genus Z(I,Igf o)’ the ADHM construction based on 2d gauged linear

sigma model (GLSM) on the strings, and the blowup approach with the modular ansatz.

GLSM. We start with the brane construction studied in [63]. The brane construction
for the Ay LST is depicted in figure 1(a) and (b). Here, we compactify the 9-th direction
on a circle, and put two NS5-branes extended along 012345 directions at z° = ¢1,0 and
29 = ¢a, respectively. The strings in the LST arise from the k; D2-branes and ko D2-
branes stretched between two NS5-branes. We also put a single D6-brane, which becomes
trivial in the M-theory uplift, to explicitly provide U(1),, symmetry in the 2d GLSM.
See [63] for a detailed study of this brane configuration.

The 2d GLSM on D2-branes has U(k;) x U(k2) gauge symmetry, SU(2); x SU(2),
symmetry which rotates 2345 directions, SO(3) symmetry for 678 directions, and U(1),
symmetry. At low energy, we expect the SO(3) and U(1),, symmetries to be enhanced
to SU(2)r x SU(2),,. There are an N’ = (0,4) vector multiplet (AEZ'), )\‘_5(_’4 ) and adjoint

(4)
hypermultiplets (afj%, /\2‘&)) for each gauge node, bifundamental twisted hypermultiplets
(gog), X‘j‘_(i)) and Fermi multiplets (X(—Xi-(i)) from D2-D2 string modes, and hypermultiplets

(qs),ibf(i)) and Fermi multiplets (\I/Sf)), (\i/(j)) from the D2-D6 string modes. Here, ¢ =
1,2 denotes each gauge node, & represent 2d chirality of fermions, {a,f,---}, {&,3,---}
and {A, B,---} are doublet indices for the SU(2);, SU(2),, and SU(2)g, respectively. We
summarize the matter content of the 2d GLSM in figure 1(c).
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0 1 2 3 4 5 6 7 8 9(5YH k1 D2’
NS5 | e« o o o o o I |
D2 | « R ko D2’s
D6 | ¢ o o o o o . NS5 NS5
(a) (b)
Field Type U(k1) x U(k2)  U(1)p,
(Aff), Ai’é)) vector (adj, 1), (1, adj)
(al), A2 hyper (adj, 1), (1, adj)
(gog), X‘j‘_(i)) twisted hyper | (ki,ks), (ki,ko) +1
(Xi(i)) Fermi (ki,ka), (k1,ko)  +1
(g w2y | hyper (ki,1), (1,ks)
(@) Fermi (ki,1), (L ky)  +1
(&) Fermi (ki,1),(1,ks) -1

(c)

Figure 1. (a) and (b) are brane configurations for A; LST in the type ITA string theory where
the z%-direction is compactified on a circle. (c) is the N'= (0,4) matter contents in the 2d GLSM
on the worldsheet of strings.

The gauge theory description for the 2d worldsheet theory allows us to express the
elliptic genus by a contour integral of 1-loop determinants from the supermultiplets, and
the contour integral can be evaluated by using the JK-residue prescription as discussed
in [75, 90]. The result is [63]

- 01(7, B0, —m + e )0, (1, B +m + )
Zoawn = 2 I (b 0 ., (35)
(V1,Ya},|Yi|=k; i=1 (a,b)€Y; 01(m, E;5" + )01 (1, BT — €2)
with
B = (Yia = e = (Y, — a)ea, (36)

where Y and Y5 are Young diagrams, and Y; , and YZ:’; are the length of a-th row and b-th
column of Y;, respectively.

Modularity. The modular properties of the elliptic genus can be obtained from the
anomalies of the 2d worldsheet CF'T. The chiral fermions in the GLSM contribute to the
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anomaly polynomial as

2
aA ad afca(r) +ca(R)  ca(l) + ca(R)
AYe A 2%( 5 - 5 ! (3.7)
. 1) —
i i = (; 1
2O 4w L 50 S (ky + k) (cQ(R) + 1T an> : (3.9)

where F), is the field strength for U(1),, symmetry. The same anomaly polynomial can
also be obtained from the anomaly inflow given in (2.41):

1
I4 = —(/{?1 — k2)2<62(l) - CQ(T’)) + (kl + k2) <—02(R) + 1 Tr Fr2n> . (3.10)
Hence, the modular anomaly of the (ki1, k2) elliptic genus is
/ Iy = (k1 — ko)*(—€2 + €%) + (k1 + ko) (—€% +m?), (3.11)
eq

where we use the replacement rule in (2.39).
We can then establish a modular ansatz for (k1, k2)-string elliptic genus as

o (1,€4,m)
1TA _ (k1,k2)\T5 €,
Z(kl,kg) = = T . (3.12)
[le =1 p-1,1/2(s1€12) - [ooy p—1,1/2(52€12)

The numerator @, 1,) can be written in terms of the Eisenstein series Fy, Fg and the
SU(2) Weyl invariant Jacobi forms ¢_o 1, @01 for e+ and m as we explained in (2.49):
(& @) (i) (i) (1)
K1,k
D (1o, k) qu'( VR B EES oa ()" po,1(e4) ponn(e-)ts
i (3.13)
B0 B0 B
po,1(€-)" p—21(m)” o1(m)”
We need to determine the unknown coefficients in the modular ansatz for the numerator
D (1) ko). For this, we first impose the consistency conditions (2.50) and (2.51) and then
use the GV-invariant ansatz (2.3). For instance, let us consider (k1,k2) = (1,0) case. By
using (2.50) and (2.51), the numerator has weight —2 and the modular anomaly f(z) =
€2 +m?. Then the ansatz reduces to

P(10) = M go,1 (e ) oz (m) + C Vo s 1 (€4 )p01(m), (3.14)

where C%l’o) and 051,0) are unknown constants. Now by expanding Z( ) in terms of
q = e*™7 up to ¢! order and comparing it with the GV-invariant form (2.3), one can
find that BPS state degeneracies N ]‘ijr appearing in the (1,0)-string elliptic genus can be

non-negative integers only if

o0 = o ezna, o >0, (3.15)
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Similarly, ®; ;) has weight —4 and the modular anomaly f(z) = 2¢2 +2m?, and thus it
can be written with 4 unknown constants as

®11) = CM Voo 1(e2) 2001 (m)? + CE Voo 1 (e )po.1 (e~ )p—a.1(m)po,1(m)

(1,1)

(L.1) ) ) ) (3.16)
+ O3 o 21(e- ) po1(m) +Cy  Eyp_o1(e-) @ _o1(m)~.

In order to have only simple poles at €; = 0 and ea = 0 in (1, 1)-order after taking Plethystic
logarithm as (2.3), the coefficient CZ-(l’l)’s should satisty

2
Cfl’l) _ (Cfl’o)) : Cél’l) _ 20{1,0)051,0)7 Cél,l) _ (Cél’o)) C(l 1) ‘ (3‘17)

Therefore, all the coefficients are fixed by one coefficient Cfl’o) .

We can perform a similar computation for (ko,k2) = (2,0), which has 44 unknown
constants in the modular ansatz. Requiring the partition function has correct GV-invariant

form (2.3) at this order, we can express all Ci(Q’O) in terms of Cfl’o). Moreover, we find
only two solutions at this order: one is Cfl’o) = 0 which leads to the trivial solution
ZHAS = ZIIA L — ZITA (10) 1 /12. The latter non-trivial solution

10y = Z(1.1) = Z(2,0) = 0, and another one is C;
reproduces the result (3.5) from the ADHM computation at (ki, k2) = (1,0), (1,1),(2,0).

Furthermore, we also check that 110 unknown constants in the (k1, k2) = (2, 1) modular

ansatz can be completely fixed by requiring the GV-invariant ansatz (2.3). We report the

(k1,k2) (k1,k2)

results in table 1. In the table, we write an ordered list of C; , where C appears
(klv

earlier than C*1*F2) in the list if (af1 ), aé), bg ),- ,bg)) in the ansatz (3.13) appears before

(0, a9 )

ag’ by, ,béj )) in an ascending order.? For instance, in the case of ®(1,1), we have

0,0,0,0,0,2,2,0
0,0,0,0,1,1,1,1
0,0,0,0,2,0,0,1
1,0,0,0,2,0,2,0

a4 7046 9

( ) (i=1)
0 40 50 0y ) ) (=2 3.18
( ) (i=4)

When we look at afl) 51 ) is the biggest value, so Ci Y is the last element. Similarly, we

find bg)7 bgl) < bgz) < bg) = b:(;l), S0 Cp ) is the first element, and Cél’l)

element. Therefore, the ascending order of {C;} in this case is

is the second

oot et ey, (3.19)

4We define the ascending order as follows. Suppose the modular ansatz is given as (2.49), where we label
weights and indices of the Jacobi forms as j1 < j2 if kj; 1 < kj,,1 or kjii = kjp1, mji < my,. We also define
a set of the exponents in the ansatz as

L9 = {af), a5 p(0)

Gl 0 YNl T

@) @)
ZAUIEERL P &

Then, if we have (L), = (LW)q,..., (LW),_y = (LY)s_1, and (L), < (LY),, we order L and LY
as {LY, LW}, In this way, we fix the ordering of LY, and we define their set {L™1), ..., L)} that we call
ascending order. The ordering of C; follows the ordering of L.
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(1, ko) {cfhy
(170) ﬁ{lv_l}
(L1) | z52{1,-2,1,0}

(2,0) sras {1, —1,~1,1,0,0,40, —40, —40,40,0,0, —32, 32,32, 32,0, —15,15,15, ~15,0,0, 24,
’ Z24,-24,24,0,0,0, —45,45,45,—45,0,0,0,0,0, 27, —27, —27, 27, 0}

srAs{1,—5,4,0,2,2, -4, -3,3,0,-16,8,8,0, —32,40, —8, 48, —48, 48, —48,8, —40, 32,0,
28,28,16,0,96, —96, —128, 64, 64,0, 128, —160, 32, 0, 6,6, —12, 0, —12, 24, —24, 12, —9, 9,
(2,1) | —18,18,6,6,—-12,3,—3,0,—24,24,0,0,0, 48, —48, 24, —24,0, —48, 48,0,0,0,0,9, -9, 36,
—18,—18,—54,54, —27,27, —36,72, —72, 36,0, 36, —18, —18,0,0,0,0,0,0,0, —81, 81, 108,
—54, 54,0, —108, 135, —27,0,0,0,0}

Table 1. Coefficients C’i(kl’kz) in the modular ansatz of N = (2,0) A; LST.

Blowup equation. Finally, we consider the blowup equation for the (2,0) Ay LST. As
explained in the section 2.2, the tree level contribution to the effective prepotential consists
of two parts. The first one is from the Green-Schwarz term for the dynamical tensor
multiplet and the second one is the contribution from the auxiliary 2-form field By to
cancel the mixed gauge-global anomalies. We can write the effective prepotential as

€= L(7'(@51,0 — 620)% + (¢1,0 — d20)(—m* + 61)> +&0 (3.20)

€1€2
where ¢19 — ¢2 is the scalar vacuum expectation value (VEV) of the dynamical tensor

multiplet. The second contribution & ©

iree from the auxiliary 2-form field By is given by

© _ L oo,
gtree - €169 ( 2m” + 26+)¢0,0 ’ (321)
where ¢ o is the auxiliary scalar associated with the By field.

To formulate the blowup equation, we have to sum over magnetic fluxes for both the
dynamical tensor field and the auxiliary 2-form field which can be realized by shifting the

parameters as

1,0 — P20 = P10 — P20 + N10€12, G000 — P00 + NoEL2, TM10,M00 € L. (3.22)

We do not turn on the background magnetic fluxes for 7 and w: B, = B,, = 0. We propose
the blowup equation for this LST as

AZE = 3T (1 (M i) 2 N 2 (3.23)

n1,n2€Z

where n1 = ngo + n1,0 and ny = ng,o. We absorbed the perturbative part of the partition
function into A as it is independent of the parameters ¢ o, ¢1,0 — ¥2.0-

To begin with, we will demonstrate how the known elliptic genera, as given in (3.5),
can be a solution to the blowup equation, although this equation becomes singular along
the summation direction n; = ng, as mentioned in section 2.2. At (ki, k2) = (1,0) order,
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the blowup equation (3.23) is given by

Yo Flnng) = Y (—1)mtnegMmTnd® (M /pps) (3.24)

ni,no€Z ni,no€Z
2(n1—n2) SIIA(N) 2(n1—n2) SITA(S) STIA )\
' (pl n Zag) TP s Zao) Z(LO)) =0,
where we choose A = 3 Ape? ™ with
Ao= S (—1)ymtnegm=n2®(Af, /ppy)mtne, (3.25)
n1,n2€L

Suppose we consider only magnetic fluxes (n1,n2) = (0,0). Then (3.24) becomes

1 1+ 1+ _ _
Z F(n17n2):( +( P( p2)+<2+p1+p11+p2+p21>

M2
(n1,n2)=(0,0) M M\/m
M(1 1
+ HLEPIBER) |24 o), (3.20)
Vs

in the double expansion of ¢ and M. Now we add the contributions coming from the
magnetic fluxes [n1s| < 1. We then find that M and M*! terms at ¢' order are all
canceled and the remaining terms are

Z F(nl,nQ):( 1 " 14+p)A+p2)  14+pi+po

+ M (py + pa +
M*p1ps M3 (p1p2)3/2 M2p1ps (p1 + p2 + p1p2)

[n1,2|<1
+ M3(1+ p1) (1 + p2)y/pip2 + M4p1p2>q +0(¢%). (3.27)

Again, if we consider the summation of the magnetic fluxes up to |n1|, |n2| < 2, M*? and
M™3 terms are canceled and only higher order terms with M*4%5%6 remain at ¢! order.
In this way, if we sum over sufficiently large magnetic fluxes, every order of the Kéahler
parameter expansion is satisfied. Using the elliptic genera (3.5) and

eﬂ'iu)/l?
A=S Ay, 3.28
) 0 (3.28)

we checked that such cancellation occurs up to ki, ke < 2 string numbers and ¢ order.
Now, we will solve the blowup equation and determine the unknown coefficients in the
modular ansatz. For Z o) and Zg ), we can use the elliptic genera for k M-strings in [91]
and they satisfy the blowup equations for the M-string theory as discussed in [50, 53]. The
(k1,k2) = (1,1) order in the blowup equation is independent of dynamical Kéahler parameter
and thus we cannot fix four unknown coefficients in the modular ansatz at this order. What
we can determine is A at this order expressed as 7, m, €; 2, and the unknown constants in the
ansatz. Next, we solve the (k1,k2) = (2, 1) order in the blowup equation which now contains
dynamical Kéhler parameter ¢ — ¢20. We need to fix 4 + 110 undetermined coefficients
arising from (k1,k2) = (1,1),(2,1) elliptic genera. For this we substitute the modular
ansatz and A; into the blowup equation at (k1,k2) = (2,1) order, and solve it order by
order in the g and M double expansion as previously described. This allows us to determine
all 44 110 unknown coefficients as well as the A; factor. The result is in perfect agreement
with table 1. We expect that higher order elliptic genera can be similarly calculated.
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3.1.2 1IIB picture
The LST theory on two NS5-branes in type IIB string theory is the N' = (1,1) U(2)
Yang-Mills theory. The partition function of this LST is factorized as

ZIIB ZHB ZIIB (329)

pert str >

where the perturbative contribution coming from the U(2) vector multiplet and an adjoint
hypermultiplet is given by

Zy, = PE

[ 1+ pip2
pert T (

_ 1
1—p)(1 _pQ)(Q2+2q+QQ 2)1_(]]

_ _ 1
'PE[O—%—M@Q”QWQ ) (a4 0t ).

where Q = ?™91 is the SU(2) gauge fugacity and M = e2™ is the fugacity for the SU(2),,
symmetry of the adjoint hypermultiplet. The partition function of the instanton strings is

(3.30)

given by

ZsItI? Z 27mkaIIB (331)
k=0

where the little string tension w is identified with the square of the inverse gauge coupling
1/¢%y; in the low energy Yang-Mills theory.

