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1 Introduction

There is by now a rich interplay and convergence between the subjects of symplectic singulari-

ties and supersymmetric 3d gauge theories. Some examples of this include vortex counting and

quasimaps [1-6]; symplectic duality and 3d mirror symmetry [7]; 3d-3d correspondences [8-11]

and correspondences between boundary conditions and generalised cohomology [11-16]. In

this work, we are interested in extending this interplay and investigating geometric aspects of

the holographic relationship between 3d gauge theory and AdS, gravity.

Physically, it is well-known that the Bekenstein-Hawking entropy of certain static BPS

magnetically charged black holes in M-theory on AdS; x S7 can be accounted for by the



large N asymptotics of the topologically twisted index of the holographically dual 3d N =4
ADHM theory with one flavour and U(N) gauge group [17-21].} As we will detail later, the
theory has flavour symmetry group 7', whose maximal torus is generated by the charges
(F1, F», F¢). Fg is the 3d topological symmetry (the Coulomb branch flavour symmetry)
under which monopole operators are charged. The index is a function of fluxes (ny,n2,n¢)
along (F1, Fy, F¢), and fugacities (t1,t2, () conjugate to (F1, Fa, Fr). One of the main goals
of our work is to provide a concrete geometric interpretation of the black hole microstate
counting from the perspective of enumerative geometry and integrability.

Geometrically, we study the Hilbert scheme of N points in the plane, denoted Xy =
HilbY (C?). This variety arises as the moduli space of Higgs branch vacua of the aforementioned
gauge theory; described as a quiver in figure 3. Enumerative counts of quasimaps in Xy [24]
are related to physical hemisphere partition functions [25] and the K-theory of the Hilbert
scheme realises an integrable system associated to the quantum toroidal algebra gl; [26, 27].
The quantum K-theory ring QK7 (Xy) naturally acts on this Hilbert space — physically as
line operators acting on states generated by boundary conditions — and the expectation
values of operators in this ring are controlled by the Bethe equations associated to this
integrable system. We then realise the known entropy functional

4
S=N: \f\/ A1AsAzA, Z
i=1

as large N expectation values of operators in the quantum K-theory ring of the Hilbert

. 4 ~
2L YA =2, (1.1)
A; i=1

scheme of points. A; are a redundant parametrisation of the chemical potentials (logty, log ta,
log ) refining the index, and n; satisfying 2?21 n; = —2 are a redundant parametrisation
of the fluxes (n1, ng, ng).

Along the way to recovering the entropy functional from the enumerative geometry of
the Hilbert scheme, we identify a dominant Higgs branch vacuum providing a geometric
dual to the gravitational/Cardy block [20, 21, 28]. We develop new numerical techniques
to give significant evidence for a novel conjecture that this vacuum corresponds to a fixed
point on the Hilbert scheme described by a particular triangular-shaped Young diagram. We
give a precise statement of this conjecture in section 5.

Summary. The main object of study is the (equivariant) quantum K-theory ring QK7 (Xy)
of the Hilbert scheme of N points in the plane X = Hilb"¥(C?). The physical construction
is a B-twisted 3d N = 4 gauge theory on S? x g S! where the ring is realised as the ring
of BPS Wilson line operators wrapping S'. We write

QKr(Xy) = Z[sF, ..., sV 1 451/, (1.2)

where the equivariant parameters {s,}_; and t; and ¢, are realised physically as gauge and
flavour fugacities (complexified Wilson lines) for the field theory, the latter corresponding to

More precisely, the black holes are dual to BPS states in topologically twisted ABJM theory with k = 1
and at large N via the standard AdS/CFT duality in [22]. The ¥ =1 ABJM theory is in turn dual to the low
energy limit of ADHM theory with one flavour [22, 23].



Figure 1. Partitions are specified by their parts A = (A1, Ag,...). The transpose partition is denoted

AV. Partitions can be written as Young diagrams in Z? with boxes labelled by s = (i, j) € A, where

(i,7) run over the rows and columns respectively. The arm and leg lengths of s € A are defined as

ax(s) = Ai — J, Ix(s) = A} —i. The hook and the content of a box s are hy(s) = ax(s) +Ix(s) + 1,
=7 —

ex(s) i

the group of flavour symmetries 7. The ideal Z is generated by the Bethe equations which
correspond to the vacuum equations of the 3d N/ = 4 gauge theory

eSedsaV = 1. (1.3)

Here W is the effective twisted superpotential of the theory considered as a 2d theory after a
Sl-compactification. The Bethe equations are a set of rational equations for {s,} dependent on
the equivariant parameters t1, to. We write them explicitly in (2.23). As we shall explain, the
ring of operators QK7 (Xy) acts naturally on the Hilbert space of localised K-theory denoted
Hy = K%,S)C'(X ~), which corresponds physically to the space of supersymmetric ground states
of the theory on a torus with complex structure 7, in the limit where ¢ = ¢*™7 — 1. The
supersymmetric ground states correspond to classical solutions to the Bethe equations (1.3),
meaning solutions in the limit ¢ — 0. This Hilbert space? has a linear basis of torus fixed
points, corresponding to massive vacua, which for X correspond to partitions i.e. Young
diagrams |\) with N boxes (see figure 1 for our Young diagram conventions).

Via the gauge-Bethe correspondence [26, 27, 30-32], YW may be alternatively viewed as
the Yang-Yang potential of the quantum integrable system associated to the Hilbert scheme
and the representation theory of quantum toroidal gl;. The space @ Hy may then be
viewed as a Fock module for this quantum group [29].

In this work we are interested in vacuum expectation values of quantum K-theory

operators acting on Hpy denoted

(O)qK- (1.4)

Physically, this quantity is computed by the B-twisted index Z on S? xp S! with a Wilson
line insertion [33]. To further elucidate the geometric interpretation of this quantity, we
introduce an angular momentum refinement graded by a parameter ¢ on S? xp S' and slice
open the path integral on T2 along an equator of S? with a complete set of states/boundary

2In fact [29], the Hilbert space may be identified with the space of Macdonald polynomials and the inner
product structure arises as the Macdonald inner product.
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Figure 2. The factorisation setup. The path integral on S? x S' in the presence of a line operator is
sliced along a S! x S boundary with a complete set of states |\)(A| inserted.

conditions |\) € Hy [7, 34]. The setup is illustrated in figure 2. The expectation value
may then be computed as

(O) =1lim > Hio)(q, ti)Hxa(g7 '\ t;)
)

qg—1

(1.5)
= > _(OIN)(A0).
A

In the first line Hy are partition functions of the theory on the hemisphere geometry HS?.
Geometrically they compute the (virtual) Euler characteristic of the space of quasimaps to
Xy, based at A, i.e. the vertex functions of Okounkov [32], but normalised by appropriate
perturbative contributions [34]. In the second line (O| denotes the state created on Hy by
the path integral on the bulk H.S? in the presence of a line operator and (O|)) is the overlap
with a boundary condition that is associated with massive vacua A\. The hemisphere partition
function H )(\O) may then be viewed as the transition matrix between the line operator and
fixed point bases of Hy.

In the ¢ — 1 limit the inner products can be interpreted as eigenvalues of quantum
K-theory ring operators acting on the localised K-theory Hilbert space. We will show that
the ¢ — 1 asymptotics of the hemisphere partition functions are explicitly given by

(O)

~1/2 T*
(O) = lim H{ a (T R) Oty
q—

O = )it (Ag) |, Vact oWy

where W, and O, respectively denote the values of the effective twisted superpotential of

(1.6)

the theory and the line operator on the Bethe root corresponding to the massive vacuum .
The normalisation is given by the a-genus of various weight spaces associated to the Higgs
branch geometry that we explain in detail in the main body. We also later give a Higgs
branch geometric interpretation to the superpotential W.

We now turn to the main physical object of study, which is the B-twisted index with
fluxes for flavour symmetries ISJ?Q (t1,t2,(;ny,n9,ne). That is, background fluxes for T are
turned on, with strengths (ni,ng,n¢) € I'(T) = Z3 in the co-character lattice of T. In
the absence of the angular momentum refinement, it follows directly from the Coulomb
branch localisation formula that

A~ Tk n1t10¢, +n1t10t, —nc (O )W
IB2 _ <€(n1t18t1+n1t16t2—nCC8C)W> o Z a(T R) e( 1110t 1110ty cC C)
g2 = —

+ alpuc)a(Age) |, det 92W,, ’

(1.7)



where the latter is a sum over evaluations of gauge fugacities at the Bethe roots A.

The above may equivalently be understood as the expectation value of an operator in
QKp(Xy), i.e. of a Wilson line operator. This is explained as follows. Since the theory is
topologically twisted, the flux can be concentrated at a pole of the S? (and wrapping the
S1), and is thus equivalent to an insertion of a *# Hooft line operator, as opposed to the
Wilson line operators considered above. By introducing the angular momentum refinement

€

corresponding to ¢ = e~ ¢, we take the 't Hooft line operator to act on one of the hemisphere

partition functions, along the S' at the pole of the HS?:

ISB2(t17t25 Ca '[11,112,110) = él_% Z (ﬁgcﬁ?lﬁ? : H)\(qatla t27 C)) H)\(q_lvttha C) ) (18)
A

where (p1, P2, pc) are 't Hooft line operators for 7' with unit flux. In the hemisphere partition
function, 't Hooft line operator insertions along the S' at the tip of the HS? lead to a
shift of parameters:

ﬁl . H)\(Q7tla t2) C) = -HA((Lth)tQa C) ) ﬁQ . H)\(Q7tlat27 C) = H)\(Qa tl)tQQ7 C) )
ﬁC . H)\(Qﬂfl;tQ’ C) = H)\(q7t17t27 Cq_l) .

