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supersymmetric gauge theories with non-simply-laced gauge groups. We provide two com-
plementary approaches towards the BPS partition functions, reflecting the 5d and 6d point
of view respectively. The first is based on the blowup equations for the instanton partition
function, from which in particular we determine explicitly the one-instanton contribution
for all simple Lie groups. The second is based on the modular bootstrap program, and we
propose a novel modular ansatz for the twisted elliptic genera that transform under the
congruence subgroups I'g(N) of SL(2,7Z). We conjecture a vanishing bound for the refined
Gopakumar-Vafa invariants of the genus one fibered Calabi-Yau threefolds, upon which
one can determine the twisted elliptic genera recursively. We use our results to obtain the
6d Cardy formulas and find universal behaviour for all simple Lie groups. In addition, the
Cardy formulas remain invariant under the twist once the normalization of the compact
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1 Introduction

Interacting conformal field theories in dimensions larger than four is one of the most re-
markable discoveries in string theory. Many of them do not have a Lagrangian description,
and to study their dynamics we have to make full use of our knowledge on string theory
accumulated in the past few decades. Six is known to be the maximal dimension allowing
for their presence [1], so one naturally starts from theories in six dimensions. In particular,
6d N = (2,0) superconformal field theories (SCFTS) can arise from type IIB string theory
on the ALE spaces C?/Tapg [2, 3]. Theories of A and D types can also be engineered
on parallel M5 branes without or with OMb plane. These theories in the tensor branch
have 1/2 BPS self-dual strings and 1/2 BPS massless tensor multiplets [4]. Furthermore,
these 6d (2,0) SCFTs can be compactified on a circle S* and the resulting low energy 5d



6d theory | twist | 5d theory | I'g(n¢g) | orientifold
Ay, Zy | USp(2r)r | To(4) 04+
Agy 1 | Zy |SO2r+1)| To(2) 04~
Dy Zs | USp(2r)o | I'o(2) 04+
(3)
(2)
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E6 ZQ F4 FO 2

Table 1. Twisted compactification of 6d (2,0) theories.

theories are 5d A/ = 2 supersymmetric gauge theories with simply-laced ADE type gauge
groups. The instantons of these 5d theories play the role of Kaluza-Klein (KK) modes of
the compactification [5]. The massless tensor multiplet becomes either 1/2 BPS instantons
without electric charge or massless vector multiplet in the Coulomb branch. The winding
self-dual strings become 1/2 BPS W-bosons and the unwound self-dual strings become
magnetic monopole strings in the Coulomb phase.

A further compactification of the 5d theory of ADE type on a circle S' with outer-
automorphism twist leads to the 4d KK theories with twisted affine algebra G(™ [6]. The
exchange of ordering of two compactifications is the 4d S-duality and provides the 5d
N = 2 supersymmetric gauge theory with non-simply-laced group. This 4d S-dual, or
Langlands dual, of the twisted affine Dynkin diagram is the untwisted affine Dynkin diagram
of non-simple-laced group. Thus 5d N' = 2 gauge theory can be obtained by the twisted
compactification of the 6d (2,0) SCFTs of A, D and Eg types. This will be explained in
more detail in section 2. The low energy dynamics of these twisted theories are the 5d
N = 2 theories with the non-simply-laced group B, = SO(2r + 1), C, = USp(2r)o, (Cr)x =
USp(2r)x, G2 and Fy [6]. There are two kinds of 5d USp(2r) gauge theories with adjoint
flavor, depending on the discrete theta parameter being 0 or m, which is sensitive to the
homotopy group m4(G). The exact correspondence between the 6d (2,0) theories and the
5d N = 2 theories of non-simply-laced groups and the corresponding insertion of orientifold
planes are given in table 1.

In this work, we also want to explore the physics of these 5d theories directly from
twisting the 6d theory. A very partial list of this approach can be found in [7-16] and
references therein. For us, one of the main interests is the elliptic genus of the BPS strings
in the 6d (2,0) theories with twisted circle compactification. The 6d partition function for
the counting of BPS states of BPS strings with KK momenta would be equivalent to the
5d partition functions for dyonic instantons. From the 4d S-dual perspective, magnetic
monopole strings in the twisted compactification of the 5d ADFE theory with KK momen-
tum but without electric charge and instanton number would correspond to these self-dual
strings.

First of all, we analyze the BPS objects of these twisted theories from the 5d point
of view by studying the blowup equations of the 5d instanton partition function. The
original blowup equations were derived by Nakajima and Yoshioka, in order to prove that
the Nekrasov’s instanton partition function gives a deformation of the Seiberg-Witten pre-



potential for four dimensional AN/ = 2 supersymmetric gauge theory on C?. Later on,
they generalised them to five dimensional gauge theories and obtained K-theoretic blowup
equations [17], which count K-theoretic Donaldson invariants as discussed in a paper with
Gottsche [18]. Based on [19, 20], in [21], a geometric description was proposed, which makes
it possible to define blowup equations for non-Lagrangian theories like local P2, In [22],
the geometric description was generalised to all KK theories of 6d SCFTs, and was used
to bootstrap the BPS invariants of the KK theories. The blowup equations are functional
equations, which turn out to be very powerful tool to bootstrap the BPS invariants, in-
stanton partition functions/elliptic genera for various 5d/6d SCFTs [21-28]. In particular,
the elliptic blowup equations for 6d (2,0) ADE M-strings were proposed in [27]. However,
the number of the equations is not enough to solve the elliptic genera recursively. Thanks
to the 5d KK theory description of the 6d theory, we develop novel methods to bootstrap
the instanton partition functions and the BPS invariants, which helps to recover the in-
formation of the elliptic genera. Utilizing our method, we manage to compute the exact
one-instanton partition functions for all exceptional Lie groups with adjoint matters, when
turning off gauge fugacities. We also study the (elliptic) blowup equations for the 6d (2,0)
KK theory with twisted circle compactifications.

Secondly, as mentioned before, from the 6d point of view we should study the elliptic
genus of effective strings. The elliptic genus is known to transform as a Jacobi modular
form of weight zero, which imposes very strong constraints on its structure. To make full
use of it, we come up with a physically motivated ansatz compatible with the modular
property, and we are left with a finite number of undetermined coefficients. If one can find
sufficiently many extra constraints either from gauge theory or geometry, one is able to fix
all the unknowns and hence the elliptic genus itself. This approach is often dubbed modular
bootstrap [29-36], and was successfully applied to compute the elliptic genera of various
(1,0) and (2,0) SCFTs in 6d. This method is also applicable to compact elliptically fibered
Calabi-Yau (CY) threefolds [37, 38], leading to interesting results on Heterotic/Type II
string duality [39, 40], black hole physics [41] and swampland conjectures [40, 42-44], to
name a few.

In this paper, we find a lot of evidence that after twisted compactification of (2,0)
SCFETs to 5d, there exists a twisted version of the elliptic genera that are covariant un-
der congruence subgroups I'g(/V) of SL(2,Z), which is shown in table 1. Geometrically,
this should correspond to the topological string partition function on genus one fibered
CY threefolds upon which M-theory compactifies [10]. We develop novel modular ansatz
for 6d twisted (2,0) theories and determine the elliptic genera at low base degrees using
conjectural vanishing conditions for the corresponding genus one fibered CY threefolds,
extending the previous work [35]. We emphasize that although the twisted elliptic genera
are not related to the 6d elliptic genera in an apparent way, the choice of subgroups indeed
coincides nicely with one’s expectation from twisting the theory, which is not at all obvious
from the perspective of 5d instanton dynamics.

This paper is organized as follows. In section 2, we analyze in detail the procedure of
twisted circle compactification of (2,0) SCFTs to 5d N/ = 2 gauge theories. We also discuss
the effect of twisting on the self-dual strings. Then we move on to determining the partition



functions. In section 3, we tackle this problem from the perspective of instanton counting.
In particular, we show how to bootstrap the instanton partition function using the blowup
equations with adjoint matters. In section 4, our starting point becomes twisted self-dual
strings instead. We propose a novel ansatz for the twisted elliptic genera, which, combined
with conjectural vanishing conditions of refined BPS invariants, can also bootstrap the
twisted elliptic genera recursively. In section 5, we consider the Cardy limit of the twisted
elliptic genera and find universal asymptotic behavior of the 6d free energy for all simple
Lie algebras. In section 6, we end this paper with concluding remarks and possible future
directions.

2 Twisted circle compactification of 6d (2,0) SCFTs

In this section, we discuss some basic results about the twisted circle compactification
of (2,0) theories. Section 2.1 is devoted to a field theoretic derivation of the twisted
compatification. It not only reviews previous works in the literature, but also contains
some new discussions useful for later sections. In section 2.2, we analyze the effect of the
twisting on the ADE M-strings. Finally in section 2.3, we re-examine the results from the
geometric engineering perspective.

2.1 Outer-automorphism twist

In this subsection, we discuss the compactification of 6d (2,0) theories on a circle with the
outer-automorphism twist. From the classification 6d (2,0) SCFTs only allow the simply-
laced chain of M-strings, engineered from IIB string theory on ADE orbifold C?/T spg.
After the circle compactification, the 6d (2,0) ADE SCFTs become 5d N' = 2 gauge
with ADE gauge group, whose instantons carry KK modes on the circle [5]. However,
one can still consider a 5d N/ = 2 SYM with a non-simply-laced gauge group. For those
theories, their UV completions are given by the 6d (2,0) ADE theories on a circle with
outer-automorphism twist [6, 45].

Since the 6d theory is non-Lagrangian and also G is not its gauge group, it is hard to
pin down the twisted circle compactification directly. To circumvent this, we revisit and
refine the argument given by Tachikawa [6]. We compactify the 6d theory on a torus made
of two distinct circles S and S!. Now the order of compactification matters, so we shall
consider the following two compactification chains,

6d (2,0) G-SCFT

 on St of Rg \onglofRG
5d G — MSYM 5d GY — MSYM (2.1)
| on St of Rs | on St of Rs

S-dual

4d KK G — MSYM 4d KK GV — MSYM

where the blue arrow denotes the untwisted compactification on S', and the red arrow
denotes the twisted compactification on S*. The change of the compactification, which is
the origin of the 4d S-duality, provides the clues to the twisted compactification of the 6d
(2,0) theories. The direct compactification along S* without twist, there is no change of



the radius, Rg = ]-?5. We will see that in the convention where the long roots of the Lie
algebra of the gauge groups take the square length two, the circle radius of the twisted
circle S changes such that ngRs = Rg with ng = 1,2,3,4, depending on the starting
theory and also its twisting G(™).

Let us first consider the left chain. To begin with, we compactify these 6d theories on
a circle of radius Rg with periodic boundary condition xg ~ xg + 27 Rg, to get 5d N = 2
gauge theories of ADE type. As instantons represent the KK modes of mass 1/Rg, the 5d
gauge coupling constant gs is fixed to satisfy 872/g2 = 1/Rg. We further compactify this
5d theory on a circle of radius Rs so that x5 ~ x5+ 27 R5 with twisted boundary condition

P(z5 + 21 R5) = 0(9(ws)) (2.2)

where o is an automorphism of order ng. The twisted 5d theory has the effective 4d
coupling constant 47/g3 = 872R5/g2 = Rs/R¢ at the low energy. In the presence of
twisting, the generators of the corresponding Lie algebra get split to the eigenstates under
the corresponding automorphism o. Each mode can have KK momentum of (Z+s/n¢)/Rs
with ng being the order of the corresponding automorphism and s = 0,1,---ng — 1.
The adjoint field of the original 5d theory gets split into various fractional KK modes.
The case for A, needs an additional consideration with automorphism including the Zs
outer-automorphism [6, 46]. With a matrix R = (1,709 ® 1,), the automorphism for
A, = SU(2r + 1) is the map o(¢) = —R¢TR™'. As R? = diag(1, —12,), this twisting is
actually of order four. See the table 1 for the list of ng.

After carefully analyzing the decomposition of the adjoint representation into the rep-
resentations of its invariant subalgebra as well as the fractional momentum dependence
elkts/na)rs/Rs e obtain the well-known result below:

AP . adj of A, —  adjy@fund; A} @1, @ fund; of G,
2

AL adj of Asy — adjO@AQ% of C, ,

D, : adj of D,

— adj, ® fund% of B, ,
E® : adj of Eg —  adj & fund, of Fi,
DY . adj of D, —  adjy @ fund, @ fund; of Gy, (2.3)

where adj,, fund,, and A2 denote the adjoint, fundamental and rank two anti-symmetric
representations. It turns out that the extended weights on the right hand side of eq. (2.3),
including also the KK momentum, give rise to the twisted affine algebra G [46]. The
identification of the simple roots of the original Lie algebra G under the twist is shown
on the leftmost of table 2. Under this identification, the invariant and non-invariant roots
under the twist become long and short roots of G(™| respectively.

The second column in table 2 gives the Dynkin diagrams for the twisted affine Lie
algebras. They encode the simple roots of the 4d theory plus the affine root with minimally
positive momentum. Ignoring the momentum dependence, the root vectors for the twisted



affine algebra are given below:

G™ | 4d Long Short Special

Ag) Cl +1/2e, %(iea +ep) i%ea
Agi)_l Cy +1/2e, %(:l:ea +ep) —

Dg}l B, +e, £ e +e, — 24)
EéQ) Fy +e, Lt ep %(iel +...e4), *eq —

DY | Gy VA(EL0), L (#1,4V3) | /2(0.41), %(il,t%) -

In the above table, {e1,ea,---e,} are r-dim orthonormal vectors and a # b. While there
is no difference between C) and C, at the Lie algebra level, there is a difference in the
4d physics due to the range of the continuous 4d 6 parameter. We will discuss the detail
later on in this subsection. The upshot is that we can represent the equation (2.3) more
succinctly, highlighting the length and the fractional momentum 55/ Fs;

AP+ adj of Ay, — longy, & short s @ special, 1 & 1, 1 of C,
Ag)—1 : adj of Asy_q — long;, @ short & of C.,

Dﬁ)l : adj of Dyyq — long;, & shortg of B,

E’éZ) : adj of Ejg — long;. & shortg of Fy

Df’) : adj of Dy — long;, ® Shortg of Go, (2.5)

where the subscript indicates ps with k € Z. For Agi), there are additional special roots

with half the length of long roots, which carries non-vanishing KK momenta k + i, kelZ.
There are only r independent Cartan elements at ps = 0 in the twisted theory G, The
higher momentum modes for the Cartan elements ajong - H and oghort - H for long and short

simple roots are given exactly by Eq,, . and Eq as shown in the equation (2.5).

short

The Ag) theory is the intriguing case. Even for this case, the SU(2) generator elements
for the long simple root carry integer momentum k € Z while the short simple roots can
carry integer or half-integer momenta, namely, p; = %,k € Z. In addition there is an
identity element with only half-integer momentum, ps = k+ %, k € Z. Finally, the elements
for special roots can carry only nontrivial momenta k + 1, k € Z. The identity element of
half-integer momentum is generated, for example, by the commutation relations of special
generators with momentum k + i.