GLSM. Upon applying S-duality, the system of NS5-branes and F1-strings in the type
IIB string theory is transformed into a system of the D1- and D5-branes. For k-instanton
strings, we consider a configuration where k D1-branes are bound to 2 D5-branes as illus-
trated in figure 2(a). The 2d theory on the D1-branes is described by a N = (4,4) U(k)
gauge theory with U(2) flavor symmetry. The theory also has an SO(4) = SU(2); x SU(2),
symmetry which rotates the 2345 directions, and an SO(4) = SU(2)g x SU(2),,, which
rotates the 6789 directions. This brane configuration is studied in [63, 92|, and we sum-
marize the 2d gauge theory description and its matter content in N' = (0,4) language in
figure 2(b) and (c). In figure 2(c), we denote by {a,b---} doublet indices for SU(2),,, and
other indices have been already introduced in section 3.1.1.

Based on the 2d gauge theory description, the elliptic genus of the LST can be com-
puted by evaluating the JK-residue of the contour integral of the 1-loop determinants from
all the supermultiplets. The result for k-strings is [63]

Eij(s)+m —e_)01 (T, Eij(s) —m —e_)
ZUIB _ (7, Eij U , (3.32)
Ao | §I B Ok i o

where Y] and Ys are Young diagrams, s is a box in the Young diagram, and
Eij(s) =a; —aj — €1hi(8) + 62’1)]‘(8), (333)

with a1 = —as = ¢;. Here, h;(s) and v;(s) are the arm length and leg length of a box s in
Y; and Y}, respectively.
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2D5 | ¢ o o e o o
kDl | o o
(a)
Field Type Uk) U(2)
(Au, A3 vector adj
(aag, xed) hyper adj
(P Aa, AY) | twisted hyper | adj
(A%Y) Fermi adj
(¢a, ¥7) hyper k
(v%) Fermi k

(b) (c)

Figure 2. (a) A brane configuration of the A, LST in the type IIB string theory which consists of
2 D5-branes and k£ D1-branes. (b) The 2d N = (0,4) gauge theory description for the k¥ D1-branes,
where a circle represents gauge symmetry, a square means flavor symmetry, and solid, dashed and
zigzag lines denote hypermultiplets, Fermi multiplets and twisted hypermultiplets, repectively. (c)
The N = (0,4) matter content of the 2d gauge theory.

Since the ITA LST and the IIB LST are related by the T-duality, they should have the
same BPS spectra when placed on a spatial circle. This means that the partition function
Z(I}I{} of the type ITA LST is same as Zg\]% for the type IIB LST under the exchange 7 and
w up to extra factors which are independent of the dynamical parameter. More precisely,
the following relation has been checked explicitly by expanding both sides in terms of w,
q, @ and M in [63]:

1/24
_ B 4
TwW — 4GV

?1,0—P2,0—~P1 77(7—) '

IIA
Zgyv

(3.34)

Modularity. The modular properties of the elliptic genus can be read off from the anoma-
lies of the 2d chiral matters given in figure 2(c). The chiral fermions contribute to the 2d
anomaly polynomial as

)\iA TR %2(02(7") ‘;CQ(R) () ZCQ(R)) : (3.35)
AG 4 xde 2k2<62(l) Jr202(m) _e2(r) J;CQ(m)) 7 (3.36)
UL+t — 2k(co(m) — e2(R)), (3.37)

where co(m) is the second Chern class of the SU(2),, symmetry. Summing up these con-
tributions gives the anomaly polynomial of the 2d gauge theory

Iy =2k (—cQ(R) + iﬁF};) : (3.38)
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w511, —1,-1,1,3,0,-3,0,0,12,0,-12,8,4, —8,—4,0,-3,0,3,-9, 3,9,
3,-3,0,3,0,0,-9,0,9}

s {~2,4,-2,-1,8,-10,7,6,—6, —4, —5,-9,5,10,4, —5,0,8,4, —4, 14,
—24, -14,16, 16, —28, 20, —24, —12, 28, —10, 0, —8, 20, 8, —10, 16, 80, —80, 0,
2 (€4 = | —64,16,0,0, —16,48,0,0, —3, 9,0, —6, 24, —6, —39, 63, —30, 0, 30, —24, 15,

) 18, —6,—30, —12, 15,0, —24, —108, 84, —48, 108, 48, 0, 24, 36, —108, 0, 24, —36,
0,0,0,0,-9,36,18,9,0,—72, —9, 18, —72, 63, 18, —36, 36,0, —9,9, 0, —18,
—36,72,0,36, —b4, 27,27, —81,27, —54, 54,0, —27,27,0,0,0,0,0}

(=)

Table 2. Coeflicients C’Z-(k) in the modular ansatz of N' = (1,1) A; LST.

This indeed agrees with the anomaly inflow result in (2.41), which takes into account the
contribution from the counterterm in (2.31). This serves as indirect evidence to support
the use of the counterterm in (2.31) for cancelling the mixed gauge-global anomaly of the
6d LST.

From the modular anomaly f(z) = [ Iy = 2k(m? — €1), we can set a modular ansatz
for the k instanton string as

(I)k(Ta €+, 2¢17 m)
15y oo11/2(se12) T2 0—1,1/2((5 + Des + (s — 1 — 20)e_ + 2¢1)

The numerator @, can be written in terms of the Eisenstein series FE4(7), Fg(7) and the

ZB = (3.39)

SU(2) Weyl invariant Jacobi forms for €1, 2¢; and m. One can explicitly check that the
elliptic genus (3.32) has the same denominator structure as that in (3.39). We summa-
rize the coefficients in the modular ansatz in table 2 obtained by comparing two expres-
sions (3.32) and (3.39). The ordering of the coefficients is ascending order with respect
to {€4,€—,2¢1,m} for k = 1 as defined in footnote 4. Here, for k = 2, we set e, = 0
for simplicity and the order of coefficients in the modular ansatz is ascending order with
respect to {e_,2¢1, m}.

Blowup equation. We can fix the unknown constants in the modular ansatz using the
blowup equation. To begin with, let us evaluate the effective prepotential. The 1-loop
prepotential from the SU(2) vector multiplet, an adjoint hypermultiplet, and their KK
towers is given by

1
616251,10013 = Z (|m' + 2(]51|3 — |m' + 2(]51 + m\3) + 63(]51 = (—m2 + 63)(]51 . (340)

12 neEL
Here, we use the zeta function regularization for the infinite sum. Then the effective
prepotential is given by
1

1
E=—(—m*+ &)1+ s e = —— (wol + (=2m? +23)g00),  (3.41)
€1€2 €1€2

where the first term in & (©0)

iree 15 from the SU(2) gauge kinetic term and ¢g is an auxiliary

scalar for the non-dynamical 2-form field. One notices that under the reparametrization
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w — T, 1 — ¢1,0 — P20, the effective prepotential is the same as the type IIA prepotential
in (3.20).
To formulate the blowup equation, we choose magnetic fluxes for ¢1, ¢g 9, m, 7 and w as

m€Z, noo€Z, Bn=1/2, B,=DB,=0. (3.42)

Since the effective prepotential in (3.41) and the elliptic genus in (3.32) are the same as
those for the type IIA picture up to reparametrization and overall factor, the same blowup
equation should hold for the partition function in the type IIB picture:

ZAIIB(N)ZAHB(S)
AZEP = 3D (FymemtIe e 27, (3.43)
n0,0,n1E€Z pert

We checked that this blowup equation holds for up to 2-strings and the third order in
g-expansion. We also checked that inserting the 1-string modular ansatz (3.39) into the
blowup equation and solving it allows us to determine all 32 unknown constants given in
table 2 within the ansatz.

3.2 Heterotic LSTs

The second example is the N' = (1,0) LSTs on N parallel NS5-branes in the Eg x Eg and
SO(32) heterotic string theories which we call rank N heterotic LSTs [56, 57]. Again, these
two LSTs are T-dual to each other under a circle compactification. In this subsection, we
study the elliptic genera and the blowup equations of the rank 1 heterotic LSTs.

3.2.1 FEg X Eg picture

The Eg x Eg heterotic LST is the worldvolume theory on a single M5-brane placed between
two M9-branes at each end of the interval S'/Zy. Under the circle reduction, the M5-brane
and the M9-branes reduce to an NS5-brane and two sets of O8™ 4 8D8-branes located at
two ends of the interval as illustrated in figure 3 [93]. This theory can also be realized
in F-theory by two —1 curves X! and ¥? in the base surface of an elliptic CY3 with the

QB — (_11 _11) . (3.44)

intersection matrix given by [22]

The partition function of this LST can be factorized into the perturbative part de]ft
for a single tensor multiplet and the contribution from strings ZLF as
HE HE  HE HE j (€7 " HE
ZGV = Zpert : Zstr = Zpert : Z Q ! Q Z(k‘l,k‘g) ’ (3'45)
k1,k220

where Q = €27(¢1,0-¢20) and ®1,0 — ¢2,0 is the scalar VEV for the dynamical tensor multi-
plet.
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0 1 2 3 4 5 6 7 8 9 10 b DSy D2
M9 [ ] [ ] [ ) [ ) [ ) [ [ ] (] [ ] [ )

M5 | o o o o o o NS5

M2 | . o . 08~ +8D8 08~ +8D8

(a) (b)

Figure 3. (a) Branes for the Fs x Eg LST in the M-theory setup. (b) The Eg x Eg LST realized
in type ITA string theory.

GLSM. The Eg x Eg LST contains non-perturbative strings arising from the D2-branes
stretched between the D8-branes, the O8 -plane and the NS5-brane in figure 3(b). The
worldvolume theory on the D2-branes at low energy can be described by a 2d N = (0,4)
gauge theory. For (ki, ks)-strings, the gauge group is O(k1) x O(ks2). There are an N' =
(0,4) vector multiplet and a symmetric hypermultiplet coming from the D2-D2 string
modes for each gauge node, the Fermi multiplets in the bifundamental representations
of O(k1) x SO(16) and O(k2) x SO(16) coming from the D2-D8 string modes, and the
O(k1) x O(ke) bifundamental Fermi multiplets and twisted hypermultiplets from the strings
between two adjacent D2-branes. These multiplets form representations of the SU(2); x
SU(2), global symmetry which rotates 2345 directions, and those of the SO(3) ~ SU(2)r
rotational symmetry for 678 directions. In the strong coupling limit, the 678 directions
and the M-theory circle become an R*, so we expect the SO(3) symmetry enhances to
SO(4) = SU(2)g x SU(2),,,- We summarize the matter content of the 2d theory in figure 4.
When k; = 0 or k9 = 0, this 2d gauge theory reduces to that for self-dual strings in the 6d
E-string theory studied in [93, 94].

We can compute Zj, 1,) of the 2d gauge theory using the localization method [75, 90].
Here, we give explicit expressions of the elliptic genera up to (ki1, ko) = (k2, k1) = (2,1) or-
der. The contour integral expressions for the elliptic genera and the detailed computations
are presented in appendix B.1. When ko = 0, the elliptic genera reduce to those for the
E-strings obtained in [94]:

1 4 1 1 9[ ml)
— 4
(10 2 2:: 601 61 91 62) (3 6)
ZHE 1 24: [Ty O 0y = ) n [T Or(mu = %)
(200 ™ 40120, (e1)6, (e2) 01(2¢1)01(e2 —e1)  01(2€2)01 (€1 — €2)

24: Z [J( )0o(1,)(2¢:) TTE- 191(ml)9J(ml)7 (3.47)

T An0i(e12)?05(1.0)(€1)05(1,) (€2)

where 07 are the Jacobi theta functions defined in (A.11), m; ... g are chemical potentials
for the SO(16) global symmetry, and o(/,J) is defined as

o(I,7)=0o(J1), 0(21) = (3.48)

0(2,3) =4, 0(2,4) =
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SO(16) SO(16)

(a)
Field Type O(k1) x O(ks)  SO(16) x SO(16)
(A xe4) vector (adj, 1), (1, adj)
(a S;, )\O"(L‘)) hyper (sym,1),(1,sym)
(pa,x%) | twisted hyper (ky, ko)
(x%) Fermi (k1, ko)
(@) Fermi (k1,1),(1,ky)  (16,1),(1,16)
(b)

Figure 4. Quiver diagram (a) and matter content (b) of 2d A = (0,4) gauge theory for Fg x Fg
LST. Here, solid, dashed and zigzag lines denote hypermultiplets, Fermi multiplets and twisted
hypermultiplets, repectively and i = 1,2 labels each gauge node.