In this case we see that the leading ¢ — 1 asymptotics of a vertex/hemisphere partition

(1.9)

function with such an insertion is proportional to

lim py o - Hy ~ V290V 0 Qi o |~ @Y/ 60V (1.10)
q—1" 7 q—1

This computes the spectrum of the operators (p1, p2, Pc). In the ¢ — 1 limit, they are
equivalent to multiplication by the conjugate momenta

pro =122V o po = emCOW (1.11)

We further argue that the action of p; on a vertex function is equivalent to the insertion
of a Wilson line operator L;:

T (L1.2) Lo (L)
lim pop - Hy = lim H™,  limp - Hy = lim Hy (1.12)

For pc this is immediate as these are simply Wilson lines for the gauge symmetry. For the
other (Higgs branch) flavour symmetries, this follows from certain difference equations (in
flavour fugacities) that these partition functions obey [35-37], which are a generic feature
of 3d theories with at least A/ = 2 supersymmetry. In the ¢ — 1 limit, this implies that
(p1, P2, Do) are equivalent, up to an element of the Bethe ideal Z, to a Wilson line operator
and thus an element of the twisted chiral ring. The above statements are non-trivial for the

t1.20 . .
12002W may include denominators

Higgs branch flavour symmetries as generically p12 =€
in the gauge fugacities.

We may now interpret the twisted index with flux in light of the comments surrounding
equations (1.4) and (1.5):

'1‘1 [:22 yalel )

. c _
Z5 (t1,t2, (01, n2,n0) = glg% ZH,(\ (¢,t1,t2, Q) Ha(q ™, 1,22, C)
)

=D (LI LY LIN)(A0) (1.13)
A

= (LY LY L) ok (xn)



In summary, the twisted index with flux computes the expectation value of certain elements
of the quantum equivariant K-theory of Xy.

We then turn to holography. We are interested in static magnetically charged BPS
black holes in M-theory on AdS, x S”. By the usual holography arguments, the entropy of
such black holes should be captured by the twisted index with fluxes in the large N limit

lim ZZ. Using the above, introducing such fluxes corresponds to the shifts pi*ps?p¢d and

N—oo
therefore to line operator insertions — we thus make a correspondence between black hole

entropy and the geometric quantity:

Aim (£7"£5°L) Qrer (xn)- (1.14)

To reproduce the black hole entropy, we consider the large N limit of this expression

for Xy = HilbY(C?). We find it more convenient to use the equality of this geometric

quantity to the sum over Bethe roots (1.7), and work in a continuum limit where the gauge

fugacities {s,} are characterised by an eigenvalue density p. The twisted superpotential

becomes a functional W/[p], and the Bethe equations are the extremisation equations of W

with respect to p. There is a solution for p, that we call the black hole solution, such that
when substituted into the summand of (1.7) one obtains

4 ~
A}igloo %E<£?1£32£nC>QKT = exp N3 \éi A1AA3A Z & . (1.15)
As mentioned in (1.1), this is the known asymptotic formula of the twisted index [17-19, 38]
and the black hole entropy function, but now interpreted in terms of expectation values in
QK7 of the Hilbert scheme of a large number of points N in the complex plane C2.

The black hole solution p may be interpreted as identifying a dominant Bethe root
in the large N limit. In section 5 we develop new numerical techniques to identify this
black hole solution at large but finite IV and evolve it to a classical vacuum on the Hilbert
scheme. This turns out to correspond to a particular triangular Young diagram, as shown
in figure 4. This method allows us to make the conjecture that the hemisphere partition
function/quasimap count with the triangular Young diagram boundary condition is the
dual in the enumerative geometry of the Hilbert scheme to the Cardy block/gravitational
block [20, 21, 28]. This is a precise identification of a holographic geometric dual quantity
to a supersymmetric black hole entropy function.

Discussion. We have built a bridge between holography calculations in the physics literature
and the enumerative geometry of the Hilbert scheme of points in the complex plane. We
believe that the work raises a number of interesting additional questions. Firstly, it would be
interesting to investigate other 3d N = 4 theories that flow to holographic theories in the IR,
for example the necklace quiver of [19]—we expect the arguments of this paper to extend
straightforwardly. In addition, there is a relation between the quantum K-theory ring and
classical integrable systems [39] whereby the spectrum of the ring realises the phase space of
a classical integrable system. In this context, our computations correspond to expectation
values of conjugate momenta. It would be interesting to investigate the classical integrable
system associated to Hilb" (C2?) and elucidate its phase space geometry when N is large. In



particular, one might expect relationships between the equivariant volume functional on the
gravity side and the generating function of the corresponding classical phase space. Finally,
it would be interesting to investigate other closed 3-manifold indices from this enumerative
perspective, such as the S® partition function or partition functions on Seifert manifolds [40].
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2 The Hilbert scheme

We begin with a discussion and definition of the Higgs branch geometry of the Hilbert scheme
of N points in the plane. We then discuss the enumerative geometry and its relationship
to 3d N' = 4 twisted indices.

2.1 Geometry of the Hilbert scheme

We briefly review the Higgs branch geometry of the Hilbert scheme of N points in the plane,
HilbY (C?). We refer the reader to [41] for a more comprehensive treatment. The Hilbert
scheme parametrises codimension N ideals in C[z,y]

Xy = Hilb™(C?) = {J c C[z,y] : dimC[z,y]/T = N}. (2.1)

The variety admits a torus action T = C}{ x C;5 induced by the coordinate action on C?
(2,9) = (13, t2y), (2:2)
this action has fixed points labelled by Young diagrams A with N boxes. The fixed ideals are
Tr={zty® s a=1,2,...,1(\)}. (2.3)

We write [(\) for the length of a partition A and |[A\| = N. In fact, the Hilbert scheme is
a symplectic variety and the symplectic form is scaled with weight —1 under the diagonal
group action t3 = (t1t2)~!. To see this more explicitly we note that the stability condition
for the moment map associated to the quiver in figure 3 may be expressed as

pet(0)%Pe = £(A, B, I,J) : J =0, Icyclic for A, B}. (2.4)
We may then define a polynomial ideal invariant under G by
Jap,1 = {plz,y] € Clz,y] : p(z,y)I =0}, (2.5)

Nakajima proves in Theorem 1.14 of [41] that this map is indeed one-to-one. The upshot
is that the Hilbert scheme may be viewed as a symplectic quotient

Xy = pg (04 /Crc (2.6)



Figure 3. The N' =4 ADHM quiver.

| G | Ru  Re Ru_Be  Fy Py P
I 0 1 0 3 3 3
J m] 1 0 3 : 3
A adj 1 0 i 1 0
B ad] 1 0 3 -1 0 1
C adj 0 2 ~1 0 -1 -1

Table 1. Charges of scalar components of /' = 2 chiral multiplets in ADHM with one flavour.

Gauge theory Higgs branch. Hilb"(C?) may be interpreted as the Higgs branch of
a certain 3d N' = 4 gauge theory and therefore as a symplectic singularity. The quiver
description encodes the field content of a gauge theory with gauge group G = U(N): the
3d ADHM theory with one flavour. It has a vector multiplet, a hypermultiplet (I, .J) in the
fundamental representation, and a hypermultiplet (A, B) in the adjoint representation. In
the language of 3d N/ = 2 supersymmetry, A, B, I, J are chiral multiplets, while the N = 4
vector multiplet consists of an adjoint chiral multiplet C' and an N/ = 2 vector multiplet.
The theory has R-symmetries Ry and R¢ acting on the hypermultiplet and vector multiplet
scalars respectively, while there are additional flavour symmetries Fy and F¢ acting on
the adjoint hypermultiplet and monopole operators respectively. The charges of the scalar
components of each N' = 2 chiral multiplet are collected in table 1. We shall mostly use
Fy = (Fg+ Ry — Re)/2 and F» = (Rg — Rc — Fi)/2 as the basis for Higgs branch flavour
symmetries (from the point of view of a 3d N = 2 theory) since it corresponds to the
torus action (2.2). The fugacities corresponding to F; and F will be denoted as ¢; and t2
respectively, while that corresponding to F is (. The fugacities ¢t and z corresponding to
% and Fy that were used in [25] can be written as t = t1to, z = (t1/t2)"/?.