Up to now we have looked at the x5 dependence of all the modes in the 5d N' = 2 gauge
multiplet with twisting. If we have not turned on any scalar expectation value (¢) or gauge
holonomy (Aj), then one can quantize each mode in the vanishing coupling limit with gauge
fixing, and get the massless and massive modes with KK momentum ps/R5. The value of
the KK momentum for adjoint vector multiplet for each root is identical to that given in



G / Out(G) G™ (4d G GV 5d GV

Ay | T AP (4d ¢) (M), (Cr)x
aq Qr—1  Qp  Qpyl Q42 a2y Qg a2 Qr—1  Qp
*— —e—eo—0o —0o— —e ote—eo—0— —0—6<e o=—e—  —0—8<e ———e

\\‘:/’/’
03~ 03+ 03t 03+ o4+
Age_i | Zs AP | (4d G, B B,

(€51 Qr—1  Qp  Qpyl Qr—1 (e%} [P Qr_1 O
*r — ————0— - —@ —o—e=<9 —— =9 —e——»
\\_//

03~ 03" 03~ 03~ 04~
Dys1 | Zo D&, (4d B,) | (€M), (C)o
: > aq 9 Qp_1 Qe
[e5]) a9 Qp—1
Q41
03~ 03~ 03+ 03+ 04+
Dy | Zs DY (4d Gy) GV G
/—> (653
> Qaq (5]
af\ a2
K) Qg
Es | 7o EP (4d Fy) Y Fy
Qg
(65} (65} a3 Oy (0% (65} (65} as Qg
o—e—e=<9o—o o—eo—eo==0—o —e——o —o

\\/’/'

Table 2. Dynkin diagrams for (affine) Lie algebras along the compactification chain (2.1). Brane
interpretation is given when possible. Note that G(™ and GV(1) are related by the S-duality between
4d theories. The Aéi) case is subtler and its S-duality is explained in the text.

the equation (2.5), and so the energy of the mode would be E = \/p% + p3 + p3 + p2/ R?
for the given 3d spatial momentum (p1, p2, p3).

Let us now consider the BPS massive spectrum in the Coulomb phase. From the 6d
perspective we have turned on the VEV of single scalar field (®) in the 6d (2,0) theory,
which has the mass dimension two and decides the tension of self-dual strings. Reduced on
St the 5d scalar vev (¢) = Rg(®) has the mass dimension one and decides the W-boson
mass, which is a self-dual string wrapping along the zg circle. Meanwhile the 5d gauge
coupling constant is related to the instantons which are KK momentum states via 872 /g2 =
1/Rs. A further reduction on S! gives 4d N' = 4 KK theory with 4d gauge coupling



constant which is related to the 5d one via 47/g3 = 87%2R5/g2 = Rj5/Rg. The scalar vev
and the A5 holonomy get combined into a complex Coulomb moduli d) = (¢p+1iAs5). In this
4d KK theory, there are 1/2 BPS W-bosons, magnetic monopoles, Kaluza-Klein modes
for xs-compactification and instantons for xg-compactification. Both instantons and KK
modes get fractionalized in the general Coulomb phase. Let us just consider the W-bosons
and magnetic monopoles for the SU(2) of a root in adj, of the untwisted or twisted G
4d KK theory. Their masses are respectively,

mw =l (@)] = Rola- @), my = 1" (6) = Rela- (@) (26)

The 4d magnetic monopoles arise from the 5d magnetic monopole strings wrapping
the twisted circle S!. Since the 5d monopole strings are the 6d self-dual strings in the
5d theory, the physics of magnetic monopoles with KK momentum along S* captures the
twisted 5d theory on a circle. The magnetic monopoles for roots provide the massive dual
W-bosons for the dual gauge theory in the Coulomb branch. The 4d dual magnetic group
has the magnetic dual gauge group GV with the dual roots o = 2a/a? made of the roots
o of the zero momentum sector of the twisted affine algebra G(™.

Now, let us consider the second compactification chain in equation (2.1). First, we
compactify the original 6d theory on the twisted circle S'. The resulting 5d theory is also
an N = 2 gauge theory with some gauge group GV, which is determined by self-dual strings
with twisted compactification. Then, we further compactify the 5d theory on the untwisted
circle S to obtain the 4d ' = 4 KK theory with gauge group G¥(). Now let us look at
the bottom line of equation (2.1). Exchanging the order of compactification amounts to
the S-duality transformation of the 4d A" = 4 KK theory with gauge group G, which
exchanges the W-bosons and magnetic monopoles and replaces G(™ with the Langlands
dual gauge group G¥W) | constructed from the affine coroots. Surely, for simply-laced ADE
cases (without actual twisting), their Langlands dual GV are identical to the original
groups G(™. Then the S-duality in 4d is a self-duality 47/g7 = Rs/R¢ = §3/47 = Rs/Rs
and we set R5 = RG,RG = Rs.

For cases with twisting as in equation (2.1), the situation becomes more interesting.
Note that we use the convention where the longest roots have the square length two, so
we need to scale down the length of all affine coroots by \/ng, ie., agva) = " //ng.
From (2.6) for the magnetic monopole mass my = ngRs|(agva) - ®//na|, we find that
the S-duality in these cases exchanges the coupling constant in the following way,

g B R

= > =2 2.7
ngdr  ngRs G Re 27)

which arises from the identification of the compactification radius as follows:
R5 = R6, RG = ngRg,. (28)

Here there is a scaling of the tensor scalar VEV for W-bosons and magnetic monopoles by
v/ng for the invariance of the mass. For the earlier works on the S-duality for 4d theories
with non-simple-laced group, see, for example, [47-49].



The Dynkin diagram of Langlands dual algebra Gg) is shown in the third column of

the table 2. Except for the Ag) case, the dual roots are simply the Dynkin diagram of the
dual roots " /\/n of simple roots o of G algebra in the second column of the table 2.

For Aéi), its dual group turns out to be (C’ﬁl))7T which arise from the 5d (C,)r =
USp(2r), theory with discrete theta parameter 7. We will provide several evidences for
this later in this subsection. The list of explicit expressions for roots of the Lie algebra

G;/(l)

with the zero S momentum are as follows:

G | Gy Long Short
AP 1 (C)x +1/2e, L(te, £ ep)
Ag)_l B, te, £ e +e,
2 1 (2.9)
Dy’ 1 | (Cr)o +1/2e, %(:I:ea +ep)
Eéz) Fy +eq - e %(:I:el +...e4), teq
Df) Ga | V2(£1,0), 25 (+1,£v3) | /3(041), & (il,i%)

For all cases, the Langlands dual gauge group G¥() in 4d actually becomes untwisted,
meaning that all affine roots have the same KK mode. This can be seen from (2.5).
Moreover, since descending from 5d to 4d involves no twisting, it is straightforward to find
out what is GV. The final result is listed in table 2. Note that GV is not a subalgebra of G
if G¥ € {B,, C.,}, which is only possible if 6d (2,0) theory withG is not a gauge theory.

It is also productive to understand the above results from the brane systems. Recall
that the 5d N = 2 theories with B,., (C})o, (C;)r and D, gauge groups arise from multiple
D4-branes on O4~, 047", (Szﬁ, and O4~ planes, respectively [6, 50]. Note that after a circle
compactification and T-duality, we get the interpretation in terms of O3-planes [51, 52].
The S-dual of these O3-planes for the 5d theory on a circle without twist is exactly the
O3-planes for the twisted G(™) shown in table 2. One important point is that in 4d, there
are two kinds of C, = USp(2r) theories depending on the range of the 4d continuous 6-
parameter. The standard 4d C, = USp(2r) theory on D3-branes with O3Tis S-dual to 4d
B, = SO(2r + 1) theory on D3-branes with 03~

Another 4d €, = USp(2r) theory on D3-branes with 03" is self-dual. This C’. theory
has the continuous theta 8 = 2w, such that the magnetic monopole for the long simple
root has nontrivial electric charge due to additional Witten effect [53]. On the other hand,
the dyonic bound state of two such monopoles, a.k.a. Sen’s state [54] with unit electric
charge, has no net electric charge when one includes also the Witten effect. Thus there
exists a 1/2 BPS massive vector multiplet of zero electric charge and twice magnetic charge
for the long simple root, making it self-dual under the S-transformations. 1/2 BPS single
magnetic monopole states for short simple roots have zero electric charge sector when one
considers both the dyonic BPS states and the Witten effect together. Thus this theory is
S-duality invariant. Note that 03" and O3* are related by the T-transformation of the
SL(2,7Z). Some studies of the twisted theories and magnetic monopole spectrum were done
before [6, 49].



The S-duality of Agi) is a bit complicated as its affine Dynkin diagram is self-dual
under the a <+ a¥ = 2a/a?. Its S-dual theory is the 4d KK theory with affine ( ,gl))w.
From the brane perspective, the S-dual of Agi) theory arising from D3 branes between 03~
and 037 is the (CT(»I))7T theory arising from D3 branes between 03" and 03" From it we
learn that the A(23) 4d KK theory cannot be self-dual. The Montonen-Olive duality is a
quantum symmetry and so is sensitive to full quantum spectrum.

There is an additional subtlety in the S-duality. In the left-side line of the compacti-
fication (2.1) to 4d, we have 1/2 BPS W-bosons, instantons, magnetic monopoles and x5
KK momentum. We are interested in the magnetic monopoles with x5 KK momentum,
which would correspond to the 5d W-bosons and instantons of the dual theory with non-
simple-laced group, obtained by the right-side line of the compactification (2.1). These
5d W-bosons and instantons are the wrapped self-dual strings with KK momentum of the
twisted compactification of 6d (2,0) theories, which are of our primary interest.

In 4d N = 4 theories, in the Coulomb branch with only a single scalar field vev turned
on (¢), the simple roots of the Lie algebra appear naturally. While W-bosons of mass
a - (¢) exist as 1/2 BPS elementary particle for all positive roots, classically only for each
simple root there exists an elementary 1/2 BPS magnetic monopole with four zero modes,
three for the 3d position and one for the internal phase. Once we quantize the moduli
space of these elementary monopoles, the threshold bound states without electric charge
appear for each positive roots, forming the W-boson of the dual gauge theory [55, 56].
Along the left-side of the compactification to 4d, we want to consider these elementary

> momentum and mass in (2.6).

BPS magnetic monopole for each simple roots with zero x
We want to add the % momentum by simply combining the KK momentum carried by
the Cartan for each simple roots as given in (2.5). Namely, one is imagining chargeless KK
momentum combined with magnetic monopoles for each simple root o of GV. This would
generate a simple prescription for elementary monopoles with arbitrary x5 KK momentum
and without any electric and instanton charge. The full dynamics of these objects is at

least as complicated as self-dual strings with KK momentum on the twisted circle.
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In the right-side of the compactification chain, they correspond to 5d W-bosons with
instantons for the twisted compactification, with the radius RG = ngRs. This makes the z°
momentum ngps integer-valued. On the other hand, a single SU(2) instanton embedded
in each simple root a carries the instanton number 2/a2. Both the 4d monopole and 5d
instanton description give the same result for the allowed instanton number of a single

W-boson or the KK momentum of an elementary string, corresponding to each simple root
in 5d GV as follows:

Twist | 5d GV Long Short Special
2
Agr) (CT)W [ar]2k,4k [aa]Zk {%ar} Lkl
Ag)q B, ] [ovr ]2k —

(2.10)

EP | B ||
¥ | @,

[aa]
Dr(=2+)1 (Cr)o [ ]

Jis [o2] | [cvs)ok, [a) 2k —

]k

o] [ov2]3k —

where a = 1,2,---r — 1. Before we move on to Ag) case, one would ask if any role is
played by monopoles related to the affine simple root of G™. One could imagine an SU(2)
generator (« - H, Eqes/ls B e~ps/ R5) and building up a magnetic monopole solution.
It is static and has x5 dependence, so it naturally has nontrivial F;5 component with an
instanton number along the left-side compactification in (2.1). Thus they are not of our
current interest.

Let us finally consider the 5d (C)), case arising from twisting Ag). After the twisted
compactification from 5d to 4d, the equation (2.5) shows that the possible KK momentum
states are k, k/2,k +1/4,k + 1/2 with k € Z, and the possible magnetic charges are long,
short and special. When one combines them together and takes the S-dual picture with
momentum factor ng = 4, The possible BPS states one gets in 5d turn out to be given in
the equation (2.10). Without KK momentum, there are states for each root of C,. Here
we take the view from the 6d and so they appear as a composite of elementary strings for
simple roots of (.. These elementary strings for simple roots can carry KK momentum
2k,k € Z. In addition, there exist strings of half electric charge %ar of the long simple
root. This string has to carry nontrivial KK momentum 4k + 1,k € Z so that it does not
appear in the gauge multiplet spectrum of 5d theory. This is consistent with the known
instanton dynamics. Single instanton for (C,), case carrying nontrivial electric charge
belongs to fundamental representation of USp(2r) = C,.. For the Cartan elements, the x¢
KK momentum is just 4 times of what is given in (2.5): the «, - H mode carries the KK
momentum 4k, the o, - H,a = 1,...r — 1 modes carry the KK momentum 2k, and finally
the identity element carries the KK momentum 4k 4 2 with integer k.

2.2 Elliptic genera of twisted ADFE M-strings

Now, let us consider the partition function of the twisted 6d (2,0) theories. More precisely,
we will study the partition function of 6d (2,0) theory on R* x T? where a spatial circle
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in 7?2 gives the outer-automorphism twist. As we have discussed so far, it is equivalent to
the partition function of 5d A' = 2 gauge theory on R* x S with a non-simply-laced gauge
group. The full R* x T2 partition function is defined schematically as follows,

ZO—(T, €12, m, V) =Ty |:(_1)F627T’iTP6—61Jl—EQJQe—(€++m)R1—(€+—m)RQe—n'Vi| ) (211)

Here, o resembles the twisting operation, P is the KK momentum along the spatial circle
in 72, J1,2 are two angular momenta on R%, and Ry 2 are two charges of SO(5) R-symmetry.
m can be regarded as a mass deformation, known as the M-string mass. Lastly, n is the
charge of the twisted M-strings in 6d, which becomes the electric charge of W-bosons in 5d.
Henceforth, for simplicity we will omit ¢ in the subscript of Z, with the correct twisting
understood from the context.

The 6d BPS partition function (2.11) admits two different descriptions: the instanton
partition function and the elliptic genus. First, one can study a 6d (2,0) theory from the
5d N = 2 gauge theory with KK instantons. Then, the 6d partition function admits the
following expansion,

o
Z(7,€1,2,m,V) = Zpert(€1,2,m, V) <1 +Y 2 (e, m,V)qk> , (g=eT). (212)
k=1

Here, Zyert is the perturbative partition function which captures the perturbative W-bosons
in 5d, and its form is given as follows,

sinh mi;* -
Zpert = PE m Z (& 5 (213)
2 acAT(Q)

where A1 (G) is the positive root system of 5d gauge algebra g. Also, Z is the k-instanton
partition function, which captures the non-perturbative degrees in 5d with k-unit of KK
momentum. For the classical gauge groups, the instanton partition functions are well-
studied with ADHM construction [57-59]. On the other hand, the exceptional gauge groups
do not have ADHM construction, and their instanton partition functions are much less
understood.

Instead of the 5d description, one can study the 6d partition function from the BPS
spectra on the twisted M-strings on 72. Then, the 6d partition function admits the follow-
ing expansion,

Z = Zy X (1 + ZEH(T, el,g,m)e_“’v> . (214)
n

"V and the coefficient Z, is

In (2.14), the expansion parameter is the string fugacity e~
called the elliptic genus with charge n = (ny,n2,...,n,). Here, Zy is call the Abelian

contribution which is the neutral part of the partition function independent of the tensor
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VEV v. The Abelian contribution of general gauge group takes the following form,

U(l): Zy=PE

[sinh mie‘ q
61 ,2 1— q

sinh =%

[sinh == rq
sinh %2 El 2 1—q|’

B, : Z—PE-SinhmiL o9y T
" 0 sinh <2 " 1—-q 1—-¢2)|’

-Slnh m-te_
(Cr)03 Zy = PE m( a )17

sinh

A,, Dy, E,: Zy=PE

sinh mie_

4 2
. _ o |SihS= q q
(Cr)n: Zo=PE s.lnh612 (r 11—q +1—q +1—q4>]’

G.. 7 —PE [sinh mie’ q
2 0= smh612 1—q —q3 ’

[ sinh mie_ 2¢*
F,: Zy=PE . 2.15
4 0 | sinh 122 (1—q+1—q2 (2.15)

Note that Zy of non-simply-laced gauge group is made of U(1) partition functions with
different momentum fugacities. In general, it can be read off from the decomposition
rule (2.5). In this paper, we will mostly focus on the non-Abelian part Z/Z; and the
elliptic genera [E,.