Here we use a shorthand notation 8;(z £ y) = 0;(z + y)0r(x — y). For (k1,k2) = (1,1),

Z [T 01 () - T2 05 () Ooa,) (£m0 + €-)
4,920 nP0u@)bi(e2)®  Oo(Emo —ey)’

(3.49)

where mj—g ... 16 are chemical potentials for the other SO(16) symmetry and my is a chem-
ical potential for SU(2),,,. The (k1,k2) = (2, 1)-string elliptic genus is

4 4
© 1 (IJ.K)
Z55) = 4Z(2 nt3g D> Zph (3.50)
K=11<J
where
4 8 €1 16 €2
(0) — 121 0r(my = F) - T129 05(mq) Oo(1,0) (£mo + €1 — F)
A + (61 & €) (3.51
(2 1) I;l 2771891(61 2)291 (261)91(62 — 61) 9 (I J)(:I:m(] — €1 — 622) ( ! 2) ( )
=TIy Or(my & (mo + €4)) - T1129 01 ()
— = )
+ Z 1891 61 2 91(2m0)01(2m0 + 26+)91(2m0 + 26+ + €1 2) + (mo mo)
and
ZUIEK) _ O (1,1 (0)00(1,.0y(261) Op(r,50)(Fmo + €-)05(5)(Emo +€-)
21 861 (e1,2)300(1, J)(fl 2) Oo(1,5) (M0 — €4)00(5,5) (Mo — €4)
H91 (my)05(my) HQK (my) (3.52)
=1
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A few remarks are in order. First, we expect that two SO(16) flavor symmetries which
we can see in figure 4 and also from the matter content to be enhanced to the Eg x Eg sym-
metry at low energy. One can check this enhancement from the elliptic genera by expanding
them in terms of ¢g. Second, although the worldsheet theory seems to have SU(2),,, flavor
symmetry, the bulk 6d LST does not have any matter fields charged under this symmetry.
In fact, this symmetry only acts on the string modes stretched between two O8-planes
which correspond to 10d bulk modes moving along the direction parallel to the orientifold
planes in figure 3(b). These modes are decoupled from the 6D LST. Therefore the BPS
spectrum of strings in the LST should not depends on mg. Let us check these expectations.

First, the (1,0)-string and (2, 0)-string elliptic genera (3.46) and (3.47) do not contain
mo. Second, (1,1)-string elliptic genus (3.49) has mg dependence. However (1,1)-string
order is independent of the dynamical parameter (), and we can therefore consider it as a
contribution from the bulk modes not involved in the LST spectrum. Lastly, (2,1)-string
elliptic genus (3.50) does contain mg which seems to be a problem. Quite surprisingly,
however if we express the partition function in the GV-invariant form given in (2.3) and
extract the BPS spectrum, mg dependence in (2, 1)-string order disappears completely. We
find that the single letter index at (2, 1)-string order is

fon =a"xaler) + X1/2,1/2(6i)(X(228 +1) + (xSars + Xods + 2)] (3.53)

+¢%/? [x2,2(€x) + X3/2,3/2(€i)(X(228 +3) + 2x3/2,1/2(€+)

+ X011 (ex) (XSirs + 4xoas + Xods + 5) + X1.0(ex) (254 + 3) + 2x1/2.3/2(ex)

1 ) (2 2 1 1
+ X1/2,1/2(6:|:)(X:(30)380 + X(24)8X(24)8 + X(24)8 + 4X:(38)75 + 7X(24)8 + 10)

1 1 1 1 2 ) (2
+ XO,l(Ei)(2X(24)8 +3) + (Xg4)7250 + 2Xg),o)e.so + XE°.8)75X(24)8 + X;4)8X(24)8

+ 4x§g7s + 8Xds + 2xids + D]+
where f(x, k) 18 defined via zHE — PE[%Zle(w/Q)ka(kL@)], Xjjr(€+) =
Xj, (€-)x;j, (€4) represents spin (ji,j,) state, and Xg) is the character of representation R
in the i-th Fg symmetry algebra. This is indeed independent of mg showing that the
dynamical BPS states in the spectrum of the LST are independent of U(1),,, symmetry.

We expect this to hold for higher order computations.

Modularity. The chiral fermions in the 2d /' = (0,4) gauge theory given in figure 4(b)
contribute to the 2d anomaly polynomial I, as

2
& @ co(r) + c2(R p1(T:
)‘+?1) +)\+1212) — Zkl(kz — 1)< 2(r) + e2(R) + 1( 2)> ,

2 2 24
2
aA aA . (1. CQ(Z) + CQ(R) 4! (TQ))

. I) —
XE X = 2/~c1k2<c2( ) 5 CQ(T)) :

k k
‘I’z(l) +‘I’l(2) N (41 r[&«1?12_1_12T1"F22—|-(7<31+k’2)

p1(3T2)) ’
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where F and F, are the 2-form field strengths for two SO(16) global symmetries. This
agrees with the anomaly polynomial computed from the anomaly inflow using (2.41):

I = -k k) _2’“2)2 (ex(l) — ex(r) — 2T <02(l) +eo(r) + 202(R) — o1 (T2)>
e Ry (3.55)

We notice that the elliptic genera above for k1, ko > 1 have additional poles at mg = €
beside the center of mass contributions. These poles come from the bulk modes decoupled
from the 6d LST. Based this observation, we write the modular ansatz as

ZHE = 1 (I)(k17k2)(7—7 b, mOaml:L...,lG)
(k1,k2) 7712(k1+k2) DEIIC?JQ) . ngl (P7171/2(I|23A(m0 _ 6+)) )

(3.56)

with x = min(ky, k2). The (1, 1)-string elliptic genus (3.49) from ADHM computation and
the identity [[7_; 07(£mo — e, ) = 561 (£2mgo — 2¢) suggest A = 2 here.

Let us first consider the case where the flavor chemical potentials are switched off
my=1.... 16 = 0. In this case the numerator D@1, ky) CADL be written in terms of the Eisenstein
series and the SU(2) Jacobi forms for e and myg, and we find that this ansatz is compatible
with the elliptic genera from the ADHM construction. We explicitly check this up to (2, 1)-
string order.

However, the cases with generic flavor chemical potentials turn out to be rather subtle.
It has been shown that the Z(I}c]io) for the E-strings can be expressed in terms of Fg Weyl
invariant Jacobi forms [76, 94], which demonstrates the enhancement of symmetry from
SO(16) to Eg at low energy. Similarly, we expect the symmetry enhancement SO(16) x
SO(16) — Eg x Eg in the 2d CFTs for the strings in the LST. This can be verified by
checking if the spectrum of the BPS strings forms Eg x Eg representations. Indeed, we
explicitly checked in (3.53) that the single letter index at (ki, k2) = (2,1) can be written
in terms of Fg x Eg characters. So it seems that one can formulate a consistent ansatz of
the form (3.56) with generic flavor chemical poentials.

However, our analysis revealed that this is not the case due to the presence of additional
bulk states that do not carry dynamical tensor charge. As these states are decoupled from
the LST, we cannot expect them to form representations of the Eg x Fg symmetry. For
instance, the single letter index at (ki,k2) = (1,1), which we compute from the (1,1)-
string elliptic genus in (3.49), cannot be written in terms of the Eg x Eg characters, as
demonstrated below:

e47rzm0

X0,1/2(6+)

fan = 1 amitmoten) + (2X1/2,1(€i) — X1/2,0(€+)(x1(mo) — 1) (3.57)

+Xo72(6) 0 (mo) + 830 x50 + 1)+ x1/2mo) iS5 + 0(a)|.

where the notations are same as those in (3.53), except that Xg) is now the i-th SO(16)
character. We believe that this is due to the presence of additional bulk states in the

spectrum at this order. For this reason, the ADHM computations above when ki, ko > 1
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(K1, k2) {CfFrhy
(1,0) | {1}

srags {4, —3,5,3,10,32, 15,96, 32, 36, —24,40, —12, —40, —128,0, -5, —4,5, —32, —24,
(2,0) | =9,0,15,9, 10,64, —5,32,0,3,6, —15,—9,0, —72, 15, —96, —12, —3,3,0, —27, 18, —45,9,
45,108,0}

(1,1) | #5{-1,1}

sm57{0,—4,8,-4,3,0,-15,0,16,16, —3, 3,10, 15, —48,112, 3,5, —10, —112, 48, -5,
Z216,—16,—12,—24,12, —40, 36, 24, 40, 40, —128, 0, —36, 0, —40, 256, —128, 0,0, 0, 5, 0, 0,
(2,1) —24,0, -5, —5,40, —48, 5,20, 8,4,9,0, —5,0, -9, —10, 5,32, -9, 0, 15, 10, —32, 64,0, 9, 0,

) —15,-96,32,0,0,0,0,—9,0,15,0, —12,6,9,0, —15, —24, —60, 3, —6, — 15,0, 144, —120, —3,
0,15,72,0,3,—3,—3,0,0,3,0,0,0,9,18, —9, 45, —27, —18, —45, —45, 108, 0, 27, 0, 45, —216,
108,0,0,0,0,0}

Table 3. Coefficients C’i(kl’kQ) in the modular ansatz of rank 1 Eg x Eg heterotic LST, written in
terms of Eg Jacobi forms and A = 1.

do not give elliptic genera that exhibit the symmetry enhancement to Fgx Eg. Therefore we
are unable to write ansatzes that reproduce the ADHM results in terms of Fg Jacobi forms.

Even though the elliptic genera obtained from the ADHM computation do not exhibit
manifest Fg x Fg symmetry, we can still attempt to construct a modular ansatz in terms of
FEs Weyl invariant Jacobi forms that accurately reproduces the BPS spectrum of the LST up
to extra decoupled string states. There are nine fundamental Eg Jacobi forms A1 234 5 and
By 346 given in (A.27), where A, and B,, have index n and weight 4 and 6, repectively. We
first write an ansatz for ®j, 1,) in (3.56) using the Fg Jacobi forms for my ... g and mg.... 16,
together with the Eisenstein series and SU(2) Jacobi forms for €1 and mg. We then fix the
unknown coefficients in the ansatz by using the dynamical BPS spectrum from the ADHM
computation. To our surprise, we find that there are two values of A, namely 1 and 2, that
are consistent with both the Eg x Fg symmetry and the spectrum of the LST obtained
through ADHM computation. We check this up to (2, 1)-string order and ¢ order in g¢-
expansion, and report the results from these two choices in table 3 and 4, respectively, where
the coefficients are listed in ascending order with respect to {e;,e_,mg, m1.... g,mg ... 16}

At (k1,k2) = (1,0) and (2,0), there are 1 and 49 constants, repectively, and they can be
fixed by comparing the ansatz with the E-string elliptic genera as done in [76]. At (ki, k2) =
(1,1), the comparison does not yield any constraints due to the presence of decoupled states
in the elliptic genus that are not part of the LST. However, the requirement from the GV-
invariant form given in (2.3) still impose additional constraints. This allows us to fix all
coefficients for A = 1 and 23 coefficients among 37 for A = 2. At (ki,k2) = (2,1), there
are 130 coefficients for A = 1 and 831 coefficients for A = 2, and all of these coefficients are
determined by comparison with the LST spectrum computed from the ADHM computation.

It is worth noting that the spectra of the decoupled states, which do not carry dynam-
ical tensor charge, differ between the ADHM result and the results from the two values of
A. We also note that 14 coefficients at (1, 1)-string order for A = 2 are not fixed and they
appear in the coefficients in (2, 1)-string ansatz, as shown in table 4. However, these coeffi-
cients do not affect the BPS spectrum for states carrying non-zero dynamical tensor charge.
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(K1, k2)

{C(kl,kz) }

(1,1)

= {—1,8957952¢c5, 1 — 8957952¢c2, —2, 8957952¢5, —16 — 8957952¢5, 8957952¢7, —8957952¢7,
8057852¢9, 16 — 8957952¢9, 2, 8957952¢13, 32 — 8957952¢12, —32, 3, 8957952¢14, 6 — 8957952¢16,
8957952¢18, —6 — 8957952¢1g, 8957952¢20, —3 — 8957952¢00, 8957952¢02, —12 — 8957952¢a3,
8957952¢04, —8957952¢a4, 12, 8957952¢07, 9 — 8957952¢a7, 8957952¢a9, 18 — 8957952¢29, 8957952¢31 ,
—18 — 8957952¢c31, —9, 0, 8957952¢35, —27 — 8957952¢35, 27}

(2,1)

0, =64 — 716636165, —3, 10, T1663616c7, 15, —48, —16 + 11466178563, 3,5,
N i 30,0,0,32, 12,0, 72325, —6,48,20,0, —240, 96, —24,0,
256 + 1146617856¢5, 12, —40, 1 7, —48,10,0, 160, —224 + 71663616¢12, 36, 0, —768, 24, 40, 1146617856¢7, 40, —128 + 1. 9,0, 80,96 — T1663616¢12, 48,0,
—2048 — 1146617856¢5, —36, 240, 0, —40, 11466178569, 160 — 2293235712¢2, 48,0, —128 — 143327232¢5, —6, —160, —1146617856¢7, 30, 768, —32 + 229323571 2¢:
—143327232¢7, —20, 1792 — 11466178569, 96, —10, 256 — 143327232¢q. 4, —48, —192, —80, 72, —384, 80, 0, —640, —256 + 143327232¢12, —96, 576, 480, 0, 64
114661785612, 192, 0, —2560 — 2293235712 96. 35712¢5. 24, 640, —2293235712¢7, —96, —160, 0, 320, — 1146617856¢12. —576,0.
—1536, 48, —640, 2293235712¢7, 80, 2048 — 2293235712¢9, 0, 160,512 — 143327232
—1280,0, —1280, 4096 — 2293235712¢19, 0, 1152,0,0, 1280, —8192 + 2293235712¢12,0,
40 + 7T1663616¢15, —429981696¢2, 5, —4 — T1663616¢ 40 + 429981696¢2 + 71663616c20, —32 + 214990848¢2 — T1663616¢20, 0, —9,10,0,45,0,9,0, —48 — 214990848¢5, 0, —5,
143327232¢15, 9, —10, —18, 50,80 + 7166361622, 0, 90, — 429981696¢5, —9, —10, —96 — 214990848¢7 + 1146617856¢16, 5, 32 + 143327232¢15, 18, —95, —8 — 7166361622, 9,
—60,976 + 429981696¢5 + T1663616¢24, 0, —75, 288 — 429981696¢7, 10, 64 — 214990848¢9 + 1146617856¢15, —32 + 859963392¢2 + 143327232¢2, —18, —30,

,0,5, 71663616¢16, 0,0, —214990848¢2, 0, —5, 24 — 71663616¢16, —5,

7856¢15, —144 — 85996 . .
18, 108, — 150, 144, 280, 128 — 21499084815 + 1146617856¢2, 72, 240, 896 + 859963302¢; + 1433272 X —40, 216,240,

288, ~240, ~512 + 1146617856¢24. —36, —160, 960 + 859963392¢; — 2203235712¢16, 0, 220, —36, 160, —2624 + 420981606¢12 — 1146617856¢22, 216, 180,
90,400, 192 + 2203235712¢15, ~110, ~1280 -+ 859963392¢y — 2293235712¢15, 36, —160, —832 + 214990848c;2 — 143327232c22, 144, ~120.
—256 — 1146617856¢24, 108, —240, 576 — 839963392¢7, 140, 2048 + 2293235712¢15, —256 — 229323571220, 0. —60, —128 — 143327232¢24, 18,0, —192, 30, 1536 — 839963302¢,
832 + 22932357 12¢50, — 144, —576,0, —320, 432, 288, 800, 144, —160, 2560 + 859963392¢15 — 220323571232, 288, 0, —480, 288, —320, 4096 + 2293235712¢25, 0, 480,