K-theory ring. The equivariant K-theory ring is generated by tautological bundles V and
the topologically trivial bundle W of rank N and rank 1 respectively. Kirwan surjectivity [42]
enables us to realise the K-theory ring as the polynomial quotient ring

Kr(Xn) =Z[{s3' Vo1, 8 10 1515 /T (2.7)

Here, Sy is the symmetric group and we consider polynomials invariant under the Sy action
on the variables {s,}. We have included the redundant generator t3 = (t1t2)~'. The ideal
7 is generated by the relations

N
11
(sa — tft§> T (so =t sa)(sb — t3'sa) (s —t5'sa) =0, a=1,...,N. (2.8)
b



The solutions to these equations are given by

i1 1
sq =1t 2ty 2, (2.9)
where ¢ = 1, ..., N run over the boxes of a Young tableaux A, and correspond to an evaluation

at the fixed point on Xy corresponding to A. The number of solutions is then given by the
partition function p(N). Here, i, and j, denote the row and column indices of the box a € A,
numbered from the top left in the ‘English’ convention. Our conventions for partitions and
Young diagrams follow those of [25]. We denote by V) the evaluation of a vector bundle V at
a fixed point A. The image of the tautological class under the Kirwan map is

V=s14+...4+sn, (2.10)
and the determinant line bundle is given by
L:=detV =s189...5N. (2.11)
The tangent bundle of M is given by the cohomology of the complex
0—gc—T"R— g¢ — 0, (2.12)

where g¢ corresponds to the gauge group quotient and g the complex moment map condition.
Thus in terms of K-theory classes:

T*Xn =T"R—chgc —tchge. (2.13)

The hypermultiplet weight space may be read off from the above quiver description and
expressed as

N N N N
T*R=1723 su+ 123 syt 427 11/2 3 20 g /2 3 2o (2.14)
a—1 a—1 ap=1 b ab=1 b

The character of gc for Hilb™ (C?) may be expressed as

N

chge = 3 22, (2.15)
a,b=1 b
Therefore we find that the character of the tangent bundle is given by
N N N
TXN = (tita) V2> sa + (it2) V2 Y st = (1 —t) (1 —t2) Y =~ (2.16)
— — Sb
a=1 a=1 a,b=1

The tangent bundle may be pushed forward to fixed points by evaluating on solutions to the
classical Bethe equations (2.9) corresponding to a fixed point partition A giving [41]

Xy = Z L) —ax(s) == 3 (s)+5aa(s) =3 4 zlA(5)+aA(5)+1t%l>\(5)_%0/\(5)_%7 (2.17)
SEA

where a)(s) and [)(s) denote the arm and leg lengths respectively of a box s € X\. Our
partition conventions are summarised in figure 1.



Fixed point Hilbert space. We consider a vector space spanned by the fixed points
of Hilb™(C?):

Hy = spr|A). (2.18)

This may be realised geometrically as the localisation of the K-theory ring: K(Xy)°% :=
Kp(Xn) ® R, where R denotes the representation ring or equivalently the equivariant

K-theory of a point
R = Kr(pt.) = Z[t5, t5, 5], (2.19)

Later, we will realise the equivariant localised K-theory physically in the setup of the
hemisphere partition function. There is an action of the K-theory ring on Hy defined
diagonally by

VIA) = WiA), (2.20)

where V) denotes the evaluation of V' at the fixed point A solving equations (2.9). In the
following we will upgrade this to an action of quantum K-theory on Hy.

2.2 Quantum K-theory

In this subsection we discuss the relationship between the quantum K-theory ring, rings of
line operators in 3d N' = 4 gauge theories and integrability.

Integrability. The main algebraic object we consider is the quantum toroidal algebra gl;,
denoted €. The representation theory of this algebra was studied in [26, 43, 44]. We are
interested in Fock modules of this algebra F(u). The geometric R-matrix construction [29, 45,
46] allows us to identify the Fock module F(u) with the fixed point Hilbert space discussed
above. Namely

Fl(u) = é Hn. (2.21)
N=1

The algebra £ is a Hopf algebra [26] with a universal R-matrix from which we may define
a transfer matrix in the Fock space by

T(u) = Tr]:(u)R. (2.22)
This transfer matrix is diagonalised by the Bethe equations [43]

“1,~3,~3 Sa_tlétzé S
Oty ——=r [ [l ——
Sq — by 2ty 2 I=1b=1 "0 M%a

b#a

71
7% ey 4—1,....N. (2.23)

We note that by clearing denominators in this equation and then setting ( — 0 gives the
classical relations (2.8), which are solved by the classical solutions (2.9).

,10,



The quantum K-theory ring. The K-theory ring may be deformed by the Bethe equations
as follows

QK7(Xy) = Z{s Yamr, v, 50, 651 65 /T (2.24)

where now the ideal I is generated by the Bethe equations (2.23). This ring is that of
Wilson line operators in the 3d gauge theory — the ring structure can be found by computing
correlators in the twisted index on S? x S' or hemisphere partition function HS? x S* [33].
The ring structure is deformed by ( via contributions of higher degree quasimaps on this
geometry, analogously to the 2d case [47].

Defining the complexified gauge holonomies u, via s, = e, the Bethe equations (2.23)
may also be expressed as the vacuum conditions

9
Sa Dag w

Ou, W=0 mod271Z <& e =1, fora=1,....N (2.25)

W is effective twisted superpotential for the effective abelian theory in the IR for the ADHM
theory, and is a function of the complexified gauge s, and flavour holonomies ¢;. It is thus
also the Yang-Yang potential of the above integrable system [30, 31]. Explicitly,

N N N
W=— Z log 54 log(—1)N ¢ — ZLilz (Sa) - Z Li), (%t?jl)

— Sb Sb
a=1 a#b a,b=1
N . L N . . (2.26)
+> [Lig (sa tft§> + Lif (saltftg)] + > [Li; (“tl) + Li (“mﬂ ,
a=1 a,b=1 5b 5b
where we have introduced the notation for the modified dilogarithm:
y . 1. 5
Liy(z) := Lig(z) + 1 log*(—x). (2.27)

These vacuum equations capture the ring relations of the chiral ring by the fact that the
chiral ring is protected under renormalisation.

Geometrically, we may write the superpotential as:

W=—logLlog(— > Lij(w)— > Lij(w)+ > Liy(w), (2.28)
R

wWEUC weAgC weT*

where Ay, denotes the set of roots of gc: ¢h Ag. =[], Sab, pic is shorthand for the weights
under which the complex moment map transforms: chuc = chtgy = H(Jz\j p—1 tSap and L
denotes the determinant line bundle® (2.11) on Hilb™(C?).

That the above yields the Bethe equations (2.23) can be readily checked by using the
fact that

s% Lis(s) = —log(1 — s), (2.29)

3For more general theories, this term in the superpotential would include a sum over the Picard group of
the Higgs branch.
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so that for symplectic pairs of T-weights (w,tw™!), with w = s% ... we have

A~ Na —1\ Me
e5a0sa (Liy (w)+Lis(tw™1)) _ (‘W)I)) _ <t_§w1—tw> ) (2.30)

a(tw— 1—w

Our conventions for & genera can be found in appendix A.

We denote a quantum K-theory class associated to a tautological bundle V as V. The quan-
tum K-theory ring acts naturally on the localised K-theory ring K7(Xn)"° := K7(Xn)®R
which as a vector space is Hy = spr|A). It acts diagonally as:

VIA) = WA, (2.31)

where now V) denotes evaluation of V at the quantum Bethe root associated to A. Later
in this article, we physically realise this action in the gauge theory.

Supersymmetric indices. We consider the 3d N’ =4 ADHM quiver theory, topologically
twisted by Rc (i.e. B-twisted), on a hemisphere geometry HS? x S'. The path integral
produces the space of states Hy on the torus 72 boundary. We are interested in computing
the graded index

Tys: = Trgse [(-1) q/t7852¢ "] (2.32)

The grading by angular momentum is implemented by a twisted periodicity on the matter
€

fields parameterised by ¢ = e™¢, see e.g. [15]. Alternatively, it can be implemented by a

deformation of the metric, so that HS? fibres non-trivially as one completes a cycle on St [48].

21T and T

In this latter picture, the boundary torus corresponds to E, = C*/ q%, where ¢ = e
is the complex structure of the torus. The flavour grading is implemented by introducing
complexified holonomies as described above.

In this setup, one may also insert an element of the ring of Wilson lines O, corresponding
to an element of QK7 (X), at the tip of HS?, wrapping the remaining S' cycle. In the
q — 1 limit, inserting an operator O at the pole and computing the index yields the quantity

(0]0]0) = (0|0®) in the Hilbert space Hy described above.

Boundary conditions. We must also specify a boundary condition on the torus boundary
of HS? x S'. In this work, we consider exceptional Dirichlet boundary conditions By which
are labelled by vacua — in our case partitions A with |[A| = N [25], we will recap their
definition in the following.

Boundary conditions on the boundary torus may be considered states |\), living in
the elliptic cohomology of Xy [12]. We will momentarily take the ¢ — 1 limit of elliptic

loc. and may consider the

cohomology where we recover the localised K-theory ring K7(Xy)
exceptional Dirichlet boundary conditions as giving the localised fixed point basis, up to a
normalisation we specify. We now recall from [25] the definition of this boundary condition
for Hilb™ (C?). We fix a chamber € = {|z| > 1} for the equivariant parameters. We then split

the weight space of all N' = 4 hypermultiplets T* R according to this choice as

T*R=QFf + Q% + Q% + Q. (2.33)
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In our case we find*

- s S
Qi+ Q=12 sa b2 12 Y S0y g1z 3 e
aEN a,bel b a,belr 5b (2 34)
s S :
Oy + Q) =23 st 4 a2 3 gtz 3 2
ae abel; ¢ abely 50
and
S S
Q=g+ Y AP S a2 (2.35)
a,blia=ij+1 Sa a,blaerB Sa
NJja=Jb Niq=1p
Nja=Jp+1
where I and I» are subsets of pairs of boxes in young diagrams given by
I ={(a,b) € Ax X : (be AB)N (ig > i) or b ¢ AP}, (2.36)

IL={(a,b) € Ax X : (ac AP)n(ip <ip)},

and A\p denotes the set of boxes along the bottom-most edge of the Young tableau. We note
that the weight spaces Q;\r, Q?\ are paired with @, Qg respectively under w — tw™!. Thus,
this defines a holomorphic Lagrangian splitting of the space T*R. Further, Qg correspond
precisely to the N’ = 2 chiral multiplets which obtain non-zero expectation values in the
vacuum A.

Note that the set of weights in Q9 define a tree in the Young tableau A [25]. Solving
the set of equations w = 1 for w € Qg specifies uniquely:

1

jo—L 5 1
Sq =1ty 2ty 2, (2.37)

which are solutions to the classical Bethe equations (2.9), and also the fixed point evaluation
of the fugacities; they are the values that the gauge fugacities must take in order for scalar
components of chirals in Qg to take their non-zero values in the vacuum \. More precisely,
the first term in (2.35) sets s(1,1) = t3. Then, the remaining terms correspond to edges
linking boxes a and b in the tree, which determines the value of s, from the value of sp.