For 6d (2,0) A-type theories, the elliptic genus can be computed from 2d quiver gauge
theories on M-strings [4]. For other types of theories, such 2d gauge theory description
has been yet unknown. Instead, SL(2,Z) modular property of the elliptic genera can be
used to determine them. Such procedure is called the ‘modular bootstrap’, and it has been
studied in various 6d theories [29-36], including (2,0) D, E-type theories [30, 35]. In this
paper, we will focus on the twisted circle compactification of (2,0) theories whose elliptic
genera are unknown. Specifically, we will extend the modular bootstrap program to be
applicable for non-simply-laced theories also.

As will be explained later, for the twisted M-strings of type GV given by the Z,, . twist
of G, the elliptic genus is not the Jacobi form of SL(2,7Z), but of the particular congruence
subgroup of SL(2,Z). Such subgroup I'g(ng) C SL(2,Z),! is given as follows,

To(ne) = { (“ Z) € SL(2,Z) : ¢ =0 (mod ng)} . (2.16)

Cc

Under the I'g(ng) action, as a Jacobi modular form the elliptic genus transforms as follows,

CTid) — exp [—cffdin(z)} Ea(7]2), (‘c‘ Z) €To(ng),  (2.17)

(a7+b
ct +d

1'We use both letters ng and N for congruence subgroups in this paper, hoping no confusion will occur.
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where z collectively denotes the elliptic parameters e+ and m. The elliptic genus is a
modular form with index i, and weight 0. For the untwisted case with ng = 1, the index
can be obtained from the 6d anomaly polynomial, through the anomaly inflow from 6d to
2d [60]. Then, the index of the untwisted M-strings are given as follows,

,
in(z) = %nTQn + (m? —€}) Z Ng, (ng=1), (2.18)
a=1
where 2 is the Cartan matrix of the simply-laced Lie algebra g.

For the elliptic genus of twisted M-strings, its index can be read off from the index
of the untwisted M-strings. In the last subsection, we explained how the roots transform
under the twisted compactification. From table 2, one can obtain the following mapping
between the twisted and the untwisted string,

B, : = (ni,ne,...,ny) — A9y n=(ny,n2,...,N,Np_1,...,N1)
(Cr)o i=(ni,n2,...,n) +—  Dpyq: n=(ny,ne,...,Np—1,Np,Ny)

Gy : = (n1,ng) — Dy : n = (ng,n1,n2,n2)

Fy: 1= (ny,ng,ng,ny) — Es: n=(ny,ng,ng, ne,ni,ng)
(Cr)r: = (ni,ng,...,n.) — Ay, n=(ny,...,n,Np,...,n1). (2.19)

See table 2 for our convention of the node enumeration. We claim that the index of the
twisted M-strings of type G and charge fi can be obtained from the index of the untwisted
M-strings of type G and charge n as follows,

1 (in(z) of G) . (2:20)

;. f Vi _
iz(z) of G e

Using (2.18) and (2.20), one can universally write down the index of the M-strings in
any Lie algebra g in the following expression,

ni,ng, ..., =) if G =(Cr)x
iy = L20(QD)nT + (m? — €2) ZDaana, n= {( b 7) (Cr) (2.21)
2 (n1,ng,...,n,) otherwise.
a=1 1,72, y Top

Here, except for (C,), theories, € is the Cartan matrix of g and the matrix D is defined
as follows,

Dy =90 (2.22)

“ (Oéi, al) . ‘

The above index will play an important role only in the section 4, and readers can see
table 4 for the explicit values of QD. Lastly, the vector n is a usual string charge vector
except for (C), case where the string charge at the last node is halved.

2.3 Geometric engineering

In this section, we want to understand the physics from the point of view of geometry. To
start with, the 6d (2,0) SCFTs arise from F-theory on a elliptic-fibered CY threefold, where
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the base is the ALE space, i.e., the resolution of C2/T" with I a finite subgroup of SU(2).
Since the base itself is a CY twofold, the resulting 6d theory has (2,0) supersymmetry.>
The resolution of the singularity in the base gives rise to a class of compact divisors 5; and
a class of compact curves X;, where the negative of the intersection matrix

Qij = —(5i - %j), (2.23)

is exactly the Cartan matrix of ADE type.

In the geometric picture, BPS strings arise naturally from D3-branes wrapping on
two-cycles in the base, which also inherits the self-duality condition of the D3-branes in
ten dimensions. The partition function under the 6d (2-background localizes to the BPS
strings wrapped on the 72 in the spacetime, giving us an expansion in terms of elliptic
genera (2.14). Through the F-theory/M-theory duality, the elliptic genus captures the
essential part of the refined topological string partition function, i.e., Zgy in (2.25), for
the elliptically-fibered CY threefold.?

This brings us to another crucial ingredient of the story, i.e., topological strings. Given
a CY threefold X, if one denotes the Kéhler parameter of two cycles in Ho(X,Z) as t with
its exponential Q = exp(—t), we can associate the free energy as a formal power series
in gs,

Frop(gs) = D Fyg3972, (2.24)
920
where the genus g free energy F; can be expanded in terms of Q with coefficients the
celebrated Gromov-Witten invariants. Furthermore, through lifting type ITA string theory
to M-theory [61-64], for X non-compact, we are able to rewrite and refine topological string
free energy in the following way,

Fret = Fpoly + log ZGV(EL €2, t)

Ryt Y Y ne, EDTTG D Qi (229)
- pow i+

d —d __ ,d _ ,,—d ’
2j+ENd>1 acHa (X ,Z) vt tv uru d

where €; and €y are two equivariant parameters related to the Cartan subalgebra of SO(4),
originated from instanton counting under the Q2-background in five dimensional gauge the-
ory with /' = 1 supersymmetry [65, 66]. Fyoly takes the structure,

a;jrtitity (€1 + €2)? 5(10)

(2

b(o’l)ti
6e1€9 + 0 + €1€9

F

poly = ti. (2.26)

Moreover, for the second part in (2.25), the x; is the character of an irreducible SU(2)
highest-weight representation with spin j,

xj(x) = a7 4 a2 Y (2.27)

2However, in order to turn on the M-string mass, one needs to modify this picture, rendering the fibration
non-trivial.
3For general N = (1,0) SCFTs they are the same only up to overall factors [30, 31].
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and v = exp (—952) Ju = exp (—952). Last but not least, Ng* ;, is the number of BPS
states in 5d with spin j_ and ji, arising from M2-branes wrapped on curves in X. They
are integers known as the refined Gopakumar-Vafa (GV) or BPS invariants.

For the type of CY threefold considered in this paper, we can divide the Kéhler pa-
rameters t into three different categories:

t = (2mit;v={vi,v2, - v }sm), (2.28)

where they correspond to the volume of the elliptic fiber (instanton counting parameter
in 5d), the compact curves in the base (Coulomb parameters associated to the simple
roots of the gauge groups in 5d) and the M-string mass (mass of the adjoint matter in 5d)
respectively. This also provides a unifying view on two types of expansion of Z(7, €1 2,m, v)
in (2.11): if one sums up 7 and m while expands in terms of v, this gives (2.14) which is an
elliptic genus expansion and naturally fits the 6d perspective; if one sums up v and m while
expands in terms of 7, this gives instead (2.12) which is an instanton expansion and arises
from the 5d perspective. This is plausible since they are simply the UV/IR description of
the same theory, and are supposed to share the same protected quantities.

To put it in another way, the upshot of the above discussion is that the elliptic genera
or the instanton partition function enjoys a more constraining expansion (2.25), henceforth
referred as the BPS or GV expansion.

Finally, we sketch a heuristic picture to understand the twisted compactification. We
also consider the two compactification chains in eq. (2.1), and let us first concentrate on
the left one. 6d N = (2,0) SCFTs compactified on S' is the same as M-theory compact-
ification on the same Calabi-Yau due to F-theory/M-theory duality. Furthermore, When
compactifying on a twisting circle, M-theory descends to type IIA theory, but the geometry
gets modified according to the action ¢ depicted in section 2.1. The first step is to identify
the curve ¥; and X, ;) in the same orbit. Denote «, 3 the orbit of the action o, we select
one node i in the orbit o and the intersection matrix naturally becomes [10]

Qag == (Si- (£5)). (2.29)
Jjep
Remember that the elliptically fibered CY threefolds engineering 5d or 6d theories of ADFE
type have only one section. When we identify the curves, the section over them corresponds
to different points in the fiber in general, hence the one section should be merged into an
N-section in the terminology of [39]. As a result, the threefold is transformed to a genus
one fibered CY manifold. This procedure is also explained, for example in [10].
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Except for Ag;, the reduced intersection matrix becomes the Cartan matrix of the
invariant subalgebra of the twisting. Interestingly, this gives a different result for Ay

group, where the negative of the intersection matrix becomes,*

2 -10 0 0 O
-12 -10 0 O

. 0 0
0 -1 2 -10
0 0 -1 2 -1
0 0 0 —-11

(2.30)

o O O O

Remember that this does not give the 5d theory after twisted compactification. Instead,
as discussed in the section 2.1, they are S-dual to the real 5d theory with adjoint matters,
which lives on the right compactification chain. Recall that S-duality includes exchanging
the W-bosons and magnetic monopoles. Therefore, in the geometric language, it is equiv-
alent to exchanging the role of divisors and curves, since D2-branes wrapping on compact
curves give W-bosons while D4-branes on compact divisors give magnetic monopoles. With
this in mind, after taking the S-dual the new intersection matrix becomes its transpose,
giving the same matrix Q in (2.21). Here we are embedding the intersection matrix into
a larger intersection matrix of a putative genus one fibered CY threefold, such that the
column corresponds to rational curves while the row represents toric divisors. For all cases
except (Cy)r, this is nothing but a rewriting of the procedure in the section 2.1. Further-
more, for the (C; ), theory it gives the precise matrix 2 that is identified quite indirectly
in the sections 2.1 and 2.2.

3 Blowup equations

The twisted circle compactification of a 6d (2,0) SCFT gives rise to a 5d N' = 2 theory,
as explained in detail in 2.1. In section 3.1, we first review the general setups for the 5d
blowup equations. In section 3.2 we write down the blowup equations for 5d N' = 2 theories
of all ABCDEFG types, and discuss how to solve them in section 3.3. Then in section 3.3,
we re-write them in the elliptic version, which also helps to fix/verify the index of elliptic
genera for twisted theories.

3.1 Review of the blowup equations

The idea of blowup equation for instanton counting is to consider the equivariant localiza-
tion on (@2, which is constructed from C? by blowing up the origin to create a compact
2-cycle P!. One can regard the geometry as a total space of the tautological line bundle
O(—1) over the P!, which can be parametrized by the homogeneous coordinates (2, 21, 22).
We are interested in the U(1)? equivariant partition function, with the equivariant action
on the homogeneous coordinates as

(20,21, 22) —> (20, €%V 21, €% 29). (3.1)

4Notice that the last diagonal element is not two, so it cannot possibly be identified as a Cartan matrix.
In the terminology of [10], there is a self-edge attached to the last node in the graph.
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In the blowup geometry, the instantons are located at two fix points, the north and south
poles of P!, whose coordinates are (zg,z21,22) = (0,1,0) and (0,0,1). Around these fix
points, they can be locally described by the C? coordinates (2021, z2/21) and (2022, 21/ 22)
respectively, leading to the equivalent action

(2021, 22/21) > (€ 2021, M 2g/21), near the north pole,

3.2
(2022, 21/22) > (€222, e 221 /22), near the south pole. (3.2)

The full partition function 2@2 on C2? can be written as the product of the partition function
ZN/S around these two fix points,

A =1 A A

Zeo (U, €1, €2,q,m) = Y (1)1 2N(71) 25 (i), (3.3)

neqQvY

by summing up all the fluxes 77 on the two-cycle P'. Here QV is the co-root lattice, 7 are the
Coulomb parameters, 1 are masses of matters and ¢ is the instanton counting parameter.
Around the North/South poles, they can be locally treated as C2. In terms of C? partition
function Zc2, we have

ﬁN(ﬁ) = ZA(CQ (TH— €1 + Xgel, €1,€2 — €1, et M+ XFel) , 5.0
A . . . 3.4
Z5(i1) = Zee <?7+ niea + Age, €2 — €1, €2, €™, M + )\F62) -

Note that the partition function should be invariant under Weyl transformation of its
Lie algebra g, and 77+ XG is actually the co-weight lattice PV. The number of nonequivalent
choices A depends on the number of elements in the quotient |PY/QY| = det 2, where
Q is the Cartan matrix of g. For special cases, like (C)),, 2 should be interpreted as the
intersection matrix of compact divisors and curves in the CY geometry.

Another remark here is that the partition function ZA(Cz is not the usual partition func-
tion Zc2 used in gauge theories. They are the same only up to a shift. As reviewed in
section 2.3, a five dimensional gauge theory can be engineered from the M-theory compact-
ification on a CY manifold, where the total partition function Z = exp F can be written
as the product of the GV or BPS expansion Zgy (2.25) plus singular terms efroly (2.26)
at large volume limit. Then we define Z = efroly ZGV, with?

ZAgv(i_f, €1,€2,4, ’rﬁ) = Z(;\/(’L_f, €1 + 27Ti, €2,(4, 77_’2)

. . (3.5)
= Zav (T + 2midg, €1, €2, q(—1)*t, 1 + 2midp),

where the second line comes from the checker-board pattern for the spin (jr,jr) BPS

invariants at degree (dg,dr,dp) in the BPS expansion,®

(_1)2XG~dg+2XF'dF+2Tb'db — (_1)2jL+2jR+1‘ (36)

As a remark, the checkerboard pattern means that for a given curve class {dg, dr, dy}, if one
enumerates all non-zero BPS invariants with two axes 254 and 2j_, any two occupied blocks

5Note that r, could be a half-integer, so that (—1)2Tb is not necessarily 1.
This is also known as the B-field condition in [67, 68].
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are either disconnected or connected through a diagonal. In other words, the combination
(2j— + 2j+) is always even or odd. Clearly this is necessary for the equation (3.6) to hold.
This pattern was first noticed in [69] and holds true for all non-compact CY threefolds that
the authors know of.

Next, in order to get the blowup equation for ordinary gauge theory partition function,
one has to shift back the extra fluxes. This will give rise to an extra phase (—1)"1)‘, coming
from rearranging the singular part efrelv in the blowup equation. The explicit expression
is a bit complicated and for 6d SCFTs it can be found in [28]. Here we do not need the
explicit form so we omit its expression. Now the blowup equation takes the form,

2@2(177 61,62,@[,77’%) = Z (_1)|ﬁ|+‘¢|ZN(ﬁ)ZS(ﬁ) . (37)
neQv

If one consider the limit where the size of blow-up P! is small, the resulting geometry is
nothing but the original C?, so one concludes immediately that Zeo ~ Ze2. In most cases,
the two partition functions are exactly identical. However, in certain special cases, there
could be an extra factor A coming from the perturbative part. It was further explained
in [21] that A does not depend on Coulomb VEVs #, so we have

Z@2 (67 €1,€2,4, m) = A(Ela €2,4, m)Z(CQ (177 €1,€2,4, T?L) (38)

If such an equation holds, we could define

2@2 (177 €1,€2,4, ’I’ﬁ)

A(er, €2,q,m) = lim (3.9)

Qi—0 Zc2 (U, €1, €2,q,m)’
where @; is the exponential of the Coulomb VEVs Q; = e~ . For a 5d/6d SCFT that can
be engineered from geometry, the instanton partition function admits a BPS expansion,
counting the BPS states of M2-brane wrapping curves inside the CY such that the degree
of @;’s is always non-negative. This indicates that most of the instanton contributions

inst

in (3.92? vanish, leaving only the neutral part Z; 35 .| = Zi“St] 0,0 times the contribution

from e’'poly,

It seems that one can use arbitrary XG /P Th I (3.4) to define an equation. Never_‘gheless,
notice that the perturbative part is divergent in this limit, so one has to choose Ag/r, 7
properly to cancel these divergences. The cancellation condition gives a strong constraint
on XG /F» T, Which turns out to give all the possible choices. Among them, we choose those

that satisfy the aforementioned condition (3.6) for all BPS states.