3 0. —480, —1024 + 2293235712¢4. 0, 0, —1536,0. 0,0, 0,0, 0,0, —15, 71663616cz7, ~9. 0, 0,0, 15,

15, 16¢39,9, 0, 42998160615, — 15, —24 — 214990848c15, 12 — 644972544, 3,30, 12 — 71663616¢20, -6, 15,
240 + 429981606¢16 + 7166361631, 0, 144 — 429981606¢15, 24 — 1289945088 — 214990848¢20, 3, —30, —192 + 214990848 ¢;5 — T1663616¢31, 30, 240 + 42998169615,
—144 + 1289945088, — 420981696¢20, —15, 156 + 214990848¢15, 48 -+ 644972544, + 420081696¢20. 60 + 21499084820, —18, ~27, 30,0, 15, —24 + 143327232¢57, —15, ~ 144,135,
—54,270, ~192 — 214990848¢55 + 1146617856c27, 3, 30, —288 — 644972544c5 + 143327232¢29, 33, 69, —60, 0, 225, 720 — 429981696e22, 51, 60,
—576 — 1289945088c5 — 21499084824 + 1146617856c29, —3, —30, —192 — G4497254der + 85996339216 + 143327232¢31, 102, —105, 108, —420,
1632 + 429981696c22 — 1146617856¢57, 144, 360, 3456 + 1289945088cs — 420981696¢24, 30, —300, 192 — 1289945088¢7 + 1146617856¢:
240 — —90, 384 + 214990848y — 1433272 123,120, 3168 + 644972544c5 + 429981696¢51 — 11
—864 + 1289945088¢; — 850963392¢15, —60, ~816 — 1280945088 cg, —24 + 859963302c20, —75, 150, 288 + 21499084824 — 143327232¢29, 39, 330,

1920 + 644972544¢7 — 1146617856¢3, 45, 3312 + 1280945088¢o — 850963302¢15, —336, —6, 45, —240 — 143327232¢31, 30, 1008 + 644972544cq, —288 — 83996:
318,264,300, 36, 384, ~960, 216,720, 1920 — 64497254dc15 + 859963392¢2 — 220323571227, —300, —936, 180, —540, —240, —1920 — 128094508 5712¢27, —156,
—660, 4224 + 850963302cz; — 2203235712c29, 96,192, 480, 648, 0, —5760 + 1289945088¢12 — 859963392c22, —168, 840, —768 + 229323571 2¢29. X
—1536 — 2293235712¢31, 96,0, 108, —480, ~2304 + G4497254dc,5, 324, — 180, —859963392¢4, 6, 360, 235712¢51. 0, 1152, —96, 96, 96, 0,0, —96. 0,0, 0,0,0, 27, 0,0, —45,
—214990848c57, 9, 0, 36, 0, — 18, —45, 54, 0, —420081696¢7, 18, —90, 72 — 214990848caq, —9, 45, 72 — 64497254dc15, —9, 45, —36, —45, —360 + 420981696¢27 + T1663616c35, —81,0,
—432 — 420981696c29, 18,45, 144 — 1280945088¢15 — 214990848¢3:, 45, 36 — 644972544e, —~ 71663616c35, 36, 180, ~720 + 420981696¢29, 0, 0,

864 + 1280945088¢15 — 420081696¢31, 90, —144 — 1280945088¢15, 144 + 1934917632¢, — 644972544 cap, 18, —00, —468 + 2149908481, 18, 45,

288 + 644972544 e16 + 420981696¢31, 0, 1206 + 128994508815, 144 — 1934917632¢; — 1280945088¢20, 9, 45, 360 + 214990848c31, —45, 360 + 64497254dcys, 432 + 1289945088¢20,
0, 36,216 + 644972544c20, 18, —45, 135, 135, —162, 135, 180, —18, 810, ~216 — G4497254dcas + 859963392¢27 + 143327232¢35, 234, —432, —540, 180, 540,

—1289945088¢32 + 1146617836¢35. —126, —90. 1584 + 1934917632¢5 — 6449 34 + 859963392¢29, —45, 81, 90. 108, 135, 1296 + 1289945088¢22 — 859963392¢27. —225, —360,
144 — 193491763 765, —144 + 1934917632¢7 + 850963392¢31., 81, 135, 234, 270, ~2160 + 644972544c5 — 1146617856¢35, 432, 270,
3024 + 1280945088 016 — 1934917632 304 + 1034917 —135, —432 — 143327232¢35, 81, 180, —432 + 644972

1728 — 85996330 576, ~1260, 612, : 0, ~6912 + 1934917632¢1, — 2203235712¢35, 0, ~1836, 0, 36, X
13824 — 1934917632¢1> + 220323571235, 0,0, ~6912, 0,0, ~27, 0,81, ~54, ~135, ~54, 135, 108 — 64497254dcr, —54,243,0, ~108, ~135, 216 — 1280945088¢57 — 214990848¢35.,
54, — 108 — 644972544 cz9, —27, 108,270, 0,0, —1296 + 1289945088¢27 — 420981696¢35, 108, 540, 432 — 1280945088¢20, 27, 270, —864 + 1934917632¢15 — 644972544
—54, —135, 108, 135, 432 + 644972544cy7 + 429981696c55, —243, 0, —3888 + 1289945088c0. 5 5,864 — 1934917632¢15 — 128094508831, 135, 1188 + 1934917632¢15, 54, 135,
540 + 214990848cy5, 54, —270, — 1080 + 644972544cs9, —81, 0, 2592 + 1289945088c31, —135, —216 — 1934917632c15, 324 + 1934917632¢50, 27,0, 108, 0, 135,

1206 + 644972544c31, 0,0, —648 — 193491763250, 81, 486, —54, 405, —324, —189, —810, —54, 135, 2160 + 1934917632c, -+ 859963392¢;5, —243, 0, 405, 270, 270,

—3456 — 1034917632¢55, 27, ~540, 1728 + 1034917 0, 405, ~2592 — 859963392¢35, —27, 540, 864 — 193491763234, 0, 0, 1206,0,0, 0,0, ~81, 162, ~162, 405,
0, ~324,810,162, ~810, 1296 -+ 193491763: 1162, 729,0,324, 405, 1206 — 1934917632cy7 — 1280945088¢35, 81,810, ~3564 + 1934917632¢29, 81, ~162, ~405,
—486,0, 3888 + 128994508835, 162, ~810, 6 1917632¢29., 0, 405, 1944 + 1934917632¢31, 81,0, 0,405, 1944 + 644972544c55, —243,0,0,0, 405, —3888 — 1934917632¢31, 0,
—972.81. —81, —81,0.,0,81.0,0.0.0. 243, 486, —243, 1215, —729. —486. —1215,0, —1215. 2916 + 193491763235, 0, 729. 0. 0. 1215. —5832 — 1934917632¢35.0. 0, 2916.0.0.0,0.0}

Blowup equation.

g:

o)

tree

For a blowup equation, we consider a set of consistent magnetic fluxes for the dynamical

€1€2

Table 4. Coefficients C’i(kl’]”) in the modular ansatz of rank 1 Eg x Eg heterotic LST, written in
terms of Eg Jacobi forms and A = 2. There are 14 undetermined conatants ¢; = CZ-(I’I) but they do
not related with the LST spectrum. (k1,k2) = (1,0) and (2,0) cases are same with table 3.

effective prepotential which is given by

L (7 2 +e8 I~ 5, o (0)
5(P10= 020"+ —1— — 3 > mi+ €7 | (610 — 620) | + Einee»
=1
1 6% + e% 1 16 9 9
(AR DS 2 42 , 3.58
6162 2 2 et 1 + ¢070 ( )

with an auxiliary scalar VEV ¢q .

tensor and the auxiliary 2-form field such that

$1,0 — P20 — P10 — P20 +N10€12, Poo — P00+ No0€L2, (3.59)

~32 -

The tree-level and one-loop contributions to the effective prepotential
of the Fg x Fg LST are identical to those for the E-string theory, but there are additional
contributions from the auxiliary 2-form field. Collecting these contributions yields the full



where the fluxes are quantized as
ny =ni,0 + No,0 €Z+1/2, n2 =N, ex. (3.60)

We also choose background magnetic flxlues for the masses, winding number and KK
momentum as
1/2 0<i<8
B, = / (0<i<?®) , Br=B,=0. (3.61)
-1/2 (9<i<16)
We propose that the partition function of the Eg x Fg LST satisfies the blowup equation
given by

AZHE _ Z (_1)n1+n2q%(n1—n2 2mi(— Zl L mit +32 Z n1+n2)e+)ZHE(N)ZHE(S)

str str str )
ni,n2

(3.62)
where A = A(w,7,m;). We checked the elliptic genera computed from the 2d gauge
theory description for the strings satisfy this blowup equation, with m; = --- = mg and
mg = --- = mig, up to (k1,k2) = (2,1) order and to second order in the g-expansion.

The elliptic genera can also be computed by solving the blowup equation with a mod-
ular ansatz written in terms of Eg Jacobi forms in the following way. The (1,0)- and
(2,0)-string elliptic genera have already been calculated in this way for the 6d E-strings
in previous work [50, 53]. At the (1,1)- and (2, 1)-string order, the modular ansatzes are
constrained by the requirement of the GV-invariant expression in (2.3), which we use to
fix several coeflicients in the ansatzes. Finally, we solve the blowup equation, which com-
pletely fixes all the coefficients in (2, 1)-string modular ansatz for both A = 1 and 2. These
results are in agreement with those presented in table 3 and 4. We expect that the elliptic
genera at higher orders can be calculated using the blowup equation in a similar manner.

3.2.2 SO(32) picture

The SO(32) heterotic LST is the worldvolume theory on N NSb5-branes in the SO(32)
heterotic string theory. At low energies, it is described by an Sp(/V) gauge theory with 16
fundamental hypermultiplets. In the F-theory construction [22], this theory is engineered
by a rational curve ¥ in the base surface with 32 = 0. It is also T-dual to the Eg x Eg
heterotic LST upon compactification on a circle.
The partition function when N =1 can be written as
oo
HO HO _ ,HO HO rikw ,HO
ZG Zpert Zstr Zpert 262 ‘ ka ) (363)
k=0
where w ~ 1/¢%,; is intrepreted as the inverse gauge coupling and k is the little string

number. The 1-loop contributions coming from the Sp(1) vector and the fundamental
hypermultiplets are

HO _ 1+ p1p2 2 AN
Fpert = PE (1—p1)(1—p2)(Q Hae )1 (3.64)
v P1P2 —1 & 2mimy —omim L '
P gy (@ e ) X (T e )i
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Field Type O(k) Sp(1) SO(32)
(Ay, A3 vector adj
(aa[; , A4 hyper sym
(P Aa, A*) | twisted hyper | sym
(ATY) Fermi anti
(¢a, ¥7) hyper k 2
(¥%) Fermi I3 2
(I)) Fermi k 32

(b) ()

Figure 5. (a) Brane configuration, (b) quiver description, and (¢) matter content for the rank 1
SO(32) heterotic LST.

where m; are the chemical potentials for the SO(32) flavor symmetry and @ = ¢>™1 is the
Sp(1) fugacity.

GLSM. Under S-duality, the SO(32) LST can be mapped into a system of a D5-brane
in type I string theory. In this system, the little strings are k D1-branes bound to the
Db5-brane, as shown in figure 5(a) [65, 95]. The partition function for the little strings
can be computed using the 2d gauge theory description for the worldvolume theory on the
D1-branes.

The 2d gauge theory is an N' = (0,4) O(k) gauge theory with a symmetric hyper-
multiplet, twisted hypermultiplet, and an antisymmetric Fermi multiplet describing the
motion of the D1-branes on O9-plane. In addition, there are O(k) x Sp(1) bifundamen-
tal matters coming from the D1-D5 strings, and the D1-D9 string modes give rise to
Fermi multiplets in bifundamental representation of O(k) x SO(32). This theory has an
SO(4) = SU(2); x SU(2), global symmetry which rotates 2345 directions and another
SO(4) = SU(2) g x SU(2)n, rotation symmetry corresponds to 6789 directions. Essentially,
the 2d gauge theory agrees with the ADHM data for k-instantons in the Sp(1) gauge the-
ory with 16 fundamentals. The 2d gauge theory description and its matter content are
summarized in figure 5(b) and (c).

The elliptic genera of the 2d gauge theory for k little strings can be calculated using
localization. The computational details will be explained in appendix B.2. The 1-string
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elliptic genus is given by

ZH0 _ _ 24: I12, 0:(m) Or(mo = ¢1) 7
=1 2771291 (61)91(62)91(:&7710 — €+) 9[(6+ + ¢1)

(3.65)

where myg is the chemical potential for SU(2),,,. Also, the explicit expression of the 2-
string elliptic genus is presented in (B.27). We note that although the elliptic genera
seem to depend on the mass parameter mg, which plays no role in the 6d worldvolume
theory, the BPS states carrying Sp(1) gauge charge are all independent of mgy. One can
see this by checking that all BPS states captured by the elliptic genera depending on ¢y
are independent of mg, which we checked up to 2-string and ¢? order in the g-expansion.
The Es x Eg and SO(32) heterotic LSTs are related via the T-duality [96-100]. This
implies that the partition functions of these two theories are related each other up to
appropriate reparametrizations of fugacities. To compare two elliptic genera, we first turn
on Wilson lines for the flavor symmetries along the T-dual circle such that they break
Eg x Eg and SO(32) symmetries to their common subgroup SO(16) x SO(16). In the Egx Eg
picture, the Wilson lines shift some of the chemical potentials for Fg x Eg symmetry as

gt = mE 4+ HE L RllE = i B R = 1B (1 £ 8,16), (3.66)

and we also redefine

HE HE HE HE HE THE
1,0 — P20 — P10 — P20 T g — I (3.67)
WwHE s o HE | mé{E i mll{GE _ JHE

To distinguish chemical potentials in two LSTs, we add a superscript ‘HE’ for the chemical
potentials in Fg x Eg LST. We list some leading BPS states in table 5, where we only show
the states carrying nonzero charge for ¢1 9 — ¢2,.