Physically to describe By, the split specifies which chirals we give Dirichlet boundary
conditions and which we give Neumann. In particular, the chiral multiplets with weights in
Q;f + Qg are given Neumann boundary conditions, and those in Qg + @, are given Dirichlet
boundary conditions. The chirals in @)} are set to zero at the boundary, whilst those in Qg
are given a non-zero expectation value. These chirals correspond precisely to those which
obtain a non-zero expectation value in the vacuum A on the Higgs branch. Turning on
these expectation values at the boundary breaks the boundary symmetry which descends
from the bulk U(N) gauge symmetry, setting the boundary values of the gauge fields in
accordance with (2.37), whilst preserving F} 2. Thus, these are what are referred to as
exceptional Dirichlet boundary conditions in [7].

More details on the physical construction may be found in the appendix of [25]. In
particular, these exceptional Dirichlet boundary conditions are chosen in order to have a
Higgs branch image which coincides with the holomorphic attracting Lagrangian submanifold

4These are the weight spaces relevant for the later hemisphere partition function evaluation.
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of a fixed point A under Morse flow induced by the equivariant parameter z. They realise
an exact holomorphic factorisation [34] of closed 3-manifold partition functions, which we
return to momentarily.

With this choice of chamber and split the tangent bundle (2.16) also splits into positive
and negative directions after evaluation at a fixed point (2.37) according to

ThXn =T\ Xy + Ty X, (2.38)

where we have

Ty Xy =) LA (8)HA(8)+ 145 (I (s)—ax(s)+1)
SEA

T, Xy = Z 2 () =) —1yz (ax(s)+A(s)+1)
SEA

)

(2.39)

Localisation. In the work [49] by two of the authors, it is described how to compute the
above physical quantities via localisation in terms of Higgs branch geometry, which we now
briefly review. The hemisphere partition function with a Wilson line operator insertion in
the presence of an exceptional Dirichlet boundary condition B is given more explicitly by

0 (1—tt -
H)(\O) — /qu (’)(;177 3) ewlogq a (1—qq(Qj‘_ + Qg — tg@)) . (240)

The é genus is defined multiplicatively for collections of weights — our conventions can be
found in appendix A. In the above prescription the exponential pre-factor is given by

¢(s,¢) =logClog L, (2.41)

where £ is the determinant line bundle (2.11), given by £ = s1s2...sy in coordinates. The
measure dgs denotes a formal Jackson g-integral that instructs us to sum over g-shifts of
the Chern root evaluations (2.9). Namely

[das fls0) = 30 T g (2.42)
kezN

The inserted Wilson line O(z, s) is an element of the representation ring Kryumv (pt.) i.e. a
polynomial in gauge and flavour fugacities (and their inverses) symmetrised over the gauge
group. The weight spaces entering above are the same that enter the boundary condition
prescription in the previous subsection. Geometrically the partition function computes
the equivariant Euler character of the symmetrised virtual structure sheaf on the space of
quasimaps to the Higgs branch with a descendant insertion x7(QM, O ® V) with a particular
physically motivated normalisation. More details on the relationship between the hemisphere
partition function and the enumerative geometry of Higgs branches are reviewed in [14, 49].
We now consider evaluating the hemisphere partition function. One may equivalently
express the integrand of (2.40) in terms of regularised g-Pochhammer symbols as follows.
The necessary zeta function regularisation® is discussed in further detail in appendix A. We

50ur regularisation differs slightly to the usual zeta function regularisation for 3d A/ = 2 theories as in
e.g. [50] as it makes use of a phase ambiguity present only in the regularisation of 1-loop determinants of 3d
N = 4 multiplets.
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first substitute the split (2.34) into our formula (2.40), upon which we see that the integrand
before evaluation is given by

1 1 !
ty 2ty 2 84q;
log¢ log(sa) Habe)\ (tlt? Sab? oo H ( L P2 Sald q>oo

elogaq a€X
Sab 11
Habe)\( abd; 4 aEN (tlzt2 Saiq )

B / (2.43)
1 (' swvasa) 1 (2" 5w ;0 )Oo
a,beXs.t. (t2 Sab; Q)go a,bEXs.t. (tl Sab; Q)go
(beXBYN(ia>ip) (a eXBYN(ip<ia)
or (bgA\B)
In the above, we have modified g-Pochhammer symbols defined as:
(a5 9)o = e~ 18 (a; ) (2.44)
where )
€E x
=—— -4+ — 2.4
fel=5 -1t & (245)

and recall ¢ = e €.

The Jackson ¢-integral instructs us to evaluate the integrand on g-shifted solutions to
the classical Bethe equations (2.9), s, +— tia_%tj;_%qka where k, € Z, and summing over
k € ZN. Tt turns out that only k forming a reverse plane partition over \ gives non-zero
contributions. The result of the evaluation is

(t.0) 1—¢1
O (q,1) = o Toeea (1‘11\@) V9 (q,1), (2.46)

where V( )( q,t) is the vertex function (see for example [29]) normalised such that
Va(g,t) = 1+0(). (2.47)

The explicit expression in terms of a vortex sum over reverse plane partitions may be found
in e.g. [25] for the evaluated index however we will not make use of this form in the following.

Integral form. We now re-write the g-Jackson integral (2.40) as a contour integral amenable
to saddle point analysis. We note first the identity

(t:9)5% (quw™'q";q)h e (GO
(6:9)5 (tw™'g™;q)k w=l = (et (¢ 9)n’ (2.48)

where the first fraction on the left-hand side comes from the abelian (diagonal) part of the
vector multiplet contribution. The ¢-Jackson integrand (2.43) contains a product of such
terms, one for each w € Q(/)\. We note also the identity

1 (g9)% (gt w;q)l

R 2.49
RS s (et (wia) (2.49)
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if w = s*1(...). Thus we can replace each term of the form (2.48) from @9, with the above,
and trade the ¢-Jackson integral for a contour integral. In the above the double prime
notation indicates the regularisation (g;q)” = e~¢[-10e(=Dl(4: ¢).

The integral form of the hemisphere partition function is

lgg< log(sq)
HA_/ H 2maelgq a€x P, (2.50)

where the integrand is

[ (g9 (tsa/sv;q) (gt~ w; q)l
[( ] H I — (2.51)

qt~ 1,q o qsa/Sb,) weQt Q8 (w; @)k

151
and the contour I' encloses the poles s, = tlla Qt]; 2gka a =1,...,N.

—€

Classical limit. We now consider the classical limit® ¢ — 0 with ¢ = e~¢ of the integral
form of the hemisphere partition function. The main asymptotic result we require is that

the regularised d-genus of a non-zero weight satisfies to leading order

¢l Li/, (w)+Li5 (tw= 1)+ = | 4.
lim & <1tqw> _ &(w)l/Q&(t )1/2 ( 5(w)+Li5(t )+ )-l— (252)
e—0 1-— q
where ... indicates O(e) terms. We will often drop the ellipses when taking limits in the

following. Thus if we take a polarisation T*W = W + tW?*, where R is some collection of
weights, the weights pair and we have

1—¢t1 1 (Liy(w)+ 1 log? (—w)+ 22 ) +...
lim a3 <qw> — H fl(w)ee< i2(w)+ 5 log?(—w) 6) (2.53)
e—0 1—g¢q

weW weT*W
Using this, we have the asymptotics of the parts of the integrand &:

-1, 4\
[ w2, FoN T aw)bet @
. / 9
weQ{+Q} (1: Yo weT*R

L L (2.54)
(tSa/p;q)ns e 22 (N-N?) € — ¢ (Lij(sa/sp)+Liy(tsa/sp))
1
aip (@8a/ 55 @) [a(tsa/sp)a(sq/53)]2
and N N
. /! 5 .
[(%q)m} — (ZW) i e]\gfe%eNTf&(t)_%e_%NLié(t) (2.55)
(¢t Y q)% €
We thus see that the leading ¢ — 1 asymptotics of the integral (2.50) is given by
N
. dsq, : TR 4y,
lim Hy ~ - E 2.
61~I>I(1) A / H 27.”8(1 ( ) &(M(C)l/Qd(Ag)l/Ze ( 56)

In the sense of semi-classical quantisation of the variety obtained from the spectrum of the quantum
K-theory ring.
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where the superpotential is as in (2.28).

W= Y Lij(w)— Y  Liy(w). (2.57)

weT*R wWEAg.tuC

[

We have dropped a factor of e%, coming from (2.55), since it is a constant and glues

to 1 under ¢ — —e.

We conjecture, following also [51], that the ¢ — 0 asymptotics of H) are dominated
by the saddle point approximation for a saddle point (which we also label by A), which
solves the Bethe equations (2.23) and reduces to the classical solutions s, = ti“_l/ Qt%“_l/ 2
corresponding to a Young Tableaux, as ( — 0. The saddle point formula thus gives

al’2(T*R) Oy Tyy,

0O\ = lim H©) = M 2.58
(0[O1A) 50 al’2(uc)a/2(Age) )\\/det(—(?QW,\)e (2.58)

where (0?°W),, denotes the Hessian matrix of W with elements 8,,08,,W and |, denotes
evaluation of the Chern roots on the quantum Bethe root.