3.2 Blowup equations for G + 1Adj

Now let us focus on 5d theories with an adjoint matter G + 1Adj. Recall that the adjoint
representation is the same as the root system of its Lie algebra g. We denote m the mass
of the adjoint matter, v, the Coulomb VEVs «a - ¥, RT = {(vs, m)|a € AT} the positive
weights where AT is the set of positive roots. Following the gauge theory language, we
separate the partition function into the classical, 1-loop and instanton part. We modify
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A | By | (Cy)o | (Co)r | Dy | Es | E7 | Eg | Fy | Go
g |lr+1] 2 2 | 1 |43 |2]1|1]1

Table 3. The number of possible fluxes X for simple Lie algebras.

slightly the notations in [28] to adapt to our present convention,

[ 2miT
lass
Z9355 — exp Te ZUZUJ w} , (3.10)
[ 2 2
B + €2)
Zl loop _ ex m Vo + (617 Vg
P 2€1€9 a§+ 8e1€2 QEEA:Jr
- (3.11)
o [ Sacar (Qa(@n+Qy) = (v+v7) Qu)
x 12 172\ [ 12 12 ’
(0" - ) (2" - ")
inst _ [ Z Z 2(5- +J+)N5 J+f(] H)(‘ﬂa%)QB] (3.12)
J—J+=0 B
where PE stands for the plethystic exponential and h;; is the Killing form of g,
Xy (V)X (u)
foinlan®@) = 35 =i - (3.13)
((h/ —-q / )(QQ/ — 43 / )

One can easily recognize that Z™' is nothing but the Zgy defined in (2.25).

As discussed in the last section, the number of choices of XG is determined by the
determinant of the Cartan matrix or the negative of the intersection matrix. Therefore we
can immediately get the number of flux Xg, summarized in table 3.

Among all the cases except for (C,),, there is a common one: XG =0,\p = :l:%, ry, = 0.
For simplicity, we only consider A\p = —%. Together with the neutral part in (2.15), a short
computation shows that the expression for A is

Almer,ea,7) = f(r) 3 efmhominsm=ci, (3.14)
neLr
where h;; = (2D~ 1);; and D is the matrix D;; = 2(% az>

expression that ¢ = 2mi\p|fi| cancels with the phase (—1)I7l. The prefactor f(7) comes
from the neutral part of instanton partition function described in section 2.2, for classical

One can easily verify from the

Lie groups,

1—g¢" for A, D, and E,,
1—¢" (1 ¢** 71, for B,,

1= @)1 = )L for (G,
1—g*)" for (Cv)x,
1—¢~)~ 1( — )71, for Gy,

et (
et (
E (3.15)
2 ( 1
Hk (1 =¢")72(1 = ¢?%) 72, for Fy.
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Note that f(7) is not important in our current cases, so one can set it to be one if one does
not care about the neutral part.

Finally, for the (C})r theory, the negative of the intersection matrix is not the Cartan
matrix of C, and Ag = 0 breaks the flux quantization condition (3.6). It turns out that
there is only one blowup equation in this case. The correct choice is to simply replace the
co-root lattice in (3.14) with another co-weight lattice by the shift,

nz_>nl+%) ’l:]., N (316)

which gives the blowup equation for both (C;)or. As a summary, the blowup equation for
5d G + 1Adj theory is

A(m7 €1, €2, 7-) ZlnSt (617 €2,V;, T, m) = Z elﬁThijninj+(m—€+)‘TZ|A0(€1’ €2, V4, M, nl)

neL”
inst 0.l €2 inst 0. €1
X €1 — €2,€2,0; + 8in eg,T,m—E €1,€2 — €1,V + 8im 61,7’,77”&—5 .
(3.17)
For a given root ¢, define Q, = e " =[[; Q;" and R, = —a;Q4n;,
H H (I—Qannlq;"H/Qq;H/z) H (1—QanqT+1/2q§+1/2) o
1— m n 1— m+1 _n+1 9 a
wert  maso (1-Qadi"q}) 0 (1-Qagq* a5 ™)
.AO _ m4n<|Rqo|—1 m+n<|Ro|—2
0 0 (1—QanqI’”*” 0y ”*”2) 0 (1_Q(¥Q;qu;"“/2q;"*”2 B0
— e R < 0.
1— m n 1— “ m—1 n—1 bl (0%
acAt  mmn>0 (1-Qaar™e™") m;n>0 (1-Qagy™ g, ")
m+n<|Rq|—1 m4n<|Ra|—2
(3.18)

For the (Cy)r theory, we should make the replacement as in (3.16). We verify (3.17) for
Ay 4+ 1Adj up to 4-instantons with instanton partition function from ADHM description,
and for (Cy)o r, 7 < 4 at the one-instanton level.

3.3 Solving blowup equations

Here we give a description of our recipe to solve the blowup equation.

Solving BPS invariants. To solve the BPS invariants, one can expand the blowup
equation with instanton counting parameter ¢ and the Coulomb parameter v. With the
ansatz on the BPS expansion with unknown BPS invariants, we can bootstrap all the BPS
invariants, except for the spin (0,0) and (0,1/2) invariants. See [21, 27| for the proof
and [22] for a recent discussion on this approach.

Following the definition in (3.13), define

Bl . my (a1, a2) = fy_ g (@ a2/a)ar + fi_jo(@/a2 @)as — fi_ g (@, a2), (3.19)

which is a Laurent polynomial of ¢1,¢g2. It is proved in [21, 27] that for a fixed spin R,
Bl(;_ ;. r) are mutually independent for all possible (j_, j+ ), except for Bl o +1/2)(q1, g2) =
Bl(0,1/2,0)(q1,q2) = 0. Then finding the BPS invariants becomes a problem of decomposing
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a Laurent polynomial into the basis Bl(j_7j+7R)(q1, ¢2). In our case, we set XG =0, XF =
—%, rp = 0, so that the only unfixed BPS invariants are N é’:ﬁ?ﬂ and N (%’7173). In principle,
one can go to higher degrees to fix these invariants, but here we use another condition to
fix them more conveniently.

It is known that if we set the mass of the adjoint matter to e_, the partition function
is trivially one. In this limit,
utl v+ vl
foo@n' = (@” —a )@~ oy @n = (@” o )@ — ")

(3.20)

which are linearly independent. This means that we can use the triviality condition to

fix the remaining BPS invariants. In practice, we extract the BPS invariants up to 10-
instantons, at lower degree expansion of the Coulomb parameters, which are compatible
with the results using the modular bootstrap in section 4. Part of the BPS invariants we
solved can be found in appendix B.

Solving instanton partition functions. As reviewed in section 2.2, from the 5d point
of view, the partition function can be expanded in terms of instanton sectors. To begin
with, we expand the blowup equation at the k-instanton order and the resulting equation is

|7
Z <\/%> A0(€17€2avi’m>ni)

nez”
k‘1+k‘2+%hijnin]':k

i €2 i €1
inst inst
X Zkl (61 —EQ,EQ,Ui+Qijnj€2,m— 2> Zk2 <€1,62—61,Ui+QZ’j’I’LJ’€1,m— 2)

|7
= Z (\;(%) §12105 (€1, €, v5,m) .

nez”
l-‘rk'-‘r%Qijninj:k

(3.21)

Here f; is the [-th Fourier coefficient of §(7), which can be defined from the coefficients
of the —r power of Dedekind eta function p_,(1)

n(r) =g ﬁ (1—q") " =q= ip_r(l)ql : (3.22)
n=1 =0

When r > 0, p_,(I) are always positive integers for [ > 0. For the first few terms, we have
1 1.,
p—r(0)=1,p_(1) =1, p_,(2) = 57‘(7’ +3), p—(3) = 67‘(7" +9r +8),---. (3.23)

(3.21) can be alternatively written as

inst inst €2 inst €1
I, = Z;™ (€1, €2,v5,m) — Z)1° <61 — €2, €2, Vi, M — 2> — 70" <61,€2 —€1,V5, M — 2> ;
(3.24)
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where [, is the contribution from lower instanton numbers

0.\ .
Ik = — Z (\/L) p_r(l)Zu/lSt (el,eg,vi,m)
I4+k + L hignin;=k N9z
n'eZ" k'<k

|7]
+ Z <\/C%> A0(617627/Ui,m’ni)

k1+k2+%hijnin]-:k
nez” ki ,ka<k

ha €9 ing €1
inst inst
X Zpy (61 — €2, €2,V; + Qinjea, m — 2) Z, (61,62—61,Uz‘+91’jn]’61,m— ) )

2
(3.25)
In order to solve the equation, we can first make the ansatz
Z]i(:nSt _ Nk(Qth;Qla%). (326)

Di(Qi, q1,92)

where Ni(Qi, Qm, q1,q2) is a Laurent polynomial of Q;, Qum,q1,q2 with unknown coeffi-
cients, and D (Qi,q1,¢2) can be determined from the pole structure of I. Then substi-
tuting the ansatz (3.26) into the k-instanton blowup equation (3.24), we can solve the
coefficients in the Ni(Q;, Qm,q1,q2) with extra information. At one-instanton level, the
problem becomes much simpler and easier to solve.

When k =1, (3.24) becomes

|7

1
shijnin;=1

. . €9 : €1
inst inst inst
=77 (€1, €9, v5,m) — Zj (61—62,62,1)2',771—2) -7 (el,ez—el,vi,m—>,

where f; coincides with the number of long simple roots according to (3.15). Here the sum
in the first line can be understood as a sum over length-2 (co-)root. In our convention they
correspond precisely to long roots, hence there are only poles at the long roots in the first
line of (3.27). This analysis is enough to conjecture the denominator of Zi" (1, e, v;, m)
for a simple Lie algebra g as

Di(Qirq1,q2) = (1 —q))(1 —q2) [[ (1 - Qaqra2), (3.28)
a€EA

where A; is the set of long roots. Based on the zeros and properties of one-instanton
partition function, one can further make an ansatz for the numerator

MES

M(Qi; Qs a1, 32) = (Va2 — Vi Qm) (Va2 — V@) DY ik, (@ + Q) Q5 (q142) 2.

n,i,k,Ci

(3.29)
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Define Z{"" = (MQﬁiﬁ)l(_géﬁQm) Zy and v = (Q1QQ)_%, we solve Z; for gauge groups

Aq, Ay and A3 model with gauge fugacities turned off by setting Q; = 1,

2

~ ’l} _
Z1,4, = 7(1 ~ v2)2 (—4)((0) + x(l)(v +wv 1)) ,
> v 2 -2 3 1 -3
21,4, = m (X(o)(*v +32—v77) + xa)(v? = 13v = 13v™ " +v77)
Xy (v° +4+072))

~ Uﬁ
ZyA5 = Ty (X(O)(—v4 — 140? — 250 — 1402 — v %)

— v

+x () (v = Tv® + 1460 + 1460~ — 7073 +v77)
+x(2) (0! = 220 = T8 = 22072 + 0™ ) + x5 (v + v + 9v + v*3)) ,

and for (C4)r,

~ 1)2

21,(C1)r = 1—0)y (QX(O)(U +o ) — 2X(1))-

For all cases, they have the structure
2he—2

WP(% X(n))) (3‘30)

AReE=

with P(v, X(»)) always a Laurent polynomial in v, which is symmetric under v <> v~!. Here
X(n) = X(n)(m) is the character of the spin § representation of the SU(2) flavor group.
Furthermore, the structure (3.30) still holds for other gauge groups, and in particular
for ABCD type, we verified that the results agree with those computed from ADHM
descriptions. For theories without an ADHM description, we list ZLG in appendix C.
Notice that for most cases, we turn off the gauge fugacities Q; = 1, but our method
works also with all gauge fugacities turned on. For G, we first compute the exact result

and then expand it in terms of v,

7 su) (- n su@) [ )
Z1,Gy :x(g)( ) (Z X(O,n)’()3+2 ) _ X(z)( ) (Z (X(O,n) + X(omt1) F X(3,n)v2) VA2 )
n=0 n=0
+ X?B(Z) <—X(1,0)v3 + Z (X(o}n+1) + X(B,n)(l + UQ) + X(4,n)’02) U5+2n>
n=0

+ X?(g@) <X(1,0) W +oh) = > (X(4,n)(1 +0%) + X(3,n)> UG+2”> ,
n=0

(3.31)

where X(,, n,) is the character of G2 with highest weight (n1,m2). As a remark, all the
constant coefficients are +1 in the expansion, which agrees with the conjecture in [28].
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Similarly, for Fy we have

= SU - n
Zl:F4 = _X(8)(2) <Z X(n70>070)U8+2 )
n=0

SU(2) (3.32)

o0
+ X(7) (Z (X(n,LO,O)v2 + X(n+1,0,0,0) T X(n,07070)> U9+2n>

n=0
4o,

For F type gauge groups, the computation becomes too lengthy to reproduce here.

Elliptic blowup equations. In our 5d KK theory description, there is no cubic terms for
the Coulomb branch parameter a; in the prepotential. According to a theorem in [70, 71],
geometrically, they are described by the genus one fibered CY three-folds on twisted ALE
singularities. This already indicates that this is actually a 6d theory and the Coulomb
branch becomes the tensor branch in 6d. One can then re-write the blowup equation to its
elliptic version
Z Z eimThigning+(m—ep)|fil+niQijn e1+n:" Qijnje
wH4n"'=nnezZr
€2 €1

X By (el — €9,€2, M — 2) E.» (el, € — €1, M — 2> (3.33)

— Z eiTrThijTLinj+(m—E+)‘ﬁ|En (6]_, 62, m) .
neL”
By comparing with the elliptic blowup equation in [27], one observes that for general simple

groups the formula is the same if we do the replacement €;; — h;; = (QD‘I)ij, k—k-D.
We conclude that the index i, for Z, is

,
iy = %(n .D)(QD H(n- D)L + (m? — ) Zl Daata, (3.34)
a—

agree with the results in section 2.2. For (C,), theory, the blowup equation is the same

as the second blowup equation of (C})p, so they should have the same index. The only

difference between them is that there are half-integer string charges, such that we need

to normalize n — § in the definition. Again, we recover the index for (C;)r theories as
described in section 2.2.

If we focus on a single node in the base, i.e., ny > 0 and ny = 0,J # I, (3.33) becomes

E : § :eiTl'D[]T’rL2+(m76+)’rL72nlIn€17211/[/7162

! 1" __
n1+n1_nneZ

€2 €1
X Enll (61 — €2,€2,M — 27T> En’l’ (61762 — €1, M — 277—) (335)
. D 2 _
=Y embumn Hm=eIng, (1, e9,m, 7).

newr
One can observe that equation (3.35) is the same as A; M-string blowup equation with the
replacement 7 — Dj;7, such that the solution of (3.35) is

En[ (61’6277”77—) = Ef[l (61,62,m, DIIT) . (336)
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4 Modular bootstrap

In this section, we will talk about the modular bootstrap approach towards the twisted
elliptic genera. In section 4.1, we give a quick overview of the modular group of twisted
elliptic genus. In section 4.2, we discuss in detail how to bootstrap all non-simply-laced
cases except (Cy)r. Section 4.3 is devoted to the exceptional case (Cy)x.