In the SO(32) picture, the Wilson lines shift
LHO
mif =m0 (1<1<89), m}{ozml}lo+7(9§l§16), (3.68)

and we redefine

1 16
whO — MO 4 =3 "5 l0 — HO (3.69)
2 =9

where we put a superscript ‘HO’ to denote the SO(32) chemical potentials. The perturba-
tive partition function in (3.64) now becomes

1+pip2 - HO S HO o HO 1
Z7HO _pp |~ "PIF2 [ dmidy 2mi(T 2migpO) _ + 3.70
pert [ A—p))(1—p2) (e +e )1_6%”1{0 ( )
16 2miry7HO
\/P1P2 2migHO | ori(rHO _4HO) omimy | —2mimy €
Tl g (7 e AD) S () s |

where 7 = 0 for 1 <1 < 8 and r; = 1/2 for 9 <[ < 16. The first few BPS states of the
SO(32) LST from the elliptic genera are listed in table 6. Again, we show only the BPS
states carrying nonzero charge for ¢©.
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d SN (i, dr) d &N (i, jr)

(17070) 161(070) (Loa %) 1281(070)
[5601 + 161](0 0) ® 1
(1,0,1) 16,(1, 1) (2,0,0) 0,3)
[1820; + 120, + 2](0, 3) &
(2707%) 1281(07%) (270) 1) (%70) D [1201 + 1](%71) @
(1,3)
(2,1,0) 165(0,0) (2,1,3) | [128; 162 + 1285](0,0)

(128, - 128, + (1820, + 2 - 120, + 4)165 + 5605](0, 0)

(2,1,1) o) [(1201 +3)- 162](2, 2) +162(1,1)

Table 5. BPS spectrum of the rank 1 Eg x Eg heterotic LST after introducing the Wilson lines,
up to dqy < 2, do < 1 and d3 < 1. Here, d = (d1,ds,ds3) labels the BPS states with charge

di(91'6 — ¢5'0) + do(w™ — 1§ + ¢55) + ds7™® after the redefinition as in (3.67). Rqg labels
representation of SO(16); 2 whose chemical potentials are {miE ... mIE} and {miE, ... mik

given in (3.66). The states related by the symmetry d; <> de and SO(16); <> SO(16), are omitted
in the table. We only show the LST BPS states which have nonzero charge for ¢1,9 — ¢2,0.

d ONS (i, dr) d &N (i, jr)
(1,0,1) 128,(0,0) (1,0,2) 128,(0, 3)
(1,1,-1) 128,(0,0) (1,4,1) [128; - 16 + 1285](0,0)
(1,1,-2) 1285(0, 1) (1,1,—1) | [16; - 128, + 128,](0,0)
(1820, + 120 +2](0, 3) @
560; + 164](0,0) ®
(2,0,1) 15601 + 16:](0.0) (2,0,2) | (3,0)@[120; +1](3, e
161(2> 2) 3
(15 5)
[128; - 128, + (1820, +2-
1 [5602 + 162](0 0)® 1 120, +4)- 162+5602](0, 0)
(2757_1) (27571)
162(3, 3) @ [(120; +3) -
162](25 2) 2] 162(17 1)
128, - 128, + 16 -
1820, + 120, + 2)(0, ) @ 128, 128, 116,
(2,1,-2) | $,0@® 120+ 1), D)@ | (2,1,-1) (18205 +2-120; +4) +
T z (1,9) z T 5601](0,0) ® [161 - (1202 +
"2 3)](272)@161(1 1)

Table 6. BPS spectrum of rank 1 SO(32) heterotic LST with the Wilson lines for 1 < d; <
2, dy < 1 and first two orders of d3. Here, d = (di,ds,d3) labels the BPS states with charge
diwHO 4 dytHO 4 d3¢tO after redefining (3.69), and R, 2 labels the representation of SO(16)1 2
whose corresponding chemical potentials are {mi©, ... mIO} and {miC ... WO} in (3.68).
Note that d; = 0 sector is given in (3.70).
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Now one can verify that the BPS spectra of two LSTs are the same under the exchange
of winding number and KK-momentum as wf® < 7HO /2 and 7HF /2 <3 1O as well as
the exchange of d)lffg — 12{% < ¢HO and m}lE > ﬁﬁlo. However, due to the presence of
extra decoupled states at k1 = kg sectors in the Eg x Eg heterotic LST mentioned above,
the spectra at k1 = ko do not match each other.

Modularity. Each chiral fermion in figure 5(c) contributes to the 2d anomaly polynomial
as

)‘iA £ k(- 1)<02(r) + c2(R) n ca (1) + ca(my) n pl(TQ)) ’

2 2 12
QA | yaa ca(l) + c2(R) | ca(r) + ca(mo) | pi(T3)
%A 4\ —>—k:(k:+1)< L+ 5 + B ) (3.71)
—cy(R 1 2
wA+wi+\Izl—>2k< ca( );CZ(mO))+k<4TrF,,2n+3p1(Tg)>,

where Fj, is the 2-form field strength for the SO(32) global symmetry. The anomaly
polynomial is the sum of these contributions. This can also be derived from the anomaly
inflow presented in (2.41) as

1

Iy = kX490 = k(—CQ(l) —co(r) — 2c2(R) + 1p1(T2) + 1

5 Tr F%) : (3.72)

Here, X4 is the 4-form appearing in the mixed gauge anomalies in the 6d Sp(1) gauge
theory

mix 1 1 1
1'8 ed = }/;1 AN X470 = Z TrFSQp(l) VAN <2p1(T6> - 2CQ(R) + Z TYF%) . (373)
Then, the modular ansatz for the k-string elliptic genus can be taken as

1 (I)k(Ta 6i7¢17m07ml)

Zk = ’
P e DI TTE o1 a(ksmo — sey)

(3.74)

where @, is written in terms of the SU(2) Weyl invariant Jacobi forms for €4, ¢1, mo and
the SO(32) Weyl invariant Jacobi forms for mj—; .. 15 given in appendix A.2. We have
found that the 1-string elliptic genus (3.65) can be reproduced by the modular ansatz with
coefficients given in table 7. The coefficients in this ansatz are listed in ascending order
with respect to {e;,e_, 1, mo, my=1.... 16} that we defined in the footnote 4. We expect
that this ansatz is consistent with the elliptic genera from the ADHM computation for any
value of k, since the 2D quiver theory possesses the SO(32) flavor symmetry explicitly.

Blowup equation. Since the partition functions of the Fg x Eg LST and the SO(32)
LST are the same, the partition function of the SO(32) LST should satisfy the same blowup
equation for the Fg x Eg LST in (3.62). More precisely, two partition functions are the
same, after the identification of fugacities of two theories, up to decoupled states which
are independent of the dynamical Kéhler parameter ¢Eg - 5“63 or gbI{IO. In the blowup
equation, all the difference from the decoupled states can be absorbed by the prefactor A.
Therefore, the partition function of the SO(32) LST satisfies the blowup equation in (3.62)
with a different prefactor A for this theory.
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k {c

sresrs {0, 0, —27648, 13824, 0, —248832, 0, 27648, — 13824, —13824, 165888, 248832, 13824,
82944, — 165888, —82944, — 165888, —55296, —55296, — 165888, —276480, —110592, 55296,
—663552, 276480, 165888, 165888, 110592, 663552, 663552, 55296, 165888, 0, —165888, 0,
—663552, —1,1,0, 884736, —884736, 0,0, —2,2, —18, 18, —18, 18, —2, 2,0, 32, —32, 0,0,
—20736, —124416, 0, 20736, 124416, 124416, —124416, 0, 82944, —82944, —41472, 746496,
27648, 165888, —124416, —248832, 1492092, — 746496, —27648, —193536, 165888, 124416,
2230488, —1492992, —55296, 41472, 165888, 0, 2239488, 0, —442368, 110592, 110592,
663552, 331776, —110592, —663552,0,0,3, —3,9, —9, 3, —3,0,0, —12, 12, —12, 12, 0,0,
124416, —124416, 82944, 0, 0, 62208, 373248, 248832, —82944, —82944, 20736, 124416,
746496, 1617408, 82944, —20736, —145152, —870912, — 746496, —41472, —248832,
—1119744, —165888, —82944, 414720, —207360, 497664, 580608, —41472, —41472,

1 | —3981312, —248832, —995328, 248832, 41472, 3981312, 0,0,0,0, 0,0,0,0,9, —9, 27, —27, 9,
—9,0,0,—55296, 6912, 0, 248832, —373248, 55296, —6912, —6912, —290304, —995328, 6912,
41472,1036800, 331776, —82944, —110592, 96768, —331776, —801792, 380160, 89856,
1534464, 304128, 331776, —290304, —6912, —41472, —41472, 110592, 580608, — 186624,
—82044, —1492092, 41472, 2, —2, 0, 1022976, —1022976,0, 0, 4, —4, 36, —36, 36, —36, 4, —4,
0,—91,91,0, 165888, 20736, 0, —995328, 55296, 331776, 0, —20736, —3110400, — 124416,
—55296, —387072, —20736, 0, 2985984, 870912, —110592, 0, 20736, 1119744, — 746496, 0,
—138240, —525312, —525312, —559872, 663552, 525312, 559872, 0,0, —6, 6, —18, 18, —6, 6,
0,0,24, —24, 24, —24, 331776, 1161216, 165888, 62208, —995328, — 165888, —62208, —62208,
3359232, —497664, 0, 0, 62208, —3359232, 0,0,0,0,0,0,0,0, —18, 18, —54, 54, —18, 18,0, —1,
1,0, —1492992, 1492092, 0,0, —2, 2, —18, 18, —18, 18, —2, 2,0, 86, —86, 3, —3,9, —9, 3, —3, 0,
0,-12,12, —12,12,0,9, —9,27, —27,9, —9,0, 0, —27, 27}

Table 7. Coefficients in the modular ansatz for the rank 1 SO(32) heterotic LST.

As usual, the blowup equation can be solved iteratively starting from the effective
prepotential and the perturbative partition function in (3.70) with a choice of magnetic
fluxes on P!. The effective prepotential of the SO(32) LST receives tree level contributions
from the gauge kinetic term and the counterterm with an auxiliary 2-form field, and 1-
loop contributions from the Sp(1) vector multiplet and the 16 fundamental hypermultiplets.
With the parametrization given in (3.68) and (3.69), we compute the 1-loop prepotential as

f

16 8
1
=12 Yol Inm 201 =D |(n+ri)7 £ o1 +mal’ | = -5 > midr, (3.75)
J i=1

nez i=1
where 7, = 0 for 1 < <8, r; = 1/2 for 9 < i < 16, and we used the zeta function reg-
ularization to compute the infinite KK momenta summations. The mixed Chern-Simons
coefficients can be computed in the same manner. Collecting all the contributions yields
the effective prepotential

¢= @ 2 ;ml o1+ T¢1 T e301 | + Eree s (3.76)
where .
2 2
(O) — 1 2 61 + 62 1 2 9
5tree = @ weT + T — 5 ;ml + 2e+ ?o| , (377)

with the auxiliary scalar VEV ¢g = ¢ . Indeed this under the reparametrization w — 7/2
and ¢1 — ¢1,0 — ¢2,0 coincides with the effective prepotential of the Eg x Eg LST in (3.58),
as expected from the T-duality.
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Then we turn on the magnetic fluxes on the blowup background such as

1/2 (0<i<38)

, B, =B, =0, (3.78)
~1/2 (9<i<16)

n=n)+n,€%Z, no=ny €7, Bmi:{

where ny, n} denote the fluxes for ¢y and those for ¢; respectively.

Using these ingredients, it is now possible to construct the blowup equation for the
SO(32) LST. To compute the elliptic genera for the little strings, we first expand the blowup
equation in terms of the Kéhler parameter 2™ for the string number and substitute the
modular ansatz into the k-string elliptic genera that appear at each order in the expansion.
The coefficients in the modular ansatz are then determined by solving the blowup equation.
We have carried out this calculation for £ = 1 and reproduced the result in table 7. We
expect that the higher order elliptic genera can also be computed in this manner.

3.3 SU(3) + 1sym + 1AZ2

As a last example, we consider the N = (1,0) LST whose low energy theory is given by an
SU(N) gauge theory with a symmetric hypermultiplet and an antisymmetric hypermulti-
plet, as introduced in [22]. This theory can be realized by N D6-branes stretched between
two half NS5-branes in the type ITA string theory on an interval S!/Zs with an O8™- and
an O8'-plane at each end, which is called the O8% background [101, 102], as depicted in
figure 6(b). Here, the half NS5-branes are located at each orientifold plane.

The index part of partition function is factorized as

00
ZGV = Zpert ' Zstr — Zpert * Z GQWkaZk, (379)
k=0

where w =1/ g%,M, and Zj, is the elliptic genus of k-strings. The 1-loop contribution Zpert
from the SU(NV) vector multiplet and the hypermultiplets is given by

1+ pip2 Imip- —2mip:
Zoert = PE | — 2o 4 ge=2mird 3.80
pert (I1—=p1)(1—p2)(1—q) pGZR+( ) ( )

+ \/P1P2 Z( Z 62m’|m’+w-¢+m1|+ Z €2win7+wv¢+m2)]

(1 =p1)(1 —p2) nezZ N wesym wEA2

from (2.23) and (2.24), where R™ is the set of positive roots of SU(N), sym and A? are
weight vectors of symmetric and antisymmetric representations, repectively.

GLSM. In this theory, the little strings are SU(N) instanton strings realized by k D2-
branes on top of the D6-branes. By examining the brane configuration, it is possible to
deduce the 2d N' = (0,4) gauge theory description, which has a U(k) gauge symmetry and
matter content as summarized in figure 6(c). The vector multiplet, adjoint hypermultiplet,
and hypermultiplets in the bifundamental representation of U(k) x U(N) agree with the
ADHM data for the SU(/V) instanton moduli space, while the remaining fields charged
under U(1)g and U(1)4 arise from zero modes of the 6d symmetric and antisymmetric
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o 1 2 3 4 5 6 7 8 9 08+ 08~
+
08 . . . . . . . . . L D2s

NS5 L4 L o L4 L4 L4 NS5 .:‘ NSB

D6 | ¢ o o o o o . N D6’s
D2 o« o .
(a) (b)
Field Type U(k) UWNV) Ul)s U)a
(Ay, )\?‘FA) vec adj
(aaB,AEA) hyp adj
(ga, ¥7) hyp k N
(pa,®Y) | twisted hyp | anti 1
(¥9) Fermi sym 1
(¢y) Fermi k N 1
(¢a,®Y) | twisted hyp | sym 1
(T9) Fermi anti 1
(1) Fermi k N 1

Figure 6. Brane configuration (a), (b) and the matter content for the k-strings in the SU(N) +
1sym + 1A% LST.

hypermultiplets, respectively, at k-instantons [103]. Note that the gauge anomaly of the
2d theory is cancelled as

—4></<:—i—4><k—|—2N><1—1—2><k_2—2><k+2—]\f><1
+2><I<:+2 2><k;_2 N><1—O
2 2 2

where each term comes from the charged chiral fermions given in figure 6(c).

There are mixed anomalies between the gauge and global U(1) symmetries. Let Ty ),
S, A, G be generators of U(1) C U(k), U(1)s, U(1)4 and U(1)g C U(N), respectively.