Factorisation. We may thus compute expectation values of quantum K-theory classes by
inserting a complete set of states

(0[0]0) = > _(0|O[A)(A/0) (2.59)
A

We then use the asymptotics result above and the fact that reversing the orientation cor-
responds to € — —e to find

a(T*R) 1
i(pc)a(Bg) |, det(—2Wy)’

(0]010) =) O,

A

(2.60)

where we evaluate on solutions to the quantum Bethe equations. In the following we will
interpret this physically as factorising the twisted index and the above formula corresponds
to the localisation formula in (7.26) of [40] for the twisted index.

3 The twisted index

In this section, we discuss the twisted index on S? x g S' and its factorisation into hemisphere
partition functions in the presence of a line operator insertion.

The twisted index. We now consider the topologically twisted index on geometry S? x g S?,
without angular momentum refinement (g). The twist is carried out with respect to the R¢
R-symmetry. Following [52], the index is defined as

T (t1,t, G mayne) = Ty, [(—1)740652¢7] (3.1)

where 7—[?2 denotes states on S? in the presence of a topological twist and additional flavour
fluxes (ni, ng, ng), which are annihilated by a pair of supercharges QE, Q??. The Dirac
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quantisation conditions for the fluxes impose ny 2, nc € Z, ny + ny € 2Z. The index may be
localised to give an integral expression, which takes the form of a Jeffreys-Kirwan integral:

N s N ne N Sé Mg —mp—1
15 — @ ()Tl me ( 11 sa) IT (- e
JK 27TZS - 1—su
GZN a=1 a,b:]_
a#b
N mg—mp+ng+1 % % mg—mp+ng+1 % % mg—mp—ng—ng—1
H abtl Sath Sabt3 (32)
ab=1 — Sapt1 1- Sabl2 1- Sabts
1 1 1 1 1 _ 1
N 11 mg+5 (n1+ng)+1 -1 1 mg+3 (n1+ng)+1
Satg? 2 5q 2tg * 2
7" bl ,
a=1 1_Sat3 2 ]._Sa t3

where sqp, 1= 84/, and t3 = (t1t2) "' as before. Turning on the flavour fluxes ny 2 is equivalent
to topologically twisting by the R-symmetry Rc — niF1 — noFb.

In the previous work [25] of two of the authors, it is shown that the B-twisted index
with angular momentum refinement factorises exactly into hemisphere partition functions.”

The twisted index without the angular momentum deformation is then recovered in the limit:
g o _ N _hc
Tg» (ti, ;i) —hmZHA(zw Ca¥iq) Hy (tig™%,Ca™ % 5q7"). (3:3)

Geometric interpretation. The twisted index may be re-expressed in terms of Higgs
branch geometry as follows. We first recall the twisted superpotential is given in terms
of tangent weights as

W = —log(log L + Z Li5(w) — Z Li5(w) — Z Liy(w), (3.4)

weT*R wepc wEAge

with £ = s1...sy. Each weight w in this expression is a monomial in %1, t2,t3 and s,. The
operator we are then interested in is

N
<Z masaasa + nltlﬁtl + 1’127528152 — nc(8<> W (3.5)

a=1

"More precisely, this factorisation was demonstrated with a zeta function regularisation of & producing
modified ¢-Pochhammers (a; q)% := e €[71°5(3)](4; ¢) . In this work we have used the regularisation (a; q)h =
e fl7108(=a)(4: ¢) . In the new regularisation, for each term

(gt w; q)l
(w; @)

appearing in the g-Jackson integral, we obtain an extra factor of e5e1°8(at™") | The contribution from the

new regularisation of the vector multiplet contributions is the reciprocal of this. Thus, overall, the new
Nmi -1

regularisation produces an extra factor of e 2ze 8@ ) With flux for ¢, we have ¢t — t¢"/2. Under the

N

Nugmi
twisted index gluing, gluing the new H will just produce a factor of (—1)"e 5 relative to gluing the index

from [25]. One may redefine the twisted index to absorb this constant factor.
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The twisted index may be expressed as

ds.  a(T*R)
Z %H (nc)a(Age)

meZN 2miS, G

N
X exp <<Z Mg Sa0s, + Mt10y + notady, — noC8<> . W) ) (3.6)

a=1

With a specific choice of covector in the JK prescription, the fluxes which contribute are
bounded as m; < M — 1 where M is some large integer, see [52] for further details. We can
then perform the geometric sum over ZV to give

- s 1 a(T*R)
T8 = f{ H L risy 1~ W a(uc)alAgy) O (M0 Hnaladh, —ncOc) - W) -
(3.7)

The residue evaluation of this integral then involves contributions from the Bethe equa-
tions (2.23). Evaluating this by the residue theorem we find

4(T* R) 1
IBn,n,nc: Aa(A
s2(hsm00) = 3 Zr SaBer) |, AU

Ox(n1,n2,n¢0), (3.8)

where O, (n1,ng,n¢) denotes the flux-adding operator corresponding to the flux insertion,
evaluated on the Bethe root. This localisation formula is in agreement with the index
formula (2.60) derived by factorisation above.

3.1 Flux & line operators

We now discuss the relationship between background flux in the twisted index and line
operator or QKp(X) class insertions in more detail. In the previous section we showed
that the Coulomb branch localisation formula may be interpreted geometrically in terms
of the Higgs branch geometry as

a(T*R) 1
IBn,n,nc: Aa(A
52 (0. m200) = 2 Zr SRy |, (PP

O)\(nl,ng,nc) (39)

with
(’)(nl, no, ‘[10) = exp ((nltlﬁtl + n2t26t2 — nccac) . W) (3.10)

This operator is a flux-adding operator for the flavour symmetries of the theory. It may
be considered as a 't Hooft line operator, since in the twist the flux may be localised to a
point on S?%, and wrapping the S! [40]. We will refer to these operators as 't Hooft line
operators from hereon out.

Let us first consider the case of topological flux only so that n¢ is turned on and n; 2 = 0.
In that case we have

O(ng) = exp (—ncCIW) = (s182...58)", (3.11)
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hence inserting O(n¢) is equivalent to a descendant insertion of nc powers of the determinant
line bundle £. Hence, according to the discussion in section 2.2, the B-twisted index with n¢
units of flux computes the vacuum expectation value of £ in the quantum K-theory ring:

T (ne) = (L2"C) (3.12)

In section 2.2 we discussed how the twisted index/expectation value may also be sliced
open and factorised according to

Xn
(L) = 3L N0) = lim 3 HE (0, 0)Ha(a 1) (3.13)
A A
where H >(\£®nc)(q,t) denotes a hemisphere partition function (2.40) with the Wilson line

L = s189...sy inserted or, in the enumerative geometry language, a vertex function with
descendant insertion.

It is an immediate consequence of the localisation formula (2.40) that this line operator
insertion may be realised by a ¢-difference operator acting on the hemisphere partition
function. Namely

HE (g 1) = pie - Ha(g, 1), (3.14)

where p¢o is a ¢-difference operator acting by pc : {( — ¢¢. The expression then follows
from the fact:

P - eP(s:)/logqg (s182. .. SN)esO(s,C)/lqu. (3.15)

We now consider the ¢ — 1 limit of this action. Recall that

&1/2(T*R) 1 1
1. H t _ ;WA 316
q1_>H?i A(% ) &1/2(MC)&1/2(A9C) A dEt(—82W)\)e ’ ( )
and thus
A1/2(T*R) 1
lim 3¢ . 5 1) = a Wax/e=ncCOcWa 3.17
o Pe A(g:1) al’2(uc)al’?(Age) A det(—@QWA)e o

In the classical limit the g-difference operator then acts on the hemisphere partition function
as multiplication pc = e $%"W so that

o — Ty o—COW
lim pe - Ha(g,t) = lim e Hj(g,1), (3.18)
or in the language of overlaps in K-theory:
pe: (A0) — eSTMAN0) = (ML), (3.19)

Above, we discussed the identification of the ¢-difference operator conjugate to the
topological fugacity with a Wilson line operator insertion. For the other (Higgs branch)
global symmetries, corresponding to fugacities t1, to, it turns out that this is also true. The
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identification follows from certain difference equations (in flavour fugacities) that these
partition functions are expected to obey [37, 53] on physical grounds.

1,200 W i1 the unrefined twisted

In the ¢ — 1 limit, these imply that insertions of p1 2 = e
index or hemisphere partition function/vertex function are equivalent to insertions of Wilson
lines, due to the identifications imposed by the vacuum/Bethe equations. That is, the 't Hooft
line operators (p1, p2, pc) are all equivalent, up to an element of the Bethe ideal Z (which
implies they are the same when evaluated on a solution to the Bethe equations), to Wilson line
operators, and thus to elements of QKp(Xy), the twisted chiral ring. Thus, their correlation
functions and expectation values are the same on the twisted backgrounds we consider in this
work. The statements are non-trivial for the Higgs branch flavour symmetries as generically
P12 = e'120n.2W may include denominators in the gauge fugacities. In appendix B, we show

this explicitly for the ADHM theory with N = 2 and supersymmetric QED with two flavours.®

N.B. Strictly speaking, the results of [37, 53] imply that the 't Hooft flux operators are
equivalent to a linear combination of Wilson line insertions in the gauge fugacity with
coefficients possibly rational in the equivariant and FI parameters. These are elements of
the quantum K-theory of Xy localised at constant values of the parameters ¢1,t2, (. This
is C[{sa}¥]/I¢, as opposed to (2.24). Physically, this makes sense as the values of these
parameters are fixed constant background parameters for flavour symmetries, so throughout
this paper we are more properly working in this ring. However, in an abuse of notation and
nomenclature, and to make contact with the mathematical literature clear, we will continue
to call the ring of physical Wilson lines QK7 (X), and the operations on it (such as the inner
product), should all be considered to be in the localised quantum K-theory ring.