4.1 Modular group of twisted elliptic genus

A 6d SCFT can be described by F-theory compactification on an elliptically fibered Calabi-
Yau threefold. After twisted circle compactification, since the Zy automorphism should
act on the fiber as well, the geometry becomes a geometry with N-sections. The geometry
is expected to be a genus one fibered Calabi-Yau threefold [10]. The genus one fibration is
a fibration with N-sections, which is defined by IV points that can be identified with each
other and are transformed to each other by monodromies in the base. As proved in [39, 72],
the monodromy is an element in I'1 (N),

I'i(N) = {(i Z) € SL(2,Z) : a,d =1(mod N), c¢=0 (mod N)}, (4.1)

which is a subgroup of I'g(/NV). Moreover, it is known that

-1 0

[o(2) =T1(2), To(N)=(T1(N), ( 0 —1

)), for 3< N <4. (4.2)
Although the minus of the identity matrix acts trivially on 7, its presence eliminates non-
trivial modular forms of odd weights. In other words, if one considers modular forms
invariant under I'; (V) for 3 < N < 4, in additional to those invariant under I'g(/N) one in
principle also has to include odd-weight modular forms. But since those are absent in the
elliptic genera, we think it better to choose the modular group to be I'g(N) rather than
I’y (V). This should be understood as applying only to particular CY threefolds considered
in this paper.”

In short, we expect the elliptic genus to be a Jacobi form in T'g(IV), where N = 2 for
B,, (C))o, Fy algebras, N = 3 for G5 algebra and N = 4 for (C,),.

In order to bootstrap the elliptic genera, one should use the ring of I'o(N), which is
reviewed in appendix A. However, the full ring of I'g(/N) modular forms contains object
ESN) with smaller weight, which makes the number of generators growing too fast as we
increase the string numbers. In order to simplify our computation, we treat the geometry
after twisted circle compactification as a gluing of single nodes in the base, such that
along each node the modular group is either I'o(N) or SL(2,Z). Another key observation
from the end of last section is that, restricting to a single base node, the elliptic genera
always resemble the elliptic genera of Ay M-strings. If the node is a long simple root of
the Lie algebra, then they are the same, while for a short simple root we simply make the
replacement 7 — N7. Such an observation makes us conclude that along a single short

"We thank Thorsten Schimannek for answering a relevant question concerning this point.
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node, the EéN) actually disappear and we could just use the modular forms arising from

SL(2,Z) Jacobi forms instead. For general string numbers not necessarily restricted to
a single node, except for (C,)r, we further conjecture that the numerator of the elliptic
genera can still be written in terms of the following set of elliptic modular forms and Jacobi
forms,

{E4(T),E6(T),A(T]z),B(T|z),E4(NT),EG(NT),A(NT|2),B(NT|Z)}, z€{m,eq,e_}.
(4.3)

Recall that E4(7) and Eg(7) are Eisenstein series with weight 4 and 6 under I'o(1) =
SL(2,Z). Second, A(7|z) = ¢o,1(7,2) and B(7|z) = ¢_21(7, z) are weak Jacobi forms with
weight 0, —2 and index 1. Those functions generate the ring of elliptic modular forms and
weak Jacobi forms for T'g(1) respectively. For more details, one can refer appendix A. In
order to keep the expression simple, we will use the following notation

Ey= E4(N71), FE¢=Es(N7), A(z)=A(N7|2), B(z)=B(Ntlz) (4.4)

from now on. Nevertheless, for the (C,), case, we propose a different modular ansatz,
which will be discussed in section 4.3.

As a remark, notice that the generators in (4.3) are not independent. For all base
degrees computed in this paper, we find that the unknown part of the elliptic genera
indeed lies in the subring (4.3), and is completely fixed after imposing all the identities
among them. For definiteness, we list those identities explicitly in appendix A for N = 2
and 3 which are used in this paper. We also indicate how to prove them for the case N = 2.
Again the N = 4 case is very different and will be discussed separately in section 4.3.

Finally, we explain how the elliptic genus generated from (4.3) transforms under I'g (V).
In general, one can express the elliptic genus in the following form,

Eo(r,2) = Y f®(r,2) - fP(NT, 2). (4.5)
k

Here, we consider the monomial expansion of the elliptic genus such that the £’th monomial
is given by f®(r,2) - f®)(N7,z). The functions f*)(r,2) and f¥)(r,z) are modular
functions with weight w, @ and index i, i respectively. They transforms as follows under
(¢5) €SL(2,Z),

fk) (aT+ b) = (et +d)¥ - exp [— mie i(z)} (7, 2),

ct+d ct+d
A(k,‘) at + b) _ . ) |:_ TiC ~ :| ) /\(k‘)
O (50) = e+ exp |- )| P92, (4.6)

Then, under (29%) € To(N), the elliptic genus (4.5) transforms as follows,
E <a7‘+b z >_Zf(k) <a7'+b z ) 7® a(NT)+ Nb z
"\er+d er+d) . cr+d et +d ~(NT)+d’ £(N7)+d

—mic (1(@‘*‘?)] -Ea(7,2). (4.7)

= dyw+a . "
(e7 +d) xp ct+d
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By, (Cr)o Fy Ga
1 -30--00
2 -1 0 0 0 X X
-1 2 —-1---0 0 —3 1 =300 2 -10 0
0 —1 2 0 0 0 -2 1 -0 0 -1 2 -1 0 2
: 0—11—% -1 2
...... _ 1
0 0 2 -1 0o --- --- 0 1 —1 0 0 —5 1
0 -+ - 0 -1 1
0O -+ --. 0 —1 2

Table 4. Q° for non-simply-laced g.

Note that ¢ = 0 (mod N) plays a critical role in the transformation above. As a result, the
full elliptic genus has a weight w + @ and index i + ﬁ under I'g(N). This also shows that
the index of the hatted Jacobi forms should be divided by N.

4.2 Bootstrap from the vanishing bound

Recall that from the end of section 2.2, the weight and index of the elliptic genus are

we =0, ip= 61262 nH QD)+ (m? — €2) ZDaana, (4.8)
a=1

where  is the Cartan matrix for the Lie algebra g and D is the matrix D;; = 2<OCZ ou)
For g simply-laced, D is the identity matrix and we are back to the case considered in [35],
while for g non-simply-laced which is the focus of this paper, it is non-trivial such that the

combined matrix Q° = QD becomes

I (4.9)
(ai, o) (g, aj)
which is manifestly symmetric. For reader’s convenience, we give the explicit form of Q° for
By, (Cy)o, Fy and Gy in table 4. For the (C; ), theory, Q is the negative of the intersection
matrix (2.30), D;; = 38; ;.

Before doing actual computation, we emphasize that our modular ansatz is motivated
by the picture of twisting at the level of the elliptically fibered CY threefold, briefly ex-
plained in section 2.3. Note that the number N should coincide with the order of twisting
mentioned in section 2.1.

Although we do not have a detailed understanding of how the geometry transforms,
and for the cases we computed we actually do not need the full ring of I'g(/N) modular
forms, we believe that this geometric picture is supposed to support our modular ansatz
for the twisted elliptic genera.

Without further ado, we claim that the modular ansatz takes the following form,

Nn LT 0127/, ker)  01(27/Q,, ke
Ey =" H 1 2/7/9 )1) 1 (2/T/Q Q)Q), (4.10)

a=1k=1
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and the numerator N, is an element in the ring of I'y(N) Jacobi modular forms,

3 3

No=3C,5 <E§4Eg6 I1 A(zi)p”B(zi)vai) x (7;4 Er T ﬁ(zz-)ﬁwé(zi)?w) , (4.11)
0P i=1 j

where as before the overall hat means f(7,...) = f(NT,...) and z; represent the chemical

potentials as (z1, 22, 23) = (€4, €e_,m).

As promised above, further constraints can be imposed to reduce the number of terms
in (4.11). The basic idea behind is that since we have roots of different length, the BPS
string wrapping the corresponding curves should to some extent see the difference. For
extreme cases, we learn from the last part of the section 3 that the A, with non-zero n
only for roots dual to unfolded roots (corresponding to those with € # 2) only depends
on SL(2,7Z) forms, while with only non-vanishing wrapping degrees for folded roots it only
depends on hatted forms.

Although in general cases both forms are needed, we can still try to separate their
contributions. Let us look again at (4.10). Note that the numerator N, has weight and
index

wNn:—QZZak,

=t k=1 (4.12)

2 2 r Na

€ €

i./\/n F= +TnTQS]‘1+ (m2 — E%_)D n 4+ < g Daa E k2> (63— + 62—) .
a=1 k=1

The weight w, is naturally factorized, hence we can demand that the total weight for two
types of roots should match the weight of the two products in (4.11) separately. The index
in, is a bit more complicated. Since D is a diagonal matrix, the index for m is factorized,
and we can ask for separation as above. However, because of the non-diagonal form of €25,
the index for e+ mixes n, for both types. The best we can demand is to separate the sum
of indices ic, + ic_ into roots different types. For all the cases computed in appendix B,
this set of constraints is satisfied.

To give a concrete example, let us consider the case g = Fy (N = 2). From table 4 we
learn that nodes 1 and 2 are long roots dual to the folded roots of Eg, while nodes 3 and 4
correspond to short roots dual to the unfolded roots of Fg. A potentially confused reader
can look up the table 2 for clarification. We rewrite the weight and index polynomial in

the following way,

W, = —2 <TL1(’I’L;+ 1) n TLQ(’I’L;—F 1)) _9 (’I’Lg(n;;—f— 1) n m;(n;—{— 1)> ’

2

. 1
iN, = (m2 — ei)(nl +ng) + =(m* — ei)(ng + ny)

2
62+_€%T 2 | N2 2 2 1 (X0 =0 2 2
+F 0" Pt (D K+ ) (G +E)+ o [ DD K (L +€2).
2 k=1 k=1 2 \i3 k=1

(4.13)
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Then we require the weight and index i, involving ny and ns to match the first parenthesis
in (4.11), and those of n3 and n4 to match the second. Moreover, the sum of indices 7., +i._
containing n; and ng should match the sum in the first parenthesis in (4.11) while those
of ng and n4 should match the second one.

Given the modified ansatz (4.11) and the weight and index polynomial (4.12), one can
impose constraints to determine the coefficients which are finite. In earlier works [30, 31,
35], the authors successfully employed the vanishing conditions to fix them in many 6d
SCFTs. To be more precise, the elliptic genus of BPS strings in 6d N = (2,0) SCFTs can
be identified with the topological string partition function on the elliptically fibered CY
manifold, thanks to the M-theory/F-theory duality. The latter is known to have a GV ex-
pansion, encapsulating integral enumerative invariants known as the GV invariants. Those
invariants turn out to satisfy vanishing conditions, which immediately give us infinitely
many constraints on the coefficients. After twisted circle compactification, we expect the
elliptically-fibered CY manifold to change to an N-section geometry, and the twisted ellip-
tic genus should still be identified with the topological string partition function. Therefore,
it’s still legitimate to apply the vanishing condition to determine the elliptic genera. As a
final remark, we stress that from the point of view of topological strings, the existence of
the structure of Jacobi forms (4.10) is non-trivial and signals special Sp(n, Z) monodromies
in the extended Kéhler moduli space. The latter is demonstrated beautifully in [39] based
on homological mirror symmetry.

Here we present a self-contained summary of the vanishing bound for GV invariants.
For more details, the reader can refer [30, 31, 35]. First, recall that the refined free energy
enjoys the GV expansion (2.25),

Fav =log Zgv (€1, €2, t)
(_1)2(j—+j+) in (ud>X]+ ('Ud) Qda (414)

=2 2 X N3y vl p—d — yd — y—d d

2j+ €N d>1 a€Hy(X,Z)

with N7 js the refined GV invariants. They count the number of BPS states with spin
j+ in five dimensions, so they are always non-negative integers. Mathematically they can
be defined in terms of the motivic enumerative invariants [69, 73], but they are quite
complicated to understand. To argue for the vanishing property, we adopt the route taken
in [35] which instead starts from the unrefined GV invariants I{*. The unrefined or self-dual
limit sets v = 1, and we have

oo
S (P Dxg () NG, = 300 (b aE) (4.15)
j+€EN/2 g=0
where the symbol x;(z) denotes the character of an irreducible SU(2) highest-weight rep-
resentation with spin j € N/2 (2.27).

In mathematics, I is closely related to enumerative invariants known as stable pair
or Pandharipande-Thomas (PT) invariants P, o [74]. To define the latter, we start from a
stable pair consisting of torsion sheaves F' having dimension one support and a non-trivial
holomorphic section s, which altogether captures the D6-D2-D0 bound states in physics.
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The moduli space of all possible stable pairs with a fixed holomorphic Euler characteristic
n and a fixed class of support « carries a perfection obstruction theory [74], and the virtual
fundamental cycle happens to be zero dimensional for a CY threefold. Hence the PT
invariants P, o just count the number of points inside the virtual fundamental cycle. For
a fixed «, there exists an n small enough such that P, , vanishes for any m < n. This
is simply because a curve with given homology class can not have arbitrarily small Euler
characteristic, hence the moduli space is empty.

On the other hand, P, can be expressed in terms of I [74]. For simplicity, if we
consider an irreducible class § € Hy(X,Z), they are related in the following way,

Yo Pugd"=> I)q g+ 1) (4.16)
n 920

In order to satisfy the vanishing property of P, g, Ig must vanish when ¢ is suffi-
ciently large. Inductively, we can extend the vanishing property for I, gﬁ to all curve classes
in Hy(X,Z).

Furthermore, we assume that the refined GV invariants satisfy the so-called checker-
board pattern [69]: for a given curve class «, the combination (2j_ + 2j4) is always even
or odd. This pattern also plays an important role in the blowup equations, as explained in
the section 3.1.

Let us look back at the equation (4.15). Decompose x;_(u) into a polynomial with

2
variable (u% + u_%) , based on the above assumption it is not hard to derive a generic
vanishing bound for the refined GV invariants,

Ni*; =0 forj_orj.>0. (4.17)

However, the precise vanishing bound for j+ depends on the detailed knowledge of the
geometry. At this stage, it is not clear to the authors how to construct a useful presentation
of the genus-one fibered CY manifolds needed in this paper, let alone deriving the precise
bound from the first principle. Therefore, we adopt the same strategy as in [35]. Namely,
we make some guess on the bound by looking at the BPS data available from section 3.
Moreover, since the CY threefolds consider here are obtained from certain twist of the
geometries that engineer 6d N' = (2,0) SCFTs, we expect the vanishing conditions to be
mostly unchanged. In fact, we essentially use the same ones found in [35], with only minor
simplifications.

To fix our notation, we specialize the general formula (4.14),

"k’ J—+i+
-FGV—Z Z Z #( )2( +7)X El )X]+( )lepqdedn (4.18)

d d
nkp 2je €N d>1 Gl u

with Q,, = e ™, ¢ = 2™ and Q = e~V formal exponential of Kéhler parameters associated
to two-cycle of the M-string mass, elliptic fiber and exceptional curves inside the base
respectively. We choose the parametrization such that p can be negative but with a Zy
symmetry N, “’k’“ = Nﬁ’;:“ . Our conjecture for the vanishing bound of the refined GV
invariants goes as follows:
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Conjecture. For genus one fibered CY threefolds that engineer 5d N = 2 gauge theories
arising from twisted circle compactification of 6d N = (2,0) ADE SCFTs, their refined
GV invariants obey uniformly the vanishing bound,®

2j— > k-max{n;} — “_’5—1 “H(p—k—2),

or
N0 = 0 for{ 24, > (k+1) - max{n;} — (u—k) - H(p—k — 1), (4.19)
or

n; =0 Vi with Q;, =2 and N { k.
The function H(z) is the Heaviside step function,

0, ifz<0
H(z) = n (4.20)
1, otherwise,

and the last condition comes simply from the observation that the free energy Fiof is always
a power series in qN in that case.