Then mixed anomalies are
Tr ’)/3TU(1)S =—-4- N, Tr 73TU(1)A =4 - N, Tr "ygTU(l)G = —4N . (382)
Thus, the anomaly free U(1) global symmetry in the 2d gauge theory is the subgroup of

U(1)s x U(1)4 x U(1) generated by 25 + 2A — G. There is a decoupled U(1) symmetry
generated by Ty 1) — 25 — 2A + G which acts trivially on the 2d fields.
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We compute the elliptic genera of the little strings using the 2d gauge theory description
and the localization technique. The 1-string elliptic genus when N = 3 is

23: 1(2a; + m1 — €4)01(2a; + m1 — €4 —€12) 3 01(ajr +mi2 —€q)

= 01 (61 2)(91 (QCLJ + mo — 36+) b 01 (ajk)el (26+ - ajk)
24: m2+612)ﬁ91(a3~+m1—%+%) (3.83)
=1 01(c1,2) =1 Orla; — desmey

where a1, a9, a3 are the chemical potentials for U(3), and m; and mg are the U(1)g and
U(1) 4 chemical potentials, respectively. Here we use a shorthand notation, a;; = a; — ax.
We present the computational details and the 2-string elliptic genus in appendix B.3.

We have checked as expected that the leading order of the elliptic genera in g-expansion
correctly reproduces the BPS spectrum of the 5d SU(3) + 1sym + 1A? theory [50], where
m1 and meo are identified as the mass parameters of the symmetric and antisymmetric
hypermultiplets in the 5d SCFT. However, when considering the BPS states in the 6d
LST, the chemical potentials appearing in the elliptic genera are further constrained by
the mixed anomalies given in (3.82), and for N = 3, the chemical potential for the anomaly-
free U(1) is determined by the condition

3
77m1+m2742ai20. (384)
i=1
We can also set 3, a; = 0 using the fact that the U(1) symmetry generated by Ty(;) —
25 — 2A + G decouples from the 2d CFT. By imposing these conditions, we can rewrite
the elliptic genera such that they only depend on a chemical potential mi — mo as well as
SU(3) chemical potentials a; with >_, a; = 0. This is consistent with the fact that the 6d
LST has only one anomaly-free U(1) symmetry, as we will show below.

Modularity. The modular property of the elliptic genus can be read from the anomaly
polynomial of the 2d theory. Each chiral fermion in figure 6(c) contributes to the 2d
anomaly polynomial as

s () _ el ey,

(&)

1 1
TY 4+ % — k(k+1) +2F12—2F22>,

<c2 B 02 (3.85)
(e

1 1
Y + U — k(k F12+2F22>,
A +¢++¢+—>Nk‘( 2(R) + F1+ FQ)

where F; and Fh are the field strengths for U(1)g and U(1)4, respectively. Thus the full
anomaly polynomial of the 2d theory for k-strings is given by

N +2 N -2
I4:k:<—NCQ(R)+ ;r FZ 4 5 FQQ). (3.86)
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The same result can be decuced using the anomaly inflow from the 6d LST in the
presence of k-strings. The 1-loop anomalies from the chiral fields in the 6d SU(N) gauge
theory contain the mixed gauge anomalies

1 N +2 N -2
IgD4TrFS2U(N)/\(—N02(R)+ ;LF12+ 5 F22)

1
+gtr Féoony AN +4)F1 + (N —4)F),

(3.87)

where ‘tr’ is the trace in fundamental representation. To obtain this, we used following
relations,

treym F°> = (N +4)tr F? | trps F3 = (N —4)tr F3, (3.88)
for the SU(N) representations. The gauge anomaly in the first line is cancelled by adding

the counterterm as (2.31). The second line is the ABJ anomaly and it imposes a constraint
on the flavor symmetries as

Fy=-—

N 4F1 . (3.89)
Thus, there is only one anomaly-free global symmetry, given by U(1) C U(1)g x U(1)4.
Then, the anomaly inflow from the 6d LST on the k-string background leads to the same
anomaly polynomial in (3.86) for the worldsheet CFT.

Now we make a modular ansatz for the elliptic genus of k-strings in the SU(3) LST
based on the anomaly polynomial. The elliptic genus Zj has a modular anomaly [ Iy =
—3]663_. Thus the modular ansatz we propose is

_ (I)k:(Ta €4, ¢17 ¢2) ]

Z fDl(ém . DkA2

(3.90)

The SU(3) chemical potentials ¢ o are related to a; 2,3 in the elliptic genus given in (3.83) by

a1 =¢1, ay=—¢1+¢2, az3=—¢. (3.91)

We turn off the U(1) flavor chemical potential because U(1) has trivial Weyl group and
does not fit into the standard theory of Weyl invariant Jacobi forms.

At 1-string order, the ansatz has 514 unknown coefficients Ci(k), and we check that this
ansatz with the coefficients in table 8, which are listed in ascending order with respect to
{e+,€e_, ¢12}, reproduces the 1-string elliptic genus obtained from the ADHM construction
in (3.83).

Blowup equation. Lastly, let us consider the blowup equation for the SU(3) 4 1sym +
1A% LST. We first compute the effective prepotential. The 1-loop prepotential from the
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k c®

—soiars {0, —256, —512, —960, —1024, —512, —10752, —12288, —64512, —36864, —90112, —32768, 64, 32, 128, 192,
6,936, —1024, —224, 1536, —3840, —1536, — 1152, — 13824, 5376, —36864, — 12288, — 163840, 1536, —32768,
—29184, —98304, 208896, 368640, 221184, 81920, —131072, 1, —4, 8, 240, —2496, 912, 768, — 1728, —4096, 12288,
—2304, —8192, —30720, —384, — 12288, —18432, 12288, —101376, 368640, —43008, — 73728, 18432, 32768,
—104448, —524288, 184320, — 1572864, —196608, 0, 589824, 524288, —131072, 24, — 168, 3840, 960, —21504,
—4992, —27648, —7296, 32768, 86016, 13056, 65536, — 73728, —9216, —196608, —221184, 196608, — 73728, 294912,
—688128, 0, —81920, 1048576, —98304, —262144, —16384, — 1179648, —672, —192, 9216, 6144, — 12288, 12288,
—16384, 13312, 0, 0, —16384, 0, —32768, 2048, 0, 98304, 512, 256, —2048, 0, 192, 32, 384, 672, 768, —768, 6912,
—6144, 4608, 1536, 12288, 4032, —30720, 7680, — 190464, —104448, —221184, 36864, 319488, 196608, 0, 4, —56, 576,
—256, —672, 576, 1536, —13824, 1584, 3072, 19968, —384, —12288, 43776, —24576, 20736, —239616, 9216, 92160,
—122880, 921600, 69120, 405504, —158208, 1892352, —417792, —1916928, —1032192, —688128, 393216, —9, 72,
—1920, —1920, 13824, 7680, 26112, 8640, —24576, —142848, —13824, —49152, 38400, 2688, 319488, 460800,
—24576, 36864, —1032192, 700416, 442368, 135168, —1081344, —258048, 491520, 12288, 4325376, —196608,
—1179648, 504, 504, —11904, —11904, 18432, —5376, 30720, —16128, 0, —36864, 23040, 0, 12288, 7168, 0, —98304,
0, —98304, 0, 98304, —576, —576, 2048, —1024, 0, —2048, 8, —12, 16, —288, —224, —288, 768, —256, —1152, —2304,
576, —2880, —11808, —2304, 6912, —23040, 24576, 9216, 59904, —267264, —14208, 110592, 78336, 414720, 276480,
1 | 1566720,36864, —368640, —294912, 0, 0, 396, —96, 5088, —5376, —15264, —1344, 16128, 53376, 11424, 29952,

23040, 4032, —4608, —347904, —105984, 165888, 442368, — 109056, —442368, 36864, — 1548288, 496128, 368640,
—161280, —3096576, 995328, 3907584, —368640, —442368, —126, 0, —2736, 6432, 53760, 10272, 0, 9408, —110592,
—113664, —23808, —36864, 82944, —1152, 258048, —202752, —147456, 138240, 368640, 374784, — 147456, —55296,
— 1179648, 67584, 1224, 648, —9216, 1216, 15360, —18304, 0, —5248, 0, 49152, 4864, —288, —1,4, —72, —96, —1044,
672, 5472, 1344, —3456, 13824, —3072, —3456, —8064, —960, —6912, 85824, 89856, —6912, 165888, —55296,
165888, 73728, 663552, —162432, —387072, 23040, —608256, —387072, —2211840, 552960, 663552, 0, —24, 168,
—984, 48, —27936, —11136, 16416, 1920, 69120, 228096, 2400, —41472, 41472, 13440, —525312, 260352, — 138240,
89856, —110592, —27648, —55296, 147456, 2101248, 317952, 110592, 4608, —663552, 294, —456, —1344, —7296,
—11520, —4224, 16128, —10176, 0, — 13824, 15360, 0, 32256, — 7296, 0, —92160, —728, —472, 4992, 9, —72, 576,
1584, —1944, 3744, — 7776, —4608, —15552, —96768, —2304, 10368, —20736, —8064, 72576, —95040, 20736,
—145152, —290304, —110592, —82944, —241920, —539136, —209088, —248832, 55296, 787968, — 165888, —248832,
—504, —504, 15768, 12960, —63072, —4608, —30240, 14112, 93312, 15552, —18864, 0, — 13824, —6624, 0, 317952, 0,
93312, —373248, —172800, 333, 900, —4248, 1008, 1728, 9936, 126, 0, —1296, — 7776, 14904, 5184, 2592, —5184,
—31104, —41472, 13824, 31104, —67392, —864, 155520, —121824, 124416, — 124416, 435456, 0, 124416, 41472, 0,
—108864, —1224, —648, 10260, —1080, — 12960, 17280, 0, 5184, 0, —62208, —4752, 531, 378, 648, —10368, 648,
34020, —3888, 0, —2592, —23328, 62208, 0, 0, 0, 5184, —46656, —54432, 216, 216, —2916, 243, —324, 1944, 0, —2916,
—7776, —243}

Table 8. Coefficients in the modular ansatz for the 1-string elliptic genus of the SU(3)+1sym+1A>2
LST.

SU(3

~—

vector and hypermultiplets is

6}":%Z Z]m’+e-d)|3f Z |n7'+w-¢+m1\3fz InT 4+ w - ¢+ mol?

ner i wsym e
= (80 ~ 80302 — 36163 +863) — 1 (62 + m2)*+ (62 — 61— ma)*+(61 — mo)?)
- %((%1 +m1)? 4 (¢ + 1) + (=261 + 202 +11)° + (=d1 + P2 —ma)?
+(¢1 —m)® + (262 — ml)g) ; (3.92)

in the chamber ¢2 > ¢1 > 0. In the last expression, we keep only the terms dependent
on the dynamical Kéhler parameter ¢;’s. We also evaluate the perturbative partition
function (3.80) in this chamber. With the tree level contributions and the contributions
from the mixed Chern-Simons terms, the full effective prepotential is given by

1 G ; )
&= — F— 3 (461 — 42) + €4 (d1 + P2) | + Epree s (3.93)
where , i 1
£l = g (w16t~ ) vn(3d ot god)] . o
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with w ~ 1/ g%M and an auxiliary scalar VEV ¢g = ¢g,. Also, because of the 6d mixed
anomaly free condition given in (3.89), we impose the condition

in the effective prepotential (3.93). This is compatible with the 2d mixed anomaly free
condition (3.84).
The blowup equation can be constructed with a set of magnetic fluxes

no€%Z, n€Z+2/3, ny€Z+1/3, Bp, =1/6, B.=B,=0. (3.96)

We propose that the blowup equation of the form given in (2.18) with these inputs is
satisfied for the partition function of the SU(3) LST. We have checked that the elliptic
genera computed using the 2d gauge theory satisfy this blowup equation order by order
in the expansion with respect to the fugacities e*™™, ¢ = €?™7, t = e2mi(261-¢2)  and
u = e2mi(=01+262) yp to 2-strings, ¢!, t! and u! orders.

We also attempted to solve the blowup equation with the help of the modular ansatz
in (3.90). By utilizing the blowup equation and modular ansatz, we were able to find a BPS
spectrum up to ¢!, t~! and u! order which mathches with the ADHM computation given
in (3.83). This fixes 419 unknown coefficients in the modular ansatz, which are compatible
with those listed in table 8. We expect that higher order computations of blowup equation

will fix the remaining unknowns in the modular ansatz.

4 Conclusion

In this paper, we have proposed the blowup equations for six-dimensional little string theo-
ries (LSTs), and demonstrated how our proposal works in some cases. In order to formulate
the blowup equations, we have found that we need to introduce an auxiliary 2-form field to
cancel the mixed gauge-global anomalies and also take into account the summation over its
magnetic fluxes on the blown-up P! as well as the fluxes for the dynamical tensor and gauge
symmetries. Although the flux sum for the auxiliary 2-form field in the blowup equation is
divergent, which is essentially because the auxiliary 2-form field has no quadratic kinetic
term and it is thus non-dynamical, we have found that the blowup equation still makes
sense as a Laurant series expansion in terms of Kéhler parameters, and we can even use
it to determine the BPS spectra of strings in the LSTs with the help of modular ansatz.
As concrete examples, we have computed the elliptic genera of strings in Ay type LSTs in
ITA /IIB string theories, LSTs in Eg x Eg and SO(32) heterotic string theories, and an rank-
2 LST with SU(3) guage symmetry and Isym + 1A2 hypermultiplets. We then checked
that these elliptic genera satisfy the blowup equations, and conversely, that the unknown
coefficients of their modular ansatz can be fixed by solving the blowup equations.

There are some interesting extensions of the results in this paper. First, it would
be quite interesting to generalize the blowup formalism into supergravity theories. The
blowup equations for little string theories may suggest the possibility of this generalization
because elliptic genera of the string worldsheet theories in some supergravity theories such

— 44 —



as 9d/10d heterotic string theories are related with the elliptic genera of LSTs through
RG-flows by higgsings. A key difference between supergravity theories and LSTs or SCFTs
is that all symmetries in supergravity theories are gauged. As a result, we need to turn
on dynamical magnetic fluxes for all the symmetries in the theory, and the A factor in
the blowup equation can only depend on the -deformation parameters. We leave this
generalization as a future work.

Another extension of the current work is the consideration of twisted compactifications
of little string theories. The blowup formalism for 5d Kaluza-Klein theories resulting from
6d SCF'Ts compactified on a circle with automorphism twists has been previously explored
in [50]. It is straightforward to extend this approach to derive the blowup equations for
twisted compactifications of LSTs by simply replacing the intersection form Q% of the
tensor nodes and the Killing forms Kj;; for the gauge algebras in the blowup equation for
untwisted LSTs with their twisted counterparts. One potential use of this formulation is
to confirm T-dualities between LSTs including twists along the T-dual circle. For example,
the SU(3) gauge theory with 1sym + 1A2 we discussed in section 3.3 is expected to be
T-dual to another little string theory with a twist [104], which is due to the presence of the
symmetric hypermultiplet. The blowup equations for twisted LSTs may provide a more
rigorous method for identifying and verifying such dualities.