Therefore our above conclusions for the topological symmetry generalises to the action of
(p1, P2, Pc) for every flavour symmetry on a hemisphere partition function/vertex function.
Namely the action of (p1, p2, pc) are equivalent to the insertion of corresponding Wilson
line operators (L1, L2, £). We have then in the ¢ — 1 limit:

_ . a(T*R) 1
75 (n1,ng,n0) = e(mit101 Fnatade, —noCo )WY U
52 ) %:( ) a(uc)a(Age) |, det(—02Wy)
= lim 37 (9 - Ha(a. V(g 1)
A
. Ly eotore _ 3.20
= lim > B g nH g (3:20)
A

=D (LI L3 LIN)(A0)
A
= (LY L3 L) Ky

In the first line we use the geometric localisation formula (3.8). In the second line we
identify the flux insertions as the classical limit of the action of coordinate g¢-difference

8Demonstrating this explicitly for the ADHM quiver variety with N generic is more difficult, and will
require not only the exact form of the qKZ [35] equations obeyed by the vertex functions (which to the best of
our knowledge are not explicitly known) but also difference equations for the ¢-parameter (which to the best
of our knowledge are also not currently known).
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operators on the hemisphere partition functions/vertex functions, the operators may be
thought of as flux-adding operators as in [40, 54]. In the third line we identify the action
of difference operators with Wilson line insertions/descendent insertions in vertex functions.
We thus identify the twisted index with flux insertions as computing an expectation value
of corresponding operators in the classical limit.

Remarks. We conclude this section with some comments on the classical-quantum corre-
spondence. In the case of the cotangent bundle to the complete flag variety Koroteev et
al. [39] show that the spectrum of the quantum K-theory may be associated with the phase
space of a classical integrable system. In the complete flag case, this is the trigonometric RS
system. To the best of the authors’ knowledge, this classical integrable system for the Hilbert
scheme of points IV has not yet been identified. In any case, it is expected that the functions

{tl,tz, pr2 = etlﬂf’fl,zw} (3.21)

form canonical coordinates on the classical phase space. When quantising this classical
integrable system, with quantisation parameter ¢ = e, the vertex functions H)(g,t) form
wavefunctions. The coordinates (t;, p;) are promoted to operators that act as g-difference (as
discussed above) as multiplication on the vertex functions/hemisphere partition functions.

4 Large N asymptotics

We now turn to AdS, holography. In this section we bring together the results of the previous
sections to reframe celebrated results in the physics literature [17] in terms of the enumerative
geometry of the Hilbert scheme.

4.1 AdS4 black holes

In this work, we are interested in the supersymmetric static magnetically charged black holes in
M-theory on AdS; x S7 constructed in [55-59]. Preserving two supercharges, they are dual to
BPS states in topologically twisted ABJM theory with £ = 1 and at large N via the standard
AdS/CFT duality in [22]. The kK =1 ABJM theory is in turn dual to the low energy limit of
ADHM theory with one flavour [22, 23], which has been the subject of the previous sections.
On the field theory side, the topologically twisted indices of ADHM with one flavour
are expected to reproduce the entropy of these black holes at large N, and this has been
verified in [17, 19]. In [18, 19], a specific solution to the Bethe equations at large N was
found to reproduce the black hole entropy, henceforth referred to as the black hole solution.
It is conjectured that the black hole solution dominates the index at large N, so that the
index is approximately given by the summand of (3.9) evaluated on the black hole solution.
The index, and the twisted superpotential evaluated on the black hole solution are then

Wy = iN3 2\3/5 51525354 )
3 ﬁ\/ﬁ 4 ; A
logl'gg ~ N2 5 A1 AsA3Ay Z:ZI Z =—1 Z nz‘({)ziWA .

=1

(4.1)
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Here A; and #; are redundant parametrisations of the chemical potentials and fluxes, which
we will specify later. They satisfy the constraints Zle n;, = —2 and Zle A; = 27. The
Z-extremisation mechanism [17, 60] then ensures that the logarithm of the degeneracy of BPS
states is given by extremising log IEQ with respect to AZ under the constraint Zle AZ = 2.
On the gravitational side, the black hole with magnetic charges p”, with A =0,1,2,3,
is a solution of a 4d N/ = 2 gauged supergravity containing the gravity multiplet and three
vector multiplets [55]. This supergravity theory is a consistent truncation of 11d supergravity
reduced on S7 [61]. It is completely specified by FI parameters and the prepotential

F=—2iVX0X1X2X3 (4.2)

where X are holomorphic sections of a line bundle on the scalar manifold. They also
serve as homogeneous coordinates on the scalar manifold. Supersymmetry of the black
hole solution requires that the magnetic charges satisfy Z?\:o p» = —2. The attractor
mechanism [17, 55, 56], ensures that the remaining BPS equations for the near-horizon
geometry are equivalent to extremising

. L A _ oOF
S_ZGI(\?)p ‘FA(X)7 Fa= OXA (43)

with respect to X, subject to the constraint Z?\:O XA =1, and the black hole entropy
is then given by the extremal value of S.

Tying the two sides of the correspondence together, the AdS/CFT dictionary instructs
us to identify [17, 22]

1 :&N%’ 01,23

4,1,2,3
= — nb123, (4.4)
ay 3

p
The extremisation problems in (4.1) and (4.3) then become identical if we also identify
X0123 = Ay 93/27, which is consistent with the constraints Y3 _q X» =1 and 3% | A; =
2m. Hence the field theory computation exactly reproduces the Bekenstein-Hawking entropy
of this class of black holes.

We note that the prepotential in (4.2) is directly proportional to W,y in (4.1) under the
identification X%123 = A, 53/27 required by the entropy computation. In addition, the

yLy4y

logarithm of the S® partition function is
34
FSS = N2 ?\/ 27“17'2?"37"4 s (4.5)

where 71 2 3 4 parametrise a general assignment of R-charges satisfying Zle r; = 2 [62]. Under
the identification r; = A; /7, W) is also proportional to Fgs, and the constraint 221:1 A; =27
coincides with Y%, r; = 2. Furthermore, it is known that Fgs(r) o Voly(r)‘é, where
Volgr(r) is the volume of S7 under different Sasakian metrics parametrised by r;. The r;
determine how the Reeb vector of the cone over S” is embedded within the U(1)* ¢ SO(8)
isometry of S7 [62]. In summary, we have

2 . -4
Wi(A) = —%}“ (QA) = %Fss <A> - ” . (4.6)
Gy N TGy [3volgr (2)
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The twisted superpotential, which plays a central role in the quantum K-theory of the Hilbert
scheme Hilb" (C?), has the same functional form as the supergravity prepotential and is
related to the Sasakian volume of S7 when evaluated on the black hole solution.

4.2 Large N Bethe equations

In the following, we review the solution of the Bethe equations in the large N limit, as derived
in [17-19, 63]. Firstly, the Sy Weyl symmetry of the Bethe equations allows us to order the
gauge holonomies u, = —ilog s, € (—m,m) such that Imw, monotonically increases with a.
The appropriate ansatz for u, in the large N limit is

Ug = z’N%ta + Vg, ta,vg ER,  tg,v, ~O(1), (4.7)

where ¢, is a monotonically increasing sequence in a. We assume that in the large N limit,
t, and v, become dense in an interval and one can approximate

log=1 (;) , Vg =0 (;) , (4.8)

for continuous functions ¢t and v. We can then parametrize the holonomies by values of ¢
instead of a, with the two variables being related by the density

1 da

p(t) = NG (4.9)

Note that p > 0 due to the monotonicity of t. The ansatz is then
u(t) = iN2t +v(t). (4.10)
In the large N limit, summations tend to integrals -, — N [dtp(t) and since

N 1 = N, the density is normalized as

/dtp(t) _1. (4.11)
We define the chemical potentials Ac and Aj23 as
C=eBC Age(—mm), tr=e?, Are(0,2r), I=1,2,3. (4.12)

Since [[3_,t; = 1, there is the constraint

3
> Ap=2m, 4x. (4.13)
I=1

Note that the A; cannot sum to 0 or 67 since that would imply ¢; = 1, which we exclude.
For brevity, we shall restrict to the case Z?Zl Aj = 2w, noting that all of the following
conclusions are true in the other case as well, with only minor modifications to the formulae.
We also assume that

A+ A
Reu, — Reup + Ay € (0,27) Va,b, +Rewug + % € (0,27) Va. (4.14)
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As in [18, 19], one obtains that the large N limit of the twisted superpotential is

1% 3 A
—r=Ac [domi e Y auan) [at @+ 5 [asol o), @1
LIV 2 I=1
where )
1 T T
g+ (Ap) = 6A§ — §A% + 5 A (4.16)

In this limit, the Bethe equations have turned into the extremization equation of W with
respect to p. Since p needs to satisfy the normalization constraint (4.11), one cannot directly
take the functional derivative of (4.15) with respect to p without first solving the constraint.
Instead, as is standard, we introduce a Lagrange multiplier p and extremize

ing = Ac/dtp(t)t+gg+(Az>/dth(t) + A;’/dtp(t)\t\ — (/dtp(t) — 1) (4.17)

with respect to p and pu. Note that adding the Lagrange multiplier does not change the
value of W on solutions to the Bethe equations. The derivative with respect to u returns
the constraint, while the derivative with respect to p gives

3
A
Act+23 " g+ (Anp(t) + Sl —u=0. (4.18)
I=1
This determines p to be
— Aot — &2t
o(t) = L= Bct =3 (4.19)

250 1 g+ (Ag)