Then we explain how to use (4.19) to determine the elliptic genus recursively. This
starts from the following obvious relation,

mZey=h|1+ Y E.Q"|=Fav= > FQ", (4.21)
n#0 €25 n£0€Z,

with both sides regarded as power series in Q. Expand the logarithm in (4.21), we have

0o J
Fr, =En, + ) Y Sy T Enis (4.22)
j j =1

n;;j"nj are some integers that can be computed order by order. Note that the second

term in the right-hand side only involves Z, with base degree strictly smaller than n,.

where K

It turns out that this equation is very constraining. We first supply a few refined GV
invariants at the lowest base degrees as the input data, which e.g., can be obtained from
the blowup equations in section 3. Then we impose simultaneously the vanishing bound
in the left-hand side and the modular ansatz in the right-hand side. This already gives us
enough constraints to completely fix F;,, and hence E,_ . Increasing the degree one step at
each time, we are able to bootstrap the elliptic genus for any value of n, in principle.

As always, we need to clarify one issue: is the solution to the above bootstrap equation
unique? Surely enough, the uniqueness of the solution is equivalent to determining all the
unknowns in the ansatz. For the case of 6d N' = (2,0) SCFTs, we have the following
powerful criterion, which is discussed in detail in [30].

Criterion. If eitheric, ori._ is strictly smaller than —1, then the solution to (4.22) must
be unique. Otherwise, the ambiguous term can be enumerated explicitly.

8This bound is slightly smaller than that used in [35].
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After looking at their proof carefully, it is not difficult to show that the above criterion
still holds for the modified ansatz and the difference just lies in the set of ambiguous terms.
In our situation, the index of e_ can be written as
1

e =—5n- 00T, 0 = (o, af), (4.23)

\
7

where o correspond to the coroots of g. Then the symmetric matrix 2° defines a positive-
definite lattice and hence the exceptional cases are always finite. For them, the number
of ambiguous terms is always very small after we further separate the contribution for
different length of roots, explained earlier in this subsection. So we just need to supply a
few BPS invariants if necessary.

Finally, it is worth emphasizing that finding the suitable ansatz to make the most of
the vanishing bound is nontrivial. For example, if one uses the generators of the I'o(N)
modular forms mentioned in section 4.1, at some low base degrees where we cannot invoke
the above criterion, there appear to be many coefficients not determined by the vanishing
condition (4.19). On the contrary, for cases listed in appendix B, we find that the ansatz
used here can fix all the unknowns after imposing identities among them, although the
number of terms in both ansatze are of roughly the same order.

In table 5, we list some useful information about the numerator of the elliptic genera at
low base degrees for gauge groups Ga, Bs, (C3)p and Fy. The numerator is determined by
the modular bootstrap whose explicitly form is shown in appendix B. As an independent
check, the BPS invariants extracted from the elliptic genera is in perfect agreement with

those obtained from the blowup equations.

4.3 (C,)r theories

For the last case (Cy)r, which is called non-geometric in [10], the situation becomes much
subtler, which is the reason why we treat it in a separate subsection.
From (2.21) at the end of section 2.2, we learn that its weight and index can be

written as
: @1€2 T 1 5 5%
wy =0, i,= - () + §(m —€}) Z Ny, (4.24)
a=1
where the ° takes the form,
1 —% 0 0 0
1 1
0 -1 1 0 0
O = (4.25)
0 -+ v 0 1 _%
11
0 v e 0 -11
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Gauge group | Base degree Index Weight | Unknowns
01
Go S €2 +m? —2 2
G 10 1.2 1,2 9 9
2 = 3€31 +3m -
11
G s 1€ + €2 + 2m? —4 4
12
Go SN ?ei + 362 + %mz —6 132
21
G2 N 38+ +32m? | -6 226
L1l 1.2 2 .5, 2
Bs ~—oxe 5€4 + 2¢Z + 5mMm —6 8
211 112 2 7,2
Bg *—o9 76_;'_ + 46_ + §m —8 220
121 9 2 2 7,2
Bg oo 5€1 + 5¢* + 5M -8 220
111
(C3)o oece 362 +52 +Im? | —6 10
112
(C3)o oote B2 + 22 +3m? | -8 330
Lril 1.2 , 5.2 2
F4 —o0—o 5€1 + 5€_ + 3m -8 20
2111 1.2 , 9.2 2
Fy o oo o S€L+ 5 +4m —10 550
1211 92 , 112 2
Fy oo o €1 + 5 €z +4m —10 550

Table 5. The index polynomial, weight and unknown coefficients for the numerator of the elliptic
genera except (C,.), case.

In this case, all the nodes come from Zs outer-automorphism of As,., we would expect
that for all possible base degrees the 7 variable in the ansatz will be multiplied by two. As
a result, we propose its modular ansatz should be,

01 ( 27' k:q 01(27', keg)
E,.=—, D,=
Dy aHl kHl n3(27)

(4.26)

It’s interesting to remark that the D, does not follow the general rule in (4.10) which works
perfectly for other cases.

The structure of the numerator N, is different, which should enjoy the I'g(4) modular
group rather than the naive I'g(2) from the Dynkin diagram. The main reason is that,
as explained in section 2.1, the whole automorphism group is actually Z,, leading to the
Jacobi form of T'y(4). Following the above logic, we conjecture that the numerator N, is

an element
N, € C[Eé )( ), E(4)( ), Ea(7), Es(7), A(47|2;), B(47|2;)] - C[E4(27), E6(27), A(27]|2;), B(27|%)],

such that the total weight and index of Z, satisfy (4.24). Here z; € (e4,e_,m).
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Base degree Index Weight | Unknowns
. 12 412 4 1m2 | o 30
. 52 482 4m? | 4 21707
- sed +1im? —2 2
e 12 132 4m? | 4 60

Table 6. The index polynomial, weight and unknown coefficients for the numerator of the (C,.),
elliptic genera.

Unlike other cases, this ansatz contains too many unfixed terms at low base degrees
after imposing the previous vanishing conditions. Also, the number of coefficients in the
ansatz is growing so fast that it is already quite hard to determine the case of base degree
two. The main reason is due to the full generators we are using for I'g(4) elliptic modular
forms. In practice, we fix all of them consistently by further comparing them with the
result obtained from the blowup equations. Below, we will explain this in more detail
for the (C1), theory. Still, it serves as strong evidence for the existence of elliptic genera
invariant under the I'g(4) modular group. In table 6, we list some useful information about
the (Cy)r elliptic genera at low base degrees, whose explicitly form is shown in appendix B.

As a non-trivial check of our ansatz, we fix the modular expression up to base degree
two for the (C), theory. In the rank one case, one would expect that the numerator is
generated by the following I'y(4) modular and Jacobi forms

N, € CIEL (1), ESV (1), By(7), Eo(7), A(47|2), B(47|2)] . (4.27)

Indeed, as shown in table 13 of appendix B, the one-string elliptic genus”

(E§2) - E§4))(/Tm§+ — ﬁ+§m)(1@m§f - A,Bm)
2832 p_51(27,€1)p—2,1(27, €2)

El(T,El,GQ,m) = (4.28)

contains elements E§2) and E§4) of I'g(4). We verify that this expression coincides with the
instanton partition function from ADHM up to 5-instantons. And we verify further with
the one-string elliptic blowup equation

Oo(T,m — e )Eq (7, €1,€2,m) =

Oa(T,m + e_)Eq(1,€1,€2 —€1,m — €1/2) + O2(T,m — e )E1(T, €1 — €2, €2, m — €3/2)

up to ¢! order.

For base degree two, from table 6 we have 21707 possible generators, making it hard
to fix the coefficients. From the gauge theoretic point of view, at the leading order the two
strings contain the W-boson contribution, which is the same as a single string for (C)o

9Here we use the notation A\zi = p_2,1(47,2;), §z7~, = ©0,1(47, 2;).
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theory. Further noticing that the index of the elliptic genus at two-strings of (C1), theory
is the same as that of the single (C1)g string, we may expect that the two-string elliptic

genus contains the following contribution!®

1

B (Egcl)O(T, €1,€2,Mm) + ESCI)O (T +1/2,€1, eg,m)) : (4.29)

The statement is indeed true, and we observe that the remaining part can be factorized as

1
Egcl)"(T, €1,€2, M) = 5 (Egcl)o(T, €1,€2,m) + ]Egcl)O(T +1/2,€1, €9, m))
(AnBy — Ay B)2(AnB_ — A_Byy,)?
[Ti_1 p—21(27, ket )p—o1(27, kea)

(4.30)

I(T, 61,62)-

We verify the structure of (4.30) by solving the two-string elliptic blowup equation

02(7—7 m— €+)E2(T7 €1, €2, m) =
Oo(T,m~+ e )Ei(T,€1,60 —€1,m —€1/2)E1 (7, €1 — €2, €2, m — €2/2)

+05(m,m— e +2¢1)Ea(T,€1,60 —€1,m —€1/2) + O2(7,m — €4 + 2€2)Ea(7, €1 — €2, €2, m — €2/2) ,

and get the Fourier expansion of Z(7, ¢y, €2) up to ¢*° order. Now it is much easier to find
the modular expression of Z(7, €1, €2), which is expected to be a I'g(4) Jacobi form with
weight 0 and index 26?F + €2, with only 2221 generators. At the ¢'4 order,'! we manage to
fix all of the unknowns and find

I(r e1,e0) = (B — ESV)? - € [E, BV, A(dr,es), B(ar, en)] (4.31)

Its expression is listed in appendix B. Interestingly, this does not depend on FEy(7) and
E¢(7). We further check it up to ¢?° order with the two-string elliptic blowup equation,
and find a perfect agreement.

5 6d twisted theories in the Cardy limit

In this section, we explore the Cardy limit of 6d (2,0) theories on R* x T2 with an outer-
automorphism twist. The Cardy limit is defined as a limit where momenta are much
larger than the central charge of the CFT [75, 76]. The free energy in the Cardy limit
is usually called the Cardy formula, and it probes the high energy spectrum of the CFT.
Furthermore, Cardy formulas have been used to account the Bekenstein-Hawking entropy
of supersymmetric black holes in various dimensions [77, 78]. In the case of 6d, the Cardy
formulas of (2,0) ADE theories on R* x T2 were studied in [35, 79]. The authors obtain the
Cardy free energy by summing over the elliptic genera using continuum approximation and
S-duality. The resulting asymptotic entropy in terms of the charges (Jy, J2, P, Qr, QR) is

S~logZ+n-v+e(Ji+ Qr)+e(Jo+ Qr) + (—2mi) P + 2mQy. (5.1)

9Tt is not difficult to show that this expression is invariant under the T'o(4) modular group.
HThe reason why we have to go to this order is that there exist a combination of the generators which
contains a factor (EéQ) - E§4>)13 ~q".
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By solving the saddle point equation from the Cardy formula, the entropy S can be written

as a function of charges, and the result for A,-type is'?

S ~ zw\/\/g((r +1)3 = (r+1)P(J2 — (J+ + Qr)?) — Q% + 2miQy, (5.2)

where we define Jy = J; +J5. Here, we shall extend their approach to all 6d (2,0) theories,
including twisted ones.

In order to explore the large momenta limit of the BPS partition function (2.11), we
need to set the momentum-conjugate chemical potentials to be small. On R* x T2, this
can be achieved by setting

ler2] =0, |7] —=0. (5.3)

First, |e; 2| — 0 is the well-known Seiberg-Witten prepotential limit [65, 80]. It is also

called thermodynamic limit where the volume of R* becomes infinite. In this limit, the
leading free energy on R* x T2 is proportional to vol(R*) ~ % Second, || — 0 is the
limit where KK momentum becomes large. Recall that 7 = i% is inversely proportional
to the KK circle radius. Therefore, the KK circle is effectively decompactified, and the full
6d physics is visible in |7| — 0 limit. In this limit, the leading free energy on R* x T2 is
proportional to the volume of the spatial circle in 72, i.e. vol(Rkk) ~ % [75]. Therefore,

the leading free energy in the Cardy limit should be log Z ~ O (616127 .
When taking the Cardy limit (5.3), we should decide the phase of the chemical po-

tentials which can generically have complex values. Here, we shall consider the following

regime of the chemical potentials,
€1 >0, e<0, 2mir<O. (5.4)

For simplicity, we set three fugacities Q1 = e, Q2 = €2, and @, = e>™7 to be purely
real. First, setting 27wit < 0 corresponds to setting (), < 1 which is needed for the
convergence of KK expansion. Second, setting different signs for €; o might seem peculiar,
but it is nothing but a slight deviation from the unrefined setting e¢; = —eo.

In order to investigate the Cardy limit, let us take 7 — 0 limit first. Recall that,
according to our ansatz (4.11), the elliptic genus of twisted M-string (except (C), theory)
can be written as follows,

S|
1 —
En ’ = =~ E Nl‘Ea) ) 'Nﬂ(a) s <) 5.5
(7,2) Du(T, 2) - Du(ngT, 2) 8 =1 (7:2) (n7:2) (5:5)

Here, unhatted parts have modular parameter 7, and hatted parts have modular parameter
nt, where n is the order of the outer-automorphism. Also, a is a monomial index which
enumerates the monomials in the numerator. The asymptotic behavior of the elliptic genus
at 7 — 0 can be obtained by exploiting its property under the S-transformation. Unlike
to the simply-laced case, we have to be careful about the S-transformation. The elliptic

12In [79], additional U(1)"** contribution is considered, here we only consider the non-abelian part.
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genus Z, is a modular form under I'y(ng) which is a congruence subgroup of SL(2,7Z). If
ng # 1, the S-transformation action (? ') is not an element of I'g(n¢). Therefore, the
twisted elliptic genus does not have the S-duality property.

However, one can still apply S-transformation to the elliptic genus and observe how
it behaves. The elliptic genus (5.5) has two parts that depend on 7 and ngT respectively.
Instead of the conventional S-transformation, we shall apply the following ‘separate S-

transformation’ to our elliptic genus of the form (5.5),

D(t,z), N(r,2) — D (1, Z) , N <1, Z) ,
ﬁ(n(ﬂ', z), ﬁ(nm', z) — D (—1 Z), //\f\(—l Z). (5.6)

Recall that 7-dependent part and ngT-dependent part both have zero weights. Let us
assume that 7-part has index i, and ng7-part has index i. By applying the separate S-
duality transformation above, the elliptic genus changes as follows,

)] e () M (8 5)
<l+m>1xgg Dn(_;i)ﬁn(_;vés RNERY

En(7, 2) = exp [—

2miT

As we explained in (4.7), the sum of i and % yields the I'g(ng) index of the elliptic genus.
Therefore, the above expression can be written as follows,

En(T,2) = exp [— ! (mnT(QD)n + (m? — ei)ﬁ : n)]

2miT 2

S () A (-4 2)

= Da(-12) D (- 2)

Now, the remaining task is to determine the asymptotics of the second line of (5.8)

(5.8)

in the Cardy limit 7 — i - 0". In the expression, the numerators and the denominators
contain the following fugacities,

_& _f2 _2mi _m
QP =e 7, QY =e +, QP =e 7, Qb =e 7,

€1 ~ €2 _ 27

~ _ _ ~ ~ __m
OP —c7dr,  QP=eier, QP =cher,  Qh=er. (59)

In our parameter setting (5.4), one can check that |Qf| = |Q1D2| =1 and |QP|,|QP| < 1.
The other fugacities Q2 and QP can also have extreme value depending on Im[m]. For
simplicity, let us assume that m is purely imaginary and is in the ‘canonical chamber’
given as,

0<Imim]<2r — QP<«<QP<«<1&QF«QF«1. (5.10)

Then, it is straightforward to obtain the asymptotics of (5.8). Our basis of the elliptic
genus is given in (4.3). Among those functions, we shall only focus on the ones with m.
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After S-duality, their asymptotics are given as follows,

1 m

A(-1 ) = @) x (1+ 0(QR. QP/QR))
(-1 ) =@ x (1+0@R. @2 /aR)
A=) = (@R x (14 0(@8,QF /0R))
B ™) = @7 x (1+0@R. QP /QR). (5.11)

For the index i, of the Z,, a single A(7,m) or B(r,m) contributes m?, and a single
A(ngt,m) or B(ngt,m) contributes %; Since the m-dependent part in i, is m?D - n,
one can conclude the following asymptotics,