As another generalization, one can also study little string theories with supersym-
metric defects. Various BPS defects in superconformal field theories have been widely
studied. For instance, the partition functions of 5d/6d field theories in the presence of the
codimension 4 defects were investigated in [55] in the context of the blowup formalism.
It should be straightforward to extend this approach to the study of LSTs coupled to
codimension 4 defects, offering a concrete method for analyzing the dynamics of these
defects within the LSTs.

Recently, a systematic method for calculating the partition functions of LSTs engi-
neered by NS5-branes on D- and E-type singularities using the topological vertex formalism
was proposed in [105]. The resulting partition functions for D-type LSTs were found to
be consistent with those obtained using the elliptic genus computation in [64], while the
partition functions for E-type LSTs represent new results. It would be valuable to verify
these proposed partition functions using the blowup equations.
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A Elliptic functions

In this appendix, we summarize definintions and properties of the modular forms and

Jacobi forms used in this paper.

A.1 Modular forms

Let H = {z € C | Sz > 0} be the upper half plane of the complex plane, 7 € H be the

2miT

complex structure of the torus and ¢ = e“™". A modular form of weight k is a function

f:H — C satisfying

ar +b ab
f(CT+d> - (CT—’—d)kf(T)’ (c d

) € SL(2,Z) . (A1)

An example of the modular form is the Eisenstein series defined by

Eo(1) = 1 Z ;_14_&% (n)q" (A.2)
# T 3 (2k) o Z00) (M HRT) T ((2k)(2k - 1)! £ T2 '
where ((s) is the Riemann zeta function and op(n) = dn d¥ is the divisor functiomn.

Eoi (1) with & > 1 are the holomorphic modular forms of weight 2k, while Ey(7) is only

quasi-modular:

E (“” +2) — (7 + d)2Ea(r) — %c(cr +d). (A3)

cT +

Two Eisenstein series F4(7) and Eg(7) generate the ring of holomorphic modular forms
M,(SL(2,Z)) = @psoMar(SL(2,Z)), where Moy (SL(2,Z)) is the space of weight 2k
modular forms. In other words, Moa(SL(2,Z)) can be written as

Mo (SL(2,Z)) = @D CE4(r)"Eg(r)". (A.4)
4a+-6b=2k

As a related function with the Eisenstein series, we define the Dedekind eta function as

n(r) = /2 T (1= ¢ (A.5)

n=1

Its 24th power A(7) = n(7)%* = (E4(7)3 — Eg(7)?) /1728 is a weight 12 modular form called
modular discriminant and n(7) itself has following modular transformation properties:

n(r+1) =e™y(r), a(=1/7) = V=irn(r). (A.6)
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A.2 Jacobi forms

There is a generalization of the modular forms including additional fugacities. A function
Vkm @ H x C— Cis called a Jacobi form [106] if it has two transformation properties

wk,m(z_—iz, CTj—d) = (et + ci)ke%cifmlz2 Yk,m(T, 2) for (Z Z) € SL(2,Z), (A.7)
Om(T, 2+ AT+ 1) = 6_2”im(’\27+2)‘2)90k7m(7', z) for \,u€eZz, (A.8)

and a Fourier expansion of the form
Okm(T,2) = Z c(n, r)q"ezm’"z , (A.9)

where k € Z is called the weight and m € Zxq is called the index or level of the Jacobi
form. When m = 0, ¢4, is independent of z and reduces to a modular form of weight
k. ©km is called a holomorphic Jacobi form if ¢(n,r) = 0 unless 4mn > r2, a cusp Jacobi
form if c(n,r) = 0 unless 4mn > r?, and a weak Jacobi form if ¢(n,r) = 0 unless n > 0.

Let Ji,m be a space of weak Jacobi forms of weight £ and level m. The ring of
weak Jacobi form Ji. = @ Jrm s freely generated over the ring of modular forms
M., (SL(2,Z)), whose generators are

91 (Ta Z)2 . 2
p—21(7,2) = ——— =5, ¥o1(7,2) A.10
(r) =20 -4 50 (A10)
where 0;(7, z) are Jacobi theta functions defined by
— Z ) % n+1/2)2yn+1/2’ 0o (7, ) Z q% n+1/2)2 n+1/2’

neZ nez

n? 2 (A.11)
63(7—’ $) = Zqun’ 94(7—7 x) = Z(_l)anynv
nez nez

for y = > In other words, any weak Jacobi form ©Yk.m can be written as

Jk,m > gok,m(T, Z) = Z CaiE4(T)a1E6(T)a2 (p_2’1(7', Z)%(p()’l(T, Z)a4 (A.12)
4a1+6a2—2a3=k
az+as=m,a;€Lx>o

for some C,, € C. We also frequently use

O1(T, 2
@—1,1/2(75 Z) =1 71727_)3) ) (Al?’)

which satisfies ¢_; 1/2(7, 2)2 = p_a1(r,2).

The notion of weak Jacobi forms is further generalized to Weyl invariant Jacobi
forms [88]. Let g be a Lie algebra of rank I, hc = C! be the complexification of the
Cartan subalgebra, W be its Weyl group, QV be the coroot lattice, and P be its weight
lattice. Denote (-, -) a Killing form on hc normalized to 2 for the shortest coroot. A Weyl
invariant Jacobi form of weight k and index m is a function ¢y, ., : H x hc — C satisfying
following conditions.
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g (—k,m)

Ay (0,1),(4,1) for2<j<I1+1

By (24,1) for 0 <j <l

C (0,1),(2,1),(4,1),(24,2) for 3< j <1

D, (0,1),(2,1),(4,1),(1,1),(25,2) for 3<j <1—1
FEs (0,1),(2,1),(5,1),(6,2),(8,2),(9,2), (12, 3)

E; | (0,1),(2,1),(6,2),(8,2),(10,2), (12,3), (14, 3), (18, 4)
Fy (0,1),(2,1),(6,2),(8,2), (12,3)

Go (0,1),(2,1),(6,2)

Table 9. Weights and indices for the fundamental Weyl invariant Jacobi forms.
(i) Weyl-invariance: for w € W,
Okem (T, W2) = P (T, 2). (A.14)

(ii) Modularity: for (¢ %) € SL(2,Z),

ar+b =z & mime
i = — . A1l
@k,m(CT d’ CT—|—d> (CT"‘d) eXp(CT+d<zaz>>§0k,m(Tv Z) ( 5)

(iii) Quasi-periodicity: for A\, u € QV,

Orm (T, 2 + AT + p) = exp(—mim[(A, \)T + 2(\, 2)])@rm (T, 2) - (A.16)

(iv) Fourier expansion:

Pem(T,2) =Y 3 c(n, O)q e ) (A.17)
n=0 (P

The weak Jacobi forms defined above are g = Ay case.
Let Jj m(g) be the space of the g Weyl invariant Jacobi forms with weight £ and index
m. Then, for a simple Lie algebra except for Ejg, the bigraded ring,

Jew(0) = D Jrm(0) (A.18)
k,meZ

is freely generated by [ + 1 fundamental Weyl invariant Jacobi forms over the ring of
modular forms M, (SL(2,Z)). The Wirthmiiller’s theorem [88] provides weights and indices
for fundamental Weyl invariant Jacobi forms of simple Lie algebras except for Eg as we
list in table 9. Although the theorem does not give explicit form of the Jacobi forms,
generators of Weyl invariant Jacobi forms for each Lie algebra have been studied in many
literatures [107—-112]. The Eg is exceptional case for Wirthmiiller’s theorem, but its Weyl
invariant Jacobi forms are also studied recently [89, 113-115]. See also [65, 116] for a review
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in physics liturature. Here, we give a construction of Weyl invariant Jacobi forms used in
this paper.
Let us consider g = A;. The weight —k Jacobi form gofl € J_i1(4;) is given by

10, (
“ . (k=0,2,3,---,1+1) (A.19)

ZZ]‘ZO

Zl+1 k H

7j=1

where
1 (1 g I+1
(Z o, fEQ ij : (A.20)

The orthogonal basis ;’s are related with the Dynkin basis ¢;’s by 1 = ¢1, z; = —¢;_1+¢;

for 2 < j <l and 211 = —¢;. In particular, we use
032 = (x3 = x3) + (Xg — X6 + Txa — Txg)a + O(4"), (A.21)

1
052 = B {(6 —x3— X3) + (42+6xs — x6 — x5 — 13x3 — 13x3)q + O(QZ)],

1
vo? = 1 [(18 + X3 + xg) + (342 + 18xs + X6 + x5 — 83x3 — 83x3)q + O(q2)],

for g = Ag in section 3.3 to write the modular ansatz for the SU(3) + 1sym + 1A2 LST,
where YR denotes character of SU(3) for representation R.%

Next, to study the D; Jacobi forms, we first consider the B; Jacobi forms. The gener-
ators of B; Jacobi forms @Z-l € J_2;,1 can be computed from the generating function

i01(v — ;) i01 (v + ;) <.91<v>)2’ ~ 9 (0) p,

= (¢ . pof (1, 1), (A.22)
]1;[1 & & & ;0 (25 — 1) 7

where 7 = 0 term in the summation is understood as gpég “(x1, - ,x1), and p is the Weier-

strafl p function defined as
05(0)%62(0)% 0a(2)*> 1 4 4
= ——(0 0 . A2
o(2) TGy %0 +e0)) (A.23)

Then the [ — 3 generators of D; Jacobi forms with index 2 is identified with B; Jacobi
forms:

=0 (k=68 ,20—2), (A.24)

®Note that goé‘? in our paper is —6¢q defined in appendix B of [77].
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where gol_)fw € J_k2(D;) and cpf’ € J_i,1(B;). The index 1 generators are

D, _ﬁ@l(:cj) n 1 (H§-:193($g’) ITj—1 0a(x;) H§=192(%‘)>
n,l — ’

| T N ) S 1) () o
b 050 +04(0)* (M1 05(wy)  TIjmi Oalzy) | 21T5=1 ba(zy)
-2 02 03(0)— 04(0)1—1 0(0)

305(0)* [ TT5=1 05(x;) N TT— 0a(;)
12 93(0)174 94(0)174 )

p 1 <H§:1 O3(x;)  Tlh=y 0a(z;)  TThoy 92(%’))

05(0)!—12 04(0)1-12 0(0)1-12 (A.25)

P017 1 B
where @?271 € J_p1(D;). These level 1 Jacobi forms are used to construct the 1-string
elliptic genus of the SO(32) heterotic LST in subsection 3.2.2.

Lastly, we review the Eg Jacobi forms. The bigraded ring J, .(Eg) for the Eg Weyl
invariant Jacobi forms are contained in a polynomial algebra over M, (SL(2,Z)) generated
by nine functions [89]:

J*,*<E8> _,C,_ M*(SL(27 Z))[Ala A27 A37 A47 A57 327 B37 B47 Bﬁ] ) (A26)
where [113]
1 4 8
A1:@E8(T7$):§Z Hek(Tvxj)a A4:@E8(T,2[E>, (A27)
k=1j=1

n3

1 T+k
nSiﬂ—]_ @ES(HT,H.’E)‘i‘HZ@Eg T,LU (n:2,3,5),
k=0

32 1 T T+1
Bgz5(61(7)658(27,2x)+2463(7')@]58 (2,) @Es( 5 ,x)),

81 ) 1 & (T+k T+k
33:80<h(7) @E8(3T,3$)35];)h( 3 )@Es( 3 x))

By = 16 (04(2T 0)'0 g, (47,4x) — 21 04(27,0)'O g, (r+;,2x)

15
T+k T+k
210262( ’ ) @Es< 1 75'3)),

k

A, =

9 1<
Bg= — (h(T)Qe)ES (67,62)+ = > h(T+k)*Op, (
10 24 =~

1S, (T+k\? o7 + 2k 1 O, (T4 T+k
. SR ) pp— o } ) ).
35;0 ( 3 )@Eg< 3 m) 24'3%’)2;0 ( 3 )G)ES( 6 "”))

Here
er(r) = 25 (B3(r 0 + a7, 01), ealr) = o (6a(7,0)* — u(r,0)") (A.28)
ea(r) = 75 (~02(r, 0/ 657, 0)") , A7) = Bs(27, 0)85(67,0) + 6o(27, 0)6(67,0),
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A, and B, have index n and weight 4 and 6, repectively, and normalized such that
Ap(7,0) = E4(7) and By (7,0) = Eg(7). They are used to construct modular ansatz of
FEg x Eg LST in subsection 3.2.1.

B Derivation of elliptic genera

In this appendix, we present the details for elliptic genus computations of Fg x Eg heterotic
LST, SO(32) heterotic LST and SU(3)+1sym+1A2 LST using the 2d ADHM constructions
for the moduli spaces of (instanton) strings.

B.1 Elliptic genus of Eg X Eg heterotic LST

We can evaluate the elliptic genera of the rank 1 Eg x FEg heterotic LST from the 2d
N = (0,4) gauge theory description given in figure 4. The elliptic genus is given by the in-
tegration of 1-loop determinants of supermultiplets in 2d gauge theory over flat connections
of the O(k1) x O(kz) gauge group. Note that we also have to sum over disconnected sectors
of the flat connections corresponding to the disconnected components of the orthogonal
gauge group. For a O(k) group with k > 3, there are at most |k/2] complex moduli u;
and in total eight disconnected sectors for flat connections, while O(2) has seven sectors
consist of one continuous complex modulus and six discrete holonomies, and O(1) has four
discrete sectors [94]. In total, (k1, k2)-string elliptic genus is given by

1,42

where I; and I represents disconnected sectors of O(k;) and O(ks) flat conections, W /1.2)
are corresponding Weyl group factors and r; 2 are number of continuous complex mod-
uli. The integration contour is chosen by Jeffery-Kirwan residue (JK-residue for short)
prescription as discussed in [75, 90]. The 1-loop determinant Z;_jop is the collection of
following 1-loop determinants

70) = <ﬁ 27r772.du1 i91(26+)> ( H i61(e-u) 61 (24 +e- u)) ’

I=1 t n €€R]' n n
. Lj+7
W _ (in)? O H Hrm+w-u) (B2
R wesym; 91(61’2 tTw: u) ’ fund,Fermt wefund; [=l; n
O1(mg+e_ +w-u
Znigma = || ( ) )

webifuna 01(FM0 — €4 +w - )

for j = 1,2, where R;, sym; and fund; denotes root system, symmetric and fundamen-
tal representation of SO(k;), repectively, bifund is the bifundamental representation of
SO(k1) x SO(k2) and (I1,l2) = (1,9). The details of the contour integral for O(k) gauge
group are explained in [94], and we will use some of their results.
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(1 0)-string. The O(1) gauge group consists of four discrete flat connections labelled by

ul =0, é, TT“ 5. For each sector, the 1-loop determinant is

. & i (my + ul)
g (in) 101 (my ) B.3
(10 ™ 01 (e1 + 2u)0y (e + 2ul) lzl_[l N o

Thus, the (1,0)-string elliptic genus is

1 TIE 01 (m)
Zigy = —= $° Al=1 V) B.4
(1,0) 2 Igl 77691(61)01 (62) ( )

where 1/2 is the Weyl group factor.