Supposing that p(t) has finite support on [t_,¢.], where t; >0 and t_— <0, p(tL) =0
allows us to solve for

I

=+ 4.20
8+ Ac (4.20)

t+

In order to be consistent with ¢4 > 0 and t_ < 0, the signs of u and % + A¢ must agree.
This implies that

A
Acl <[5

, sgn(p) =+1. (4.21)

The normalization condition (4.11) then determines p to be

1
n= \/2A1A2(A3 + 2Ac)(A3 — 2Ac) . (422)

When evaluated on the solution determined by (4.19), (4.20), and (4.22), the value of the
twisted superpotential is

2%N3

Wy = 3

\/;AlAg(Ag +2A¢) (A3 —2A¢) . (4.23)
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Having found the dominant Bethe root at large IV, we should take the large N limit
of (3.9) and evaluate it on this root to find the large NV index. The result is

1
N det(—9?W)
3

7.‘.2
S (nr+ g (M) - 3] [+ [ aptoyi

I=1

lim 1
Nl—I>noo o8

l a(T*R)
a(pc)a(Age)

] Ox(ny,n2, nc)]

R / dip(t) t +

3
Nz \/1 n g n3 — 2ng ng + 2n¢
= —/=A1 A9 (A 2A0)(As — 2A — + =
5\ 32182(A3 +2A0) (A3 C)(A1+A2+A3+2AC+A3—2AC)’
(4.24)

where we have introduced n3 = —2 — ny — ny for convenience. ¢/, is the derivative of g
in (4.16). In terms of the parameters suited to ABJM theory [19]

X X - A - A
Ar=Ar, Ay=0y, A3=ZC4A0, Aj=0 - Ac,

2 2 (4.25)
jod ~ ~ ns ~ ns
n =ny, ny =ny, 113:?_“0’ 114:?"‘110,

which satisfy 34, A; = 27 and Y4, &, = —2, (4.23) and (4.24) become (4.1), as claimed.

5 The black hole partition

Recall from (2.58), (2.59), and (3.8) that the twisted index can be obtained by gluing
hemisphere partition functions H) in the ¢ — 1 or ¢ — 0 limit. Here, A not only refers to
the boundary condition B) or classical solution (2.9) which correspond to a partition A, but
it also refers to a solution to the full Bethe equations (2.23) which reduces to the classical
solution under ¢ — 0 and dominates the asymptotics of Hy under € — 0. In the Cardy limit
approach to computing the large N index and thereby the entropy function, a particular
Bethe root, namely the black hole solution reviewed in section 4.2, was found to dominate
the large N and e — 0 asymptotics of Hy. The right-hand side of (2.58) evaluated on the
black hole solution was known as the Cardy block in [20, 21], and the entropy function was
then obtained by gluing two Cardy blocks, as in (2.59). In gravity, this approach is identical
to the proposal of gluing two gravitational blocks in [28].

However, up until this point, the field theory dual to the gravitational/Cardy blocks was
not precisely known because the boundary condition B) or classical solution corresponding
to the black hole solution was not known. In this section, we remedy this by evolving a
finite N analogue of the black hole solution towards { — 0, and matching the result with
a classical solution. The result is that the classical solution at the end of the evolution
corresponds to the partition

. . . h(h+1
1 if lgzgh/\z#N7¥,

A:(1m1,2m2,.,.), m; = 2 if Z:N—h(hTJrl)’

(5.1)

0 otherwise

n(n+1)

h:max{nEN‘ 5

§N}.
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Figure 4. The triangular partitions of N = 10 (left) and N = 13 (right), as defined in (5.1).

If N is a triangular number, A has parts {1,2,...,h}, each with multiplicity one, and its
Young diagram has a perfect triangular shape. Otherwise, the multiplicity of one part
N — h(hTH) is doubled, but the shape of the Young diagram is still roughly triangular. We
shall denote the partitions of equation (5.1) as the triangular partitions. For example, the
triangular partitions of N = 10 and 13 are illustrated in figure 4.

Our results therefore allow us to make the following conjectures, for which we give strong

numerical evidence in the remainder of this paper.

Conjecture 1 The black hole solution of the vacuum/Bethe ansatz equations for the ADHM
theory, which dominates the twisted index at large N and reproduces the energy functional
of static magnetically charged black holes in M-theory on AdSy x S7, is homotopic as ¢ — 0
to the classical solution (2.9) corresponding to the massive vacuum X\ of the ADHM theory
labelled by the ungiue triangular-shaped Young tableau/partition above.

Combined with the twisted index factorisation (2.59) and the saddle point formula for the
hemisphere partition function/vertex function (2.58), we also have that

Conjecture 2 The geometric object holographically dual to the gravitational block, i.e. the
precise geometric definition of the Cardy block for this holographic system, is the hemisphere
partition function Hy with an exceptional Dirichlet boundary condition By (as described in
section 2.2) corresponding to the triangular partition above.

5.1 Finite N solutions

In order to provide evidence that the large N black hole solution corresponds to the triangular
partitions, the strategy we use is to first find the finite N analogue of the continuum
solution (4.19) numerically, and then evolve it to ( = 0 via homotopy continuation.

We wish to numerically solve the finite N Bethe equations in the form

Wy —27ing, ng€%Z, Va=1,...,N, (5.2)

where W, are the logarithms of the left-hand side of (2.23). At large NNV, this is preferable to
1

solving exp W, = 1 since we are looking for solutions with s, ~ e™? for which the numerator
and denominator of (2.23) diverge quickly. A solution is found by taking the discretisation
of (4.19) as an initial seed and applying a quasi-Newton method to minimize the error

1 N
N > Wa — 2ming|*. (5.3)

a=1
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Figure 5. Plots of the density p(t), where the discrete points are extracted from the numerical
solutions at N = 2,10, 25, while the continuous curve is the large N solution given in (4.19). We have
chosen A; = %2, Ay =e, Ac = 5, which are in the allowed ranges (4.12), (4.21). One can observe
that the agreement between the numerical solution and the analytic prediction is improving with
increasing N.

Specifically, the definition of the density p (4.9) implies
t
N [ df'p(t") =al(t), (5.4)

which is a quadratic equation in ¢ that can be solved analytically for ¢(a) when a =1,..., N.
The initial guess ug is then taken to be

(uo)a = iN2t(a), (5.5)
and the integers n, in (5.2) are fixed to

B Pm Wa(uﬂ)-‘ 7

Ng =
2

(5.6)

where |-| denotes rounding to the nearest integer. This determination of n, will be correct
if ug is a close to the exact solution. For 2 < N < 75, we have verified convergence of the
quasi-Newton method, and the resulting solution has purely imaginary values of u, which are
purely imaginary — in agreement with the initial guess. If we then identify t(a) = uq/iN >
and approximate the density (4.9) by computing da/dt via finite differences, the agreement
with the N — oo solution (4.19) improves as N gets larger? (see figure 5). This is evidence
that these numerical solutions are the finite N analogues of the continuum solution (4.19).

5.2 Tracking solutions to the classical limit

We now evolve this finite /N numerical solution to { — 0, in order to determine the correspond-
ing classical vacuum/partition A to the black hole solution, and therefore the hemisphere

9For small N, one could be sceptical due to the relatively poor agreement, but the property Reu, = 0
is itself a distinguishing feature which separates the putative black hole solution from other solutions of the
Bethe equations, which generically have nonzero Re u,.
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partition function H, dual to the gravitational block. We shall see it is the triangular
partition described at the beginning of this section.

Using the parametrisation ¢ = e®t*4¢ | the limit is taken by varying a from 0 to —A,
where A is some large positive cutoff. In the following, we shall set A = 14, meaning that
at the endpoint one has |¢| = e™!* &~ 1076, which is sufficiently small for our purposes.
The solution is tracked using the approach of homotopy continuation, implemented using
the predictor-corrector method of [64, 65], which we now outline. In each step i of the
algorithm, we start from a solution v = u; at @ = «;, and seek the solution u;+; = u; + Au
at a1 = a; + Ay, where Aq; is a variable step size. As a solution, u;41 satisfies

. ow, ow,
0= Wa(u“_l, 047;4_1) — 2ming ~ a Aub + a AO&,;
Wy u=u;,0=ay da U=U;,0=0;
- ow, -
= abAub—(l)aAOéi, J(ui,ai)abz - s (l)az 1 Va= 1,...,N.
aub U=U; , =0

(5.7)
We find that det J # 0 along the path from a@ = 0 to « = —14. We can therefore invert
J and approximate

Aug = J(uiy i) 7 (1) Aay; . (5.8)

This is the predictor step which provides a good estimate w; 1 ~ u; +J *1TA041- of the solution
at o = a1 if Aq; is sufficiently small. In the subsequent corrector step, we start from
Uir1 = Uy + J 1T Aq; and perform Newton iterations

(wir1)a = (wir1)a = J (Wip1, @is1) gy Wa(uigr, igr) — 2ming)
;| W (s + T Ay, i) (5.9)

b
@ o

n

until either the error (5.3) is below some tolerance, typically chosen to be 10732 or the
number of iterations exceeds a maximum number, typically chosen to be 5. Recall that W,
contains a sum of logarithms. The change from n, to n), is to treat the case where the branch
cuts of one or more of the logarithms are crossed when passing from u; to u; + J 11 Aa;. If
the maximum number of iterations is reached but the error is still greater than the tolerance,
the step size Aaq; is halved, after which the " predictor and corrector steps that we have
just described are repeated. Otherwise, we have succeeded in finding the solution v = ;41
at o = ;11 to within the chosen tolerance, and can move on to the (i + 1) step of the
algorithm. There is a danger that during the corrector step an intermediate solution u; at «;
might jump to a track that is not homotopically connected to the black hole solution. By
keeping the maximum number of iterations in the corrector small and the tolerance tight, we
can minimise the chances of this happening. In addition, if the corrector step is successful
for 3 consecutive steps without needing to half the step size, the step size is doubled. This
allows a larger step size to be used provided that the convergence of the corrector is not
compromised, and speeds up the tracking considerably.