Nn(a) (_l E) _//\\[éa) (_L z )

T T ngT’ ngT
1 2\ 7N 1 z
Dn( P 7—) Dn( ngT’ TLG’T)

Now, we plug the above result into (5.8). Then, one can obtain the following Cardy limit

= (@) x (14+0(QR,QP/QR)).  (5.12)

asymptotics of the elliptic genus,

En(7,2) = exp [— L ( W7 (QD)n + [m(m —2m‘>+0<e2>]ﬁ-n)+0<A£,©£’/@£z>]

2miT 2

~ exp [—2732,7 (61262 nT(QD)n + [m(m _zm-)]ﬁ.uﬂ. (5.13)

Next, let us consider the full 6d index. We shall focus on the non-Abelian part of the
index given as follows,

Z=> E.Q" (5.14)

The electric fugacity Q = e~V probes the tensor branch moduli space of 6d theory. We
will focus on the origin of the tensor branch, where conformal symmetry is restored. In
the conformal phase, we should set v = 0, i.e. Q = 1. By using (5.13), the 6d index can
be written as follows in the Cardy limit,

-
Z ~ Zexp l o (61262 w7 (QD)n + [m(m — 2ri)] ;Daanaﬂ . (5.15)
The summand has a Gaussian structure with respect to the string charge n. Furthermore,
the sign of the quadratic term in the exponent is negative, which guarantees the convergence
of the summation.
The summation over n can be evaluated using the continuum approximation. Let us
consider a new variable below,

= —e162Dn,  (xg = —€169Dgany). (5.16)
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Note that the minimal discrete distance An = 1 while Ar = —e1€2 < 1, and ¢ can be though
as an almost continuous variable. Then, the summation (5.15) can be approximated as the
following integral,

Z~ /OOO g exp {(_27”17)6162 (;;T(D—lg); — m(m — 2mi) (T - 1))} . (5.17)

1
TEL€2

Also, we introduced r-dimensional identity vector I = (1,1,...,1). The free energy log Z

Here, we ignored the Jacobian factor which is subleading than terms in the exponent.

can be computed by using the saddle point approximation of . The saddle point equation
and its solution are given by

(D' —m(m —2r)[ =0 — p=m(m—2m)(Q D). (5.18)
By plugging the saddle point value (5.18) to (5.17), one can obtain the following 6d free
energy,

IT - Q7 'D - I m?(2ni — m)?

log Z ~ —
8 2 (—2miT)erey

(5.19)

which is valid in the Cardy limit. For all Lie algebras including (C; )., one can check that
the overall coefficient is equivalent to the following group theoretic constant,

h¥de

. Q'D. 1=
12

(5.20)

where d¢ is the dimension and kY is the dual Coxeter number of G. The values are listed
in table 7. As a conclusion, the Cardy free energy of 6d (2,0) theory of type G is given as
follows,

hgdg m?(2mi — m)?

24 (—2miT)erey

log Z ~ — (5.21)
where the 6d theory is twisted if G is non-simply-laced. Our derivation of (5.21) solely
depends on the index of the theory, for C) theory with different theta angles, they have
the same index up to a redefinition of the string charge n — %n. In the Cardy limit, the
string charge is integrated out, such that at least at the leading order, the Cardy limit is
the same for (C))g theory with different theta angles. Interestingly, one can observe that
the 6d Cardy free energy (5.21) (without Abelian contribution) takes a universal form for
all Lie algebras, even with the outer-automorphism twist. For the classical algebras A,
B,, C,, and D,, the free energy scales as log Z ~ 7> when r > 1. This reiterates the fact
that N Mb-branes have N3 degrees of freedom in the large N limit [81].

Furthermore, we can compare the Cardy free energy for theories before and after
twisting. From the table 7, one can see that for all the Langlands dual pairs of Lie algebras
(G, GV(M) of the twisted compactification in the table 1, the following identity holds:

h¥ de

= h¢v dgv. (5.22)
ne
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da hé 17
A [ (r+1)2 -1 r+1 %7’3—#%7’2—%%7’

B | 2rf+r |2r—1 ard— L

Cy 2r? +r r4+1 | g4+ 2+ S

D, 272 —r 2r — 2 %7“3 - %7"2 + %r
G2 14 4 4
Fy 52 9 39
Es 78 12 78
E; 133 18 399
Es 248 30 620

Table 7. Dimension, dual Coxeter number, square of Weyl vector of Lie algebras.

Plugging it into (5.21), we find that the Cardy free energy remains unchanged after the
twist, provided that we take the change of radius into account. This nicely shows that in
the large radius limit, the effect of twisting is not visible and the physics should remain
the same.

In the computation above, the non-zero value of the saddle point (5.18) has a special
importance. Physically, it indicates that the string charge n condensates to a non-zero
expectation value in the Cardy limit [79]. From the saddle point of ¢ in (5.18), the string
charge n in (5.16) can be written as follows,

. r
(na) = ML= SN pig-ip), (5.23)
e o
where (n,) denotes the value of n, at the saddle point. The interesting fact is that the
above expression is identical to the Weyl vector of the Lie algebra. To be specific,

r

S (DD i, = % Y a=p, (5.24)
b=1 FEAH(G)

where @, is the root vector of the bth node of the Dynkin diagram of G, and A" (G) is the
positive root system of G. For the (C)), theory, the last root vector should be replaced
by half of the root vector, one can then verify that (5.24) still holds for the (C;), theory.
The half of the sum over the positive root vectors p is called the Weyl vector of G. As a
result, for all 6d (2,0) theory with or without twist, the string charge n has the following
value at the saddle point,

m(2mwi —m)

n)=——""7. (5.25)
€1€2
As well as the free energy, the sum of the string charges (3, nq) ~ |7|? also scales as 73
\
when r > 1. The Weyl vector sum precisely explains the free energy, i.e., |7]*> = hC{;G.

The values of |7|? are listed in table 7.
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With all the ingredients we have, we can now perform a similar computation for the
asymptotic entropy as was done in [79]. The result is

S ~ 27?\/\/§hédgp(<]2 —(J+ +QRr)?) — Q% + 2miQy, . (5.26)

An interesting remark is that since hdg P is a constant under twist operation, the entropy
formula (5.26) is the same for twisted and untwisted theories.

Lastly, let us make a brief comment on the periodicity of m. The Cardy formula (5.21)
is obtained in the canonical chamber (5.10) where 0 < Im[m] < 27. One can do a similar
computation outside of the canonical chamber, but it needs modification on the asymptotic
behavior of (5.12). For ADE-type theories, such computation was performed in [35, 79],
and the result restores the periodicity m ~ m + 2mwi. We expect that the Cardy formulas
for twisted (2,0) theories are also periodic under m ~ m + 2mi.

6 Conclusions

In this paper, we studied 6d (2,0) SCFTs on a circle with outer-automorphism twist and
their BPS partition functions. The twisted (2,0) theories are the UV fixed points of 5d
N = 2 SYM with non-simply-laced gauge groups: B,, C,, G, and F;. We used blowup
equations to obtain the BPS spectra and could determine the elliptic genera of twisted M-
strings with modular bootstrap. Our results for the elliptic genera of twisted M-strings are
completely new since there has been no known method to compute them. Lastly, we obtain
universal 6d Cardy formulas for the twisted (2,0) theories, which yields log Z ~ (rank)3
when the tensor branch rank is large.

In this paper, we also determine the modular property of the elliptic genera of twisted
M-strings. If we impose outer-automorphism twist Z,, on M-strings, its elliptic genus is not
a modular form under SL(2,Z), but its congruence subgroup. The modular index of the
twisted M-string can be obtained by folding the original untwisted M-string, as described
in (2.19). This modular index was double-checked by comparing with the elliptic blowup
equation (3.33). As a result, we can bootstrap the twisted elliptic genus from the ring
structure of To(V).

There are several interesting topics that worth pursuing in the near future. The first
and most obvious one is to understand the 2d quiver theory living on the twisted BPS
string. In particular, for the (2,0) SCFTs of A type one is supposed to perform certain
twist or projection on the known 2d quiver [4]. However, at present it is not clear to the
authors what are the correct rules, as the elliptic genera on two sides seem not related in
a simple way.

Also, one may consider the generalization of our results to 6d little string theories
(LSTs) [82]. The 6d LSTs are non-local quantum field theories and enjoy T-duality. Specif-
ically, (2,0) LSTs are T-dual to (1,1) LSTs [32, 83]. (2,0) LSTs have well-known ADE
classification, but one can impose an outer-automorphism twist on a T-dual circle. We
speculate that the corresponding T-dual theory is a (1,1) LST with a non-simply-laced
gauge group. It would be interesting if one can check the duality by explicitly computing
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the elliptic genera of 6d twisted little strings. Similarly, we can start with (1,1) LST with
ADE group and compactify with an automorphism twist on T-dual circle. The resulting
(2,0) theories seem to lie beyond the ADE classification. It would be interesting whether
these theories make any sense.

Another interesting direction is to explore the blowup equation for the little string
theories, in particular, the blowup equation for 6d (1,1) LSTs. The main difference between
LSTs and SCFTs is that there is an additional non-shrinkable circle, which may lead to
non-local objects in the blowup equations. However, notice that a 6d (1,1) little string
theory can be regarded as an elliptic version of the 5d N’ = 1* theories, which means the
blowup equation for (1,1) little strings is simply an elliptic lift of (3.17). We hope to
present it in the near future.

Twisted strings in 6d (1,0) SCFTs are also interesting objects to study. Twisted
compactification of 6d SCF'Ts yields 5d KK theories, which are parents of large class of 5d
SCFTs [10]. It has been recently found that the blowup equations are strong methods to
obtain the BPS spectra of those 5d theories on R* x S! [22]. However, non-critical strings
in twisted 6d SCFTs have not been studied extensively so far. We expect that the modular
property of twisted strings in (1,0) SCFTs can be also obtained from folding procedure
similar to (2.19), and the modular bootstrap would be a useful tool to explore the physics
on those strings.
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A Modular forms

In this appendix, we briefly summarize necessary results about the theory of modular
forms [84-86].

Elliptic modular forms:

Definition 1. A function f : H — C is called a modular form of integer weight k for a
modular group T if f is holomorphic on HU {oo} and satisfies the following equation

f(::__i_s) = (et + d)¥ f (1), for any(jfi) el. (A1)

For example, let us consider the full modular group SL(2,Z). We can choose the
matrix T = (1) to find that f is periodic f(7+ 1) = f(7). It is standard to introduce
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q = exp(2miT), such that f can be expanded as a power series in ¢,

F7) =Y and" (A2)
n>0
f being holomorphic yields n > 0. If furthermore ag = 0, f is called a cusp form.
Modular forms naturally form a ring M,(T"), graded by the weight. The important
result is that such space is always finitely generated. For the full modular group SL(2,7Z),
M. (SL(2,Z)) is freely generated by E4 and Eg [84, 85], where Ej, is the famous Eisenstein

series,

1 1 2k &
E = —— —— FEilg=0=1— — _ " A3
k(7) "0 (m%:eﬁ (m ) klq=0 Bknz::lak 1(n) q (A.3)
(m,n)#(0,0)

with By the " Bernoulli number and o;(n) the sum of the i'" powers of the positive
divisors of n.

Moreover, in this paper it is equally important to consider congruence subgroups I'g(V)
of SL(2,Z), defined as follows,

Cc

To(N) = { (“ Z) € SL(2,Z) : ¢ =0 (mod N)} . (A.4)

As a special case, I'g(1) = SL(2,Z). The ring of modular forms for I'g(/N) will be denoted
simply as M,(N). Since the group is smaller, it is possible to have more generators. We

EM(r) = —%%a log (;Z;g) , (A.5)

where 7(7) is the Dedekind eta function n(7) = qi [1(1—¢"). It is not difficult to show
i=1

introduce

that EéN) is an element of weight two in M, (V). In the main text, we need to consider
N = 2,3, 4, for which we have the following result,

M, (2) = (E (), Ea(7))
M, (3) = (E) (), Ea(r), Eo(7)) , (A.6)
M. (4) = (EP) (1), BV (), Ea(7), Bs(7)) .

However, in actual computations, we find it enough in mostly of the cases to use the
modular forms FEy(7) := Ex(N7). It is not difficult to show that Ej(7) indeed belongs
to M (N).

Jacobi modular forms:

Definition 2. A Jacobi modular form of weight k and index m for a modular group I is
a function ¢ : H x C — C that depends on a modular parameter T € H and an elliptic
parameter z € C. It transforms under the action of I' on H x C as

b b
THTWZ%, z»—>27:C7_j_d with (Ccld)EF, (A.7)

— 44 —



as

27rimc22

¢k,m (7_’)/7 Z’y) = (CT + d)ke er+d ¢k,m(7—7 Z) ) (A8)

Gl (T, 2 + AT + ) = eiQﬂim()‘QTHAZ)(bk,m(T, z) Y\ uez. (A.9)

Let us first consider T' to be SL(2,Z). Choosing T = (}1) and A = 0,4 = 1 in
equations (A.8) and (A.9) respectively we learn that the Jacobi form is invariant under
both shifts 7 — 7+ 1 and z — z + 1, so it’s legitimate to write down the expansion,

(T, 2)km = »_c(n,7)q"y", with g =™, y =™, (A.10)

n,r

The coefficient ¢(n,r) actually only depends on r and an SL(2,Z) invariant combination

dnm — r?

. We are interested in the so-called weak Jacobi modular forms, which satisfy
c(n,r) = 0 unless n > 0. We denote its ring as J*,(I').

It is shown in [86] that the ring of weak Jacobi forms J, (SL(2,Z)) with even weight
and integral index is freely generated over M, (SL(2,Z)) by two generators ¢_s (7, z) and

©0,1(T, ). They can be defined in terms of Jacobi theta functions,

91 (T, 2)2
n(r)6

Oa(T,2)? n 03(7,2)%  O4(T,2)?
02(7,0)2  65(7,0)2 '

A(T,2) = p_21(T,2) =
(A.11)

B(7,z) = po1(1,2) =4 (

By the same token, we also need to consider the Jacobi modular forms for the congru-
ence subgroups J,(I'o(N)). For us, the most important class of examples is the Jacobi
forms ¢ (N7, 2) where ¢y ., (7, 2) belongs to J,(SL(2,Z)). For brevity we just denote it
by ggk,m, with NV understood from the context. Also note that the actual index of ¢y, (7, 2)
is reduced to m/N, as is shown explicitly in the section 4.1.