(2,0)-string. The O(2) gauge group has one continuous flat connection and six discrete
flat connections. The contribution from the continuous sector is

o _ 1 }4 2mn2du ify (2¢..) (in)® ﬁ 61 (m1 £ u) (B5)
(20) ™ 2mi i n Oi(er2)0(e12 £ 2u) ;7 n
The JK-residue comes from u = —61—2 +u!, where u! =0, %, %1, . In total, we compute®
oM 1 i I, 0rmi £ %) | TIy Or(my £ %) ‘ (B.6)
(2,0) 2771291 (61)91(62) = 91 (261)91(62 — 61) 01 (262)91(61 — 62)
The six discrete sectors are
Z0T) _ 01 (u! +u’)ib (2 + ul +u’)
(20) 1 1
91 (61,2 + 2u1)91(€1,2 + 2’1#”01(6172 + uI + uJ = Ui ’ '

where (I,J) = (1,2),(1,3),(1,4),(2,3),(2,4), (3,4) labels the six sectors of flat connections
for (ul,u? u3, u*) = (0, 3, %rl ). These sectors can be rewritten as
() _ 0o (1.7 (0)05 1,7y (265) TT1=y 01 ()05 () (B.8)
20 n'201(€1,2)%00(1,7)(€1)00(1,1) (€2)
where
ol,J)=0(J,I), o(I,I)=0, o(1,I)=1, (B.9)
0(2,3) =4, 0(2,4) =3, 0(3,4) = '
After dividing it by the Weyl group factor, the (2,0)-string elliptic genus is given by
1 I, J
220 =5 20) +7 Z Z ( : (B.10)

] 1J=I+1

5The overall sign is chosen by requiring the GV-invariant structure (2.3).
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(1,1)-string. Let u; and ug label the flat connections for two O(1) gauge groups. As we
explained in the (1,0)-string case above, there are four distinct flat connections labelled by

=0, %, TT“ Z for each O(1) gauge group. The 1-loop determinant is

L) _ (in)* O1(tm +e_ + ul + uI)
11 — 61(61 + 211,["])01 (62 + QUI’J) 01 (:bm — €4+ ul + 'LLJ>

] (ﬁ ’i@l(ml + ’LLI)> <11—6[ i91(ml + UJ)>

=1 n =9 n

(B.11)

where I,J = 1,2,3,4 when v/’ = 0,1 5 i , 5, repectively. By dividing it by the Weyl

group factor, the (1, 1)-string elliptic genus is

Z [T 61 (my) - T11%9 05 (my) 0o,y (Emo + €-)

. B.12
12601 (€1)201 (e2)? Oo(1,)(Fmo — €4) (B.12)

IJl

(2,1)-string. To compute the (2, 1)-string elliptic genus, we need to consider all combi-
nations of O(2) and O(1) flat connections. First, from the continuous sector of O(2) and
four discrete sectors of O(1), we have

o _ 1 [rmiduitie) (i) (in)?
(2,1) — 271 7 n 01(6172)01(6172 + 2’LL1) 01(61 + QUJ)Ql(GQ + 2UJ)

O1(£m + e +uy +ul)0(Fm + e —uy +u’)
O1(£m — e +uy +ul)0(Em — 4 —uy +u’)

_ (ﬁ 61 (my :i:u1)> (11—6[ 61 (my -i-u‘]))

=1 n =9 n

(B.13)

6
0

where v’/ = 0,1, ZH, 7 labels O(1) flat connections. Then Z((2 )1)

two JK-residues:

is given by sum of following

o U = — 612—1—u for u! —O,é,%l,%

24: I, 0y £ ) - TS 0 (i) Oz, (o + €1 — Z)
I,J=1 201801 (e1,2)%01(2€1)01(e2 — €1) QU(I,J)(imo —ea—%)

o up=+m+ey —u’l

+ (mo — —mg)  (B.15)

24: — T Or(my =+ (mo + €4)) - T1129 07 (my)
150,

=1 (6172)91(27710)91(21%0 + 2€+)91(2m0 + 2€+ + 61’2)

Next, there are combinations of six discrete sectors for O(2) and four discrete sectors for
O(1). 1 we denote (u!,u') = (0,4),(0,75), 0.3). (3. 75, (3. ) (*5%. ) s the O(2)

discrete flat connections and u® = 0, 5, 7451’; as the O(1) flat connections, the 1-loop
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determinant is
ZUIK) _ i01(u’ + u’) i01 (2e; 4+ u! 4+ u’) (in)®
@1) n 7 O1(€12 + 2ul7)01(e12 + ul + u’)
(in)2 Gl(im+e_+ul+uK)91(im+e_ +uJ+uK)
01 (12 4 2uK) 0y (Fm — ey + ul +uF)0)(£m — ey + u + uk)

| <ﬁ 9<mz+u”>> (ﬁ “WM’”) | (B.16)
=9

=1 n n
Then we get
LK) _ O (1,1 (0)00(1,.0y(261) Op(r,i0)(Fmo + €-)05(55)(Fmo +€-)
D 01801 (€1,2)305 (1) (€1,2) Oo(1.10) (EMM0 — €4)00 (. 1) (Emo — €4
8 16
T 6:(m)6s(ma) - T 0 (mu) - (B.17)
=1 =9

By dividing it by the Weyl group factor, the (2, 1)-string elliptic genus can be written as

(I,J,K)
Zio1) = 21 + = Z ZZ . (B.18)
K 1I<J

B.2 Elliptic genus of SO(32) heterotic LST

In this appendix, we compute the elliptic genus of the rank 1 SO(32) heterotic LST based
on the 2d gauge theory description given in figure 5. The 2d theory has orthogonal gauge
group, so k-string elliptic genus can be written as

1 1 T 2mn?dug i6: (2€ i01(e-u)ib(2e4 +e-u
k_;‘W(K)HQm-)r%(H Ui I 1( +))<H 1( ) 1( + + ))

=1 N cer il
(in)* (in)* 201 (£mo + e~ + p(u))
8 (pel;l,m O1(e1,2 + p(u)) O1(£mo — 4 + P(U))) (pellﬁ n? )
01 (mo + pla 161 (my +ﬂ u)) B.19
x (p@l;{nd b1 (es + pla ))) <pe£[ndz1_[1 ) (B.19)

for a number r of continuous complex moduli u; as explained in [94] and briefly reviewed
in previous subsection. Here, K denotes the disconnected sectors of O(k) flat connec-
tions, W& is corresponding Weyl group, R, sym, anti and fund are SO(k) root system,
symmetric, antisymmetric (i.e., adjoint) and fundamental representations, repectively, and
bifund is the bifundamental representation in SO(k) x Sp(1).

1- string There are 4 discrete flat connections in the O(1) gauge group, labelled by
=0, %, TT“ Z. The 1-string elliptic genus by summing over the contributions for these

ﬂat connections is

Zi—-Y 01(mo + a) TTi, 01 ()
= 20'201(e1)01 (e2)01(£mo — €4.)01(e4 £a)’

(B.20)

where 1/2 factor comes from the Weyl group.
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2-string. There are one continuous sector and 6 discrete sectors of the O(2) flat connec-
tions. The continuous sector contribution is

70 _ 7{ 2mndu 16 (2¢4) (in)°
2 - .
2 n 91 (6172)91 (6172 + 271,)
(in)° P01 (£mo +e-)
01(E£mo — e4)01(Emo — 4 + 2u)01 (mg — e — 2u) n?
01(mo % a4 u)f (mo £ a —u) 1

. ﬁ 2601 (my £ ) (B.21)
O1(ex £ a+u)bi(ex £ a—u) 2 ' )

_ n
=1
The integral can be evaluated by summing over the following JK-residues:

e c120+2u=0,1,7,7+1

jn:i I15, 05 (m £ 9)
2 =1 2772491 (6172)91 (261)91(62 — 61)91(:&77@0 — 6+)91(:|:TTLO — €4 — 61)
0J<m0 + 61 + a)ﬁj(mg — % + a)
B.22
0,(cr + 9 +a)fs(e; — G +a) Flace) (B.22)

o tmo—er+2u=0,1,7,74+1

4 16 mo—+e
[1:2,0 4+ 2ot
Z§2) = — g =1 J(ml 2 )

= 2772491 (6172)91 (2m0)91(2m0 + 26+)91(6+ + mo)Hl(mo + €4+ 6172)
g, (30 4 &+ 4
' J(m2 Jr3 R + (mo — —my) (B.23)
9](70 + 56+ + CL)

e e *a+u=0

73 _ I1:% 61 (my + (¢4 + a))
2 772491 (6172)91 (2&)91 (6172 + 2a)91(2e+ + 2@)91(26+ + €12+ 2a)
01(£mo +€_)
. —a). B.24
91 (Emg —3c, —2a) T@ 7Y (B.24)
The contributions coming from the discrete sectors are
L) _ in(u! +u’)i01(2e4 +ul +u’) (in)®
? n n Or(e12 +2ul7)01(e12 + 0l +u’)
(in)® i201 (£mo + e— +ul +u’)
01(mo — 4 + 2ul-7)01 (£mo — €4 + ul + u’) n?
+ 1,Jy 16 .2 1,J
O1(mo £ a+u') 201 (my +ul) ’ (B.25)
Oiler Tarald) Lh P
where (I,J) = (1,2),(1,3),(1,4),(2,3),(2,4),(3,4) corresponds to six flat connections
(u!,u’) = (0, %) (0,7H),(0,2), (3,71, (3, 5), (52, ). This can be written as
L) _ 1)(0)05(1,7)(261)05 1,1y (Emo + €-)0r(mo = a)f;(mo £ a)
) =

24«91 (€1, 2)290(1 7 (€1,2)01(£mo — €4)205(1,5)(£mo — €4) (B.26)
. [1:21 01 (mu) 8 (ma)
9](6+ + (L)HJ(E_A,_ + a) ’
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where o(I,J) is defined in (B.9). In total, the 2-string elliptic genus is

3
:}ZZél ZZ;J’
20

I<J

where 1/2 and 1/4 are Weyl group factors.

B.3 Elliptic genus of SU(3) + 1sym + 1AZ2

(B.27)

From the 2d gauge theory description given in figure 6, the elliptic genus of k-string can

be written as

1 1 k 27r?72du1 101 <2€+) i@l(uu) i91(26+ + U]J)
° ( 7I"L) I=1 ? 77 175(] 77 77

XHﬂ)(l}ﬁ (in)? )

I (€12 +ury) j=1 + (ur — aj))

1 (i)? ) (H 20, (—e_ + (w1 41+ m)

1<J 01(—6+:|:(U[+Uj+m2)) I<J n
161 (ur + a] + ma (i)
X
1;[}_[1 ) <11;[J€1 + (ur +uy +my))

1<J n T j=1

i201(—e_ & (u; +uy +my)) 161 ( u1+a +mq)
< | 11 3 HH :

) . (B.28§)

where ur; = ur —uy, a1 2,3 are U(3) chemical potentials, m; and my are U(1)g and U(1) 4
chemical potentials. Here we focus on N = 3 case, which gives the elliptic genera of strings

in the SU(3) + 1sym + 1A? LST.

1-string. The relevant poles are €4 + u; — a; = 0 and —ey + 2u; + mo = 0, and the

contributions from these poles are

e U] = —€4r +ay

B i 91 2(1] +mq — 6+)91(2(IJ +my — €4 — 6172) 3 91(aj +ap+my2 —

€+)

91(61}2)91(2(@ —+ mo — 3€+) bt

o up =452 4, Wherex—O,Q,Tl,%

i@l(ml m2+612 ﬁ aj +mq — m2+%)

3eL—mo
- 201 (e1,2) o Or(ay — =572)

01(ajk)b1(2e+ — aji)

(B.29)

(B.30)

The 1-string elliptic genus Z; is given by the summation of these two contributions.
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T T+1

2-string. Let x1,22 be 0,4, . TfL The 2-string elliptic genus is given by summation of

)99 9
the following contributions from the JK-residues:

o e tur—a; =0, —ex +ur+ug+m; =0

1 — Mo — €1 2)9 (2aj +mq — 6+)
2«91(61,2)91(7711 — m2)91(2a] =+ mo — 36+)

01 (Qaj +my — 3€+)01 (QCLJ +my1 — 5€+)

. 01(2a; + 2my — mo — 3e4)01(2a; 4+ 2my — mo — Se4)

. ﬁ 91(ajk +mq1 —mo — 26+)91(aj + ag +mo — 6+)
91(ajk)91(aj +ar +m1 — 3€+)

k#j

o e tur—a; =0, —ex Fur+uz+me=0

23: 01 26+ 91 m1 mo + 6172)91 (261]' +mq — 6+)

291 61 2 91 (m1 m2)61(2a]~ —+ mo — 3€+)

7j=1
(2aj +my — €4 — 612)91(2&1' —mq1+ 2meo — 3e4 — 61,2)
91(2(1]' + mo — €4 — 61,2)91(26@' +mg — 3€+ — 61,2)

. ﬁ Hl(ajk —mi + mog — 26+)01(aj +ap +mq — 6+)

oy 01(aji)01(a; + ar +mo — 3e,)

o —e4F+2u1+mo=2x1, -4 +ur+us+m; =0
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= 491 (€1,2)01(2my1 — 2m2)01 (2m1 — 2mg — 2€4)
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Zn 291(6172)291 (ajr + €12)01(ajr — €1,2)01(2a; 1 +mo — 3€4)
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(B.31)

(B.32)

(B.33)

(B.34)



o €4 +up —aj =0, —e; +2us +mg =2 and —e4 + 2uy +mo =1, €4 +uz —a; =0

_9 24: 23: —mo + €1 2)01 (2&1 +m1 — e+)91(2aj +my — €4 — 6172)
T=1j=1 401(61 2)291(2% —+ mo — 36+)9[(CL] +mq — T’;Z — 367"')
'el(aj+m1*%+**€12)91(aj+%*767+) (B.35)
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k+#£j el(a]k)el(a]k - 2€+)91(ak + 52— 36%)
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' (B.36)
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