In the final part, let us show the identities among the generators that are used in our
modular ansatz, for N = 2,3. For modular forms involving 7 and 27, we find the following
relations,

/N 7N

m@ Ej)
| |
ol =3 | ot

(A.12)

.
I
= Sl

™
|
®

In order to prove them, we need to invoke the following known identities involving the
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Jacobi theta functions,

NP = 3 (6a6s6)
05 =05 +0;,
EP = —93 + 94 :
Ey = %(93 + 65+ 6%).,

1
Eo= L(-365(04 + o) + 032 + 017)

(A.13)
1 1
05 = §9§ - 5027
1
0 79?% + 504 )
0% = 030,
01(2)04(2) = 50261 (2)
01(2)% + 04(2)? = 0304(z) .
As an example, we present here a proof of the last equality in (A.12).
A~ 3 o~
r.h.s. = AB + 6—402A2 ,
Al (222 03(2) 3 01(2)
== |A|[ 3650 — 03— 03 9 Mz
AH“%) P
_ 3 4 [ 0304(2) 4, 1oy 894( )
— A [492 ( é\%(z) — 1 _93 + 592 02 ,\12 y
202 . 02
= A §9‘21 40394(Z) 2493924(2')01(2) —1) = 9 + 194 + 1202( 2) ,
4 07(2)05 2 0567
(A.14)
202 2 02 2
(A g L) - p0OIRC) pFCIE) Fie)
07(2) 4 936 507
0302603 ( 1 9292
) 305(2)
(3 92( % = 4% ) 9292 ’
B 020202 (2 1 3
Ay ) 3,
= L.h.s.
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n N

10 1
e E(AmB—i— - A+Bm)
01 1,7 5 ~ o~
- ﬁ(AmB—‘r - A+Bm)
11 1 ~ o~ ~ o~
- 2 (AnB_ — A_By)(AnBy — A, By)

b (AnBs = Ay Bn)(An By = AsByn) (8142 ALB_E{ Ay, = 27AS ALE B,y — 9ALBS A, — 9A_ ALB2 3B, — 9642 ALB_E} Ay,
21 +32 A® AL E2B,, — 444 B} EgB,, — 24A_ AL B2y EgA,, — 54A% A3 B, E3A,, — 54A_A3 B2 B, E} A, + 18A2 A3 B_B, E}B,, + 644 A3 B, E3A,, — 6 A% B3 B E,B,, — 20A3 B* B, EgA,,
*-—=e —12A_A3 B2 B, F¢By, — 24A2 A3 B_ B, EyEgA,, + 24A% A B, Ey EgB,, +36A% A2 B2 E3B,, — 1242 B3 B2 Ey Ay, — 36A_A2 B2 B2 EA,,

+36A2 A2 B_B2 Eg By, + 244% A2 B2 EyEgAy + 184% A, B3 E3 Ay — 6 A_A B2 B3 Eq Ay + 1842 A, B_B3 EyB,,, + 1242 A, B_B3 EgA,, + 20A% A, B3 EgB,,

+3A2B_BY EyAy, + 343 BYE By, + 443 B EgA,, + 2A, B3 B} B,, + B3B! A,, - 34 Biywm)
1 2
o«

+36B°B, A,
o1 BB, A

Table 8. Elliptic genera of By. Here, A, = A,(7), A\Z = A.(27), and same for B,.

For modular forms involving 7 and 37, the situation becomes more complicated. Ex-
perimentally, we find the following identities which we verify up to very high orders in g,

-1 3 2
Ei= 10 (E) — EBq),
Fo= = (35 (E(3))3 —7E,EY) — Eq
27 2 2 ’
_ L (e 52 () 3A . B2
A=A (BSY)" 42 4+ 2B AB + B?), (A.15)
_ 1 s 33 (3)
B=—rgrd 23 (B5”)" —19E,B5Y — 4B,

1 - 2 N . N
L (BY)" A2 + 26,42 + 6B AB + 3B

B Elliptic genera and BPS invariants

In this section, we present the numerator of the elliptic genera for the following twisted M-
strings: Bs in table 8, G in table 9, Bs in table 10, (C3)g in table 11, and Fj in table 12.
The elliptic genera of (C1)r and (Ca), theories is listed in table 13. We also list some
refined GV invariants of geometries that engineer 5d AN/ = 2 gauge theory of type G2 and
Fy, obtained from the blowup equations or the elliptic genera, in table 14 and 15.
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n N

- A A

= ﬁ( mB+ - +Bm)

10 ~ o~ ~ o~

= 13 (AmB+ — A+Bm

11 1 ~ o~ ~ A~

- i (AnB- — A_By) (A, By — Ay By,)
55(An B = A-Bn)(AnBi = Ay Byn) (—27B4 Ap E}AS + 274, BB} AS + 328, Ap E3A° — 324, B, A%
+24B_ By Ay E\EgA® — 24 B_A, B,,EyEgA> +45B% B, A, E3A* — 4582 A, B, E3 A* + 54B_A3 A,,E3 A% — 54A_ A3 B, E$ A3

2 1 18B_A.B% A,,,u 243 4184 A+B LBy E3A3 — 64B_A3 A, B} A% + 64A_A3 B, E2A% — AB_ B3 A, EgAS + 40B3 B. A, EgAS

i +4A_B3 B, EgA3 — 40 B‘A+ —24B_A2 B A, E\EA® +24A_A% B. B, E\EgA3 — 54B_B_ A2 B, A, E}A% + 54A_B
+15B By Ay By 2 15B*A. B, B, A —36B_ B_A, B2 A, EgA2 +36A_ B_A, BB, EsA> —24B_ B_A
+24A_ B_A3 B,,E. F‘,AZ - 18]3 BZA"‘ AnE3A_ +18A_B2 A3 B, E3A_ —18B_B2A, B2A,EyA_ +18A_B2A, B2B,EA_
—36B_B2A% B.AnEgA_ +36A_B*A2 B B,EA_ +2B_B3B® A, — BSBiA, —2A_B*B3B,, + BS A.B,, —6B_B*A2B. A Es+6A_

= i BN B BB AL + 14 B B A, ri»r‘ (' \.‘ e o A} + 45702 B2 B B et o

Table 9. Elliptic genera of Go. Here, A, = A.(7), A\Z = A,(37), and same for B,.

111 2,7 B ~ o~
g5 (AmB— — A_Bpp)* (A4 By — Ay Ay
2 11 s (An By — Ay Bp)(AnB- — A_B,)(Ay By — A, By) x (euAl ALB_E}A,, — 2TA% A E}B,, — 9A} BY E3A,, — 9A_AY B2 E}B,, — 96A% A\ B_EZA,, + 324 AL E}B,, + 444 B® EGB,,
o0 S4B A — 5443 A3 BL E{A,, — 54A_A% B2 By E{ Ay, + 1842 AL B_B E1B,, + 64A% A% B E}A,, — 6A% B2 B, By By, + 20A% B2 B EgA,y, + 12A_A3 B? B EgB,y, + 2442 A3 B_B, E\EgA,, — 244 A% BL E\EB,,
+3643 A2 B} E3 By, — 1243 B3 BL Ey Ay + 36A- A3 B2 B} EgA,, — 36A2 A3 BB Eg By, — 24A3 A2 B B\ Eg Ay, + 184 AL BLEF A, — 6A_ A B2 BYEy Ay, + 1842 AL B_B} E\B,, — 1242 A, B_B} Eg A,
—20A% A, BY BBy + 3A2 B_BLEsAy + 3A3 BYE By, — AA® B Eg A, + 2A, B2 BY By, + B2 BL A, — 3A_B2B1B,,
1 21 s (Am By = Ay Bu)(AnB- — A_By)(AnBy — A By) x (731 A% AN BLE} Ay — 2TA3 AV BBy + 9AY BYEJ Ay, + 2TAL AY B2 E3 B, + 96A% A By E2 A + 3243 AV E3B,,, — 8AY B E B
PPN, 2UAL A B2 EyEg A — 20A% AY By EyEg By + 108A3 A3 B_E{ Ay, + 3645 A3 B_B2E3 Ay, + 3642 A% B_ B E3 By — 12843 A3 B_EZ Ay + 1243 BB EyB, — 164% BB EgAy, — 48A, A® B_B2 EB,
—54A3 A2 B2 By E} Ay, — 18A% A2 B2 B3 By + 6A2 B2 B Ey Ay, + 184, A% B2 BY Ey By + 4843 A% B2 By Eg Ay, — 36A% A_B? E} A, — 12A, A_B B Es Ay,
1243 A BYB,EyByy + 4847 A B3 B, FgAy + 1644 B3 FgB,, — 943 BLB, FyAy, — 343 B Ey By + 8AL B oAy, — 44 BB} By + BLBL Ay, + 34, B B1B,,)

Table 10. Elliptic genera of Bs. Here, A, = A,(7), ﬁz = A,(27), and same for B,.

n N

111 ~ o~ ~ o~ PPN ~ A~
o oo 2633 (A_B,, — AnB_)(A_B,, — ApnB_)(AL By, — A B)

11 2 g (Aw By — AL By) (A By — AL B,) (A, B — A,B,,.)(xm? A B_E} Ay, — 21A% AL E}B,, — 9AY B? B3 A, — 9A_AY B2 E3B,, — 96A% A B_EZA,, + 32A% A BB, + AAY BY EgB,, + 20A_ A B? E\Fg Ay,
PR, —5443 AY B B} A, — 54A_ A} B2 B, E} A, + 18A2 A3 B_B, E}B,, + 644% A3 B, E3A,, — 643 B® B, Ey B,y + 2043 B3 B, Eg A, + 12A_ A3 B2 B, EgB,, + 2442 A3 B_B, EyEg A, — 24A% A3 B, E\EgB,,

+36A% A3 B2 E3B,, — 1242 B® B2 EjA,y, + 36A_A% B2 B} EgA,, — 2 A2 BB} EgB,, — 24A% A2 B2 EyEg Ay, + 18A% Ay B3 E3 A, — 6A_A, B? B} Ey Ay, + 1842 AL B_B} EsB,, — 1242 A, B_B3 EgA,,
—20A4% Ay B} EgBy, + 342 B_B! EsAy + 3A° BLEB,, — 4A° B Eg A, + 2A, B> B3 B,,, + B* B1 A, - 3A_B*> B! B,,,)

Table 11. Elliptic genera of (C3)o. Here, A, = A,(7), A, = A,(27), and same for B,.

1111 ~ o~ ~ o~ ~ o~ 9
oo — — —
gt (A By — Ay By)(An B — A_By)(AnB- — A_By,
s (AmB- — A_By)(AnBy — Ay Bp)(AnB- — A_Bu)(AnBy — A, Bp) x (xmi 1 B_E}A,, — 27A% AL E{B,, — 9A' B} E}A,, — 9A_ A\ B> E}B,,
2111 —96A2 AL B_EZ Ay, + 3243 AL E3 By — 4AY B EgByy — 4A_AL B2 By Eg Ay, — 54A3 A3 B, E} Ay, — 54A_ A3 B2 By E3 Ay, + 1842 A3 B_B, E} B, + 64A% A3 B, F3A,,
*—o 0o —6A% B? By E4B,, — 20A% BY By EgAy — 12A_A% B2 By BBy — 24A% AY B_ B EsEg Ay + 24A° A% B, EyE By, + 36A% A2 B2 E3B,, — 1243 B3 B2 EyA,, — 36A_ A3 B2 B} EgA,, + 36A% A2 B_B} E¢ B,
+24A% A2 B2 By Eg Ay, + 18A% A B} E3A,,, — 6A_A, B2 B} Ey Ay, + 1842 AL B_B} BBy, + 12A2 A{ B_B3 EgA,, + 20A* A, B3 EgB,,, + 3A% B_B E\A,,, + 3A% BYE,B,,
HAAS B Eg Ay + 24, B BYB,, + BYBY A — 34 B2BYB,,)
1211 AmB- — A_Bp)(AnBy — Ay Bp)(AnB- — A_Bpn)(AnB: — A, By) x( 8142 AL By B} Ay — 2TA3 AV BB, + 9AY B E3A,, + 27A, A B2E3B,,
——o0—o LB B3 A + 3243 AL ERB,,, + 8BALBLE By + 2444 AL BLE Eg A,y + 2443 AL B Ey g By, + 10843 A3 BUE{ Ay, + 3641 A B_BI B} A, + 36A2 A3 BB, E3B,, — 12843 4% B_E3 A
+124% B_B} EBy, + 16A% B_B} Eg Ay, + 4844 A% B_B? Eg B,y — 54A% A% B2 BL E} Ay, — 184Y A2 B2 E3 B, + 6A% B? B} E Ay, + 184, A2 B2 B E4B,,, — 48A3 A% B2 EyEg Ay, — 36A3 A_BY E3 A,
1244 A_BS B2 EyAy, — 1243 A BS By Ex By — 4843 A_BY By Bo Ay — 1643 A_ B3 Eg By — 942 BLBL EuAy — 3AL BBy — SALBY Bo Ay — AA_BS BBy + BB Ay + 34, BL B2 B, )

~

Table 12. Elliptic genera of Fy. Here, A, = A,(7), A, = A.(27), and same for B,.
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n N
1 ~ A~ PPN ~ o~ PPN
1 (2) (4)
° W(AmB+*A+Bm)<AmB—*A—Bm)(E2 *EQ )
10 1
e 15(Am By — Ay Bm)
01 PPN ~ o~ ~ A~ ~ o~
1 (2) (4)
e ' (AmB- — A_Bp)(AnBy — A Bp)(AnB_ — A_Bp)(EY? — EY
=-e W(m—_—m)(m+_+m)(m—_—m)(2_2)
n I(r,€1,€2)
e (h‘z 2 — B ,)2(51-:2&2/4’,_»’13/}, + 2 1 16E2,A2 B2 + 64E3,A_ AL BB, +128E22A_B_B2 + 128E,2A. B2 B, + E},A> A2 + 256 B2 B2
+ 96Ey4 22 A2 B2 — 1920E54 B2 A2 B2 4 384F; 4 A_B_ B2 + 384E; 4 A, B2 B, — 564E,,E§ A2 A%
2 AL B_B. — 4392E»E2 B /3-*)
° A A, B By —640E2A_B_B2
0545224 B2 +1152F4F22A_ A, B_B. +1296E3 , A
)
—6048F3 ;A% B? — 6309E3 ;A% + 8316E22E3 , A% — 383453 .3 ‘.ii,)

Table 13. Elliptic genera of (C}), and (Cy)x. Here, A, = A,(27), A, = A.(47), and same for B..
And Es 5 = EéQ)(T), By = E§4) (7). (The definition of Z(7, €1, €2) can be found in section 4.3.)

C One-instanton partition functions

In this appendix, we provide the one-instanton partition function Zins* = %

-%Z 1 for G, Fy, Eg, E7, Eg with gauge fugacities turned off. With the notation

v = (qlqg)fé = e~ %+, we observe that Z~1,G take the form

v hY,—1
B v2hG—2 G
AReE= W nzz%) X(n)Pn(U)a (C.1)
with P,(v) = P,(v™!). In the massive limit m — oo, only Py _1(v) survives, and the theory
should become the pure gauge theory with gauge group G. We verify that our results here
indeed are reduced to the Hilbert series for pure gauge theories studied in [87, 88].
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3

2 3 4
7 2

129

81 1
28
96

28
25

1

Table 14. Refined GV invariants from 5d N = 2 theory of type G, fiber degree 2, 3 and 4 with

mass degree 2 and 3 respectively.
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{@,1,1,1),4,5} | 25+ =0 1 2 {(1,1,1,1),4,6} [ 2j, =0 1
2j_ =0 46 16 :
25 =0 7
1 35 1 5
8 3
(L1155 12+ =0 1 2 3 | meq g9y 560 (97, =0 1 2
27 =0 236 130 2j_ =0 46
1 256 32 1 38 14
86 64 9 10
1 16 4
{(1,1,1,1),6,5} | 2j, =0 1 2 3 4
2j_ =0 1172 866 37
1 1572 365
2 634 595 48
3 219 93
4 11 24 5
{(1,1,1,1),6,6} | 2j. =0 1 2 3
2/ =0 310 34
1 267 167
2 128 21
3 13 15

~ 51 —

Table 15. Refined GV invariants from 5d A/ = 2 gauge theory of type Fj, fiber degree 4, 5 and 6
with mass degree 5 and 6 respectively.




(g0 =+ + ;_AS0TT — 028T — LA80GT — ,ATVE — g29g — ga—) ®X+
((;_0 4 a) +agepLE + (AL680T + (ATEGT + ,068) WX+
(9_9ZET — -+ + ,_ATSLGFT — 0LEOVT — LATSLGYT — ,ATEL6T — 4292eT—) OX+
((;_a ¢ a) +a996200T + L290VSTE + (ATVSET + 2917 — (297) DX+

(g—@ =+ + ;_1999€80C — 0STLVLE — L1999ER0C—
LATLLOGE — g29L8Y + g€ — 20T — 70—) WX+
((,_@ < Q) + A8806GTL + (RIGFITOT + (AES6IE + ,0EF0L — (€8T + ,2) EX+

(g_0€LT — -+ + ,_A0TLSFSL — P6TITGHT—

LA0TLSFGL — LA9TLO69 — 4286GCS + g2€L7—) @X+
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