To illustrate how the solution smoothly varies as ( — 0, we plot in figure 6 the values
of ug on the solutions at intermediate values of a. Notice that the solutions smoothly
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Figure 6. Plots of u, in the complex plane on the solutions at various intermediate values of « while
2
running the predictor-corrector algorithm. The data is for N =7, Ay = 7, Ay = ¢, and A¢ = 3.

interpolate between the purely imaginary black hole solution at |(| = 1 and a purely real
classical solution at |¢| = e~ *. Recall that the classical solutions (2.9) are real since the
chemical potentials in (4.12) are real.

Having reached the endpoint @ = —14, the solution is refined by performing Newton
iterations until the error is smaller than an even tighter tolerance, which we have chosen to be
10~%4, After sorting the numerical solution and classical solutions by increasing real parts, the
matching classical solution and its corresponding partition is then picked out by minimising

N
Z |(sorted numerical solution), — (sorted classical solution)y|? (5.10)

a=1

among all classical solutions, i.e. all solutions of the form (2.9) corresponding to a partition.

~—14 at the endpoint, it turns out that

Since we have chosen a small enough value of |(| =e
the smallest error is several orders of magnitude smaller than the second smallest error,
so that we may unambiguously identify which classical solution and partition is the result
under the ¢ — 0 limit. For example, with N =7, A = %2, Az = e, and Ag = 7, the
minimum error is roughly 3.5 x 107°, while the second smallest error is roughly 0.25. As
mentioned, the classical solutions with the minimum error turn out to correspond to the
triangular partitions defined in (5.1). We have checked this for 2 < N < 28, and we expect

and conjecture the same to be true for all N > 28.

5.3 Tracking in the reverse direction

To provide further evidence of the correspondence between black hole solutions and triangular
partitions, it is desirable to track the classical solution of the triangular partition in the reverse
direction from ¢ = 0 to ¢ = "¢, and verify that the endpoint of this homotopy is the black
hole solution. For this purpose, solving the Bethe equations in the form (5.2) is not possible
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since W, is indeterminate on the classical solutions (e.g. there are terms —log( = —1log0

(50 — t1/2 1/2)

and log = log 0 when i, = j, = 1). Instead, we track the solutions of

3 N 11 3 N
Z%(&v)zz( tlg) 1T T1¢ b-—an—%vgqt2( t1252) I II(so —trsa) =0,

I=1b=1
b#a b#a

a=1,...,N, (5.11)

which are simply the Bethe equations (2.23) with their denominators cleared, and where
v is a parameter that allows us to interpolate between ¢ = 0 and ¢ = €'A¢ as it is tuned
from v = 0 to v = 1.

One might hope that the tracking of solutions proceed analogously to the previous
subsection, using the predictor-corrector method. However, the initial step from v = 0 to
v = Av # 0 poses a difficulty, which we now explain.

Let s* be a classical solution at v = 0. We seek the solution at v = Aw, written as
a systematic expansion

s=s"+As=5"+AVs+ APs+ ... (5.12)

where each term A™s is of order (Av)". To leading order in Av, the analogous Taylor
expansion to (5.7)

0 = B,(s* + As, Av) = 05, Ba(s*,0) AW sy, + 9, By (s*,0)Av + O((Av)?) (5.13)

implies

JupAWsy = —0,Ba(s*,0)Av, Jab = 05, Ba(s*,0) . (5.14)

If X\ is the partition associated with the classical solution s*, we find empirically that
rank(\) > 2 = detJ =0, (5.15)

where rank(\) is defined to be the maximum positive integer such that A contains at least
rank(\) parts with values greater or equal to rank()\). Diagrammatically, rank()) is the
length (in units of boxes) of a side of the largest square that can fit into the Young diagram
of A, also called the Durfee square. To be more precise, the forward implication of (5.15)
can be proven, and the proof is be found in appendix C.1. Numerically, we were unable
to find a counterexample to the reverse implication in (5.15), and we conjecture it to be
true. Consequently, the initial predictor step fails when tracking the solutions associated
with partitions of rank > 2, since it requires us to invert J.

For these problematic partitions, we shall attempt to fix A®Ms by analysing (5.14) and
the Taylor expansion more carefully. Now, the generic solution to (5.14) is

AWs = APs + As, AYs € Nul(J) (5.16)

where AY’s is any particular vector that satisfies Jp AL s, = —09,Ba(s*,0)Av, and Nul(J) is
the right null space of J (the right and left null spaces are not equal since J is not symmetric).
Due to the structure of 9, B and J, which is explained in appendix C.3, there is a specific
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Figure 7. Young diagram of the partition {5, 2,1} with exterior corners coloured red and interior
corners coloured blue.

choice of A(X”s that is particularly simple, and also helpful for later simplifications. To specify
it, we define a corner box of a Young diagram to be a box that can be removed to leave
a valid Young diagram. If a corner box is in the top row or left-most column, we shall
call it an exterior corner. The remaining corner boxes will be known as interior corners.!”
As an illustration, the exterior and interior corners of the partition {5,2,1} are coloured
red and blue respectively in figure 7

With this terminology, our choice of A}’s is specified as
_ OuvBa(s*,0)Av

A(Xl) Sa — Jaa, )
0, otherwise

, if a is an exterior corner

(5.17)

It then remains to determine A{"”s, that is the part of A®s in Nul(J). Tt turns out that
examining (5.13) at O((Av)?) is useful for this purpose, and it is

1
0= JupAPsy + 5é?scc‘)SbBa(s*, 0)AW s,AW s, + O, 0y By (s*,0)AvAL sy, . (5.18)
Contracting with the left eigenvectors v, of J gives
1
Vg iascasbBa(s*, 0)AM s, AW s, + 05,0, Ba(s*,0) AvAM s, | =0. (5.19)

Since the left and right null spaces of a square matrix have the same dimension, these are
dim(Nul(J)) quadratic equations for the same number of variables in A{’s. The next step
would be to find bases for the left and right null spaces of .J, and solve (5.19) for the coefficients
of Af)l)s in this basis. We refer the reader to appendix C.2 for an explicit construction of
such bases. Although the number of equations and variables match, it turns out that (5.19)
has an infinite number of solutions in all cases. This is a reflection of the fact that the
Bethe equations (5.11) have infinitely many solutions. For example, if {s],...,s§} is the
classical solution associated with the partition in figure 8, where the gauge fugacities are
attached to the boxes as labelled, then one can check that {cis7, cas3, casi, c15), c15%, casg}
with ¢12 € C are solutions of (5.11) at any v.

A common property of these infinite families of solutions is that there exist in them
groups of three fugacities whose values are related via

(s1,82,83) = (x,tiz, titax) or (x,tox,titex), x€C. (5.20)

The Fock modules F(u) of quantum toroidal gl; vanish on solutions containing (5.20). Such
vanishing conditions are called ‘wheel conditions’ in [43], and they are satisfied by construction.

10This is not to be confused with the notion of inner and outer corners commonly used in the literature.
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B ¢

Figure 8. Young diagram of the partition {3,3}. Starting with the classical solution {s7,...,s§}
where s, is associated with the box a labelled above, one obtains 2 infinite families of solutions
to (5.11) by scaling the gauge fugacities of the red and green boxes above independently.

i

Figure 9. Young diagram of a generic 1-wheel partition. The exterior and interior corners are
coloured red and blue respectively.

Since the members of F(u) become eigenvectors of the integrable Hamiltonians when evaluated
on solutions to the Bethe equations, and the eigenvectors should not vanish, one should regard
solutions that contain (5.20) as unphysical. Therefore, we shall reject solutions to (5.19)
where s* + A®s contains (5.20), and hope that what remains is a single solution that can
be used as the initial predictor.

At this point, it is helpful to visualise some of these statements in terms of Young
diagrams. All rank > 2 partitions correspond to classical solutions s* which contain at least
one group of fugacities related by (5.20). Whenever there are 3 boxes arranged in a L shape
or rotated L shape like the ones in red and green in figure 8, the corresponding fugacities in
s* obey (5.20). If a partition contains at most n such L shapes, we shall call it a n-wheel
partition. For example, figure 7 is a 1-wheel partition, and figure 8 is a 2-wheel partition.
Therefore visually, for s* + A®s to be a physical solution, A™'s must vary the fugacities of
one or more boxes in each L shape such that the relationships (5.20) are destroyed.

Now, we find empirically that a physical solution is contained among the solutions
to (5.19) iff s* corresponds to a 1-wheel partition. Otherwise, for all the n-wheel partitions
with n > 2 that were examined, all of the solutions to (5.19) are unphysical, and one expects
that higher order terms A2 s are needed to destroy the relations (5.20). A 1-wheel partition
generically looks like figure 9, and the physical solution to (5.19) is

Oy Ba(s*,0)A . . .
—2vBa(s"0) v , if @ is an exterior corner

Jaa
AWs, = —w , if a is an interior corner (5.21)
0, otherwise

Its derivation is covered in appendix C.4.

In this work, we shall restrict our attention to rank 1 partitions and rank 2 1-wheel
partitions, leaving the tracking of the classical solutions of higher-wheel partitions to future
work, since it would involve examining corrections to even higher order. In the rank 1 case, a
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conventional predictor-corrector method can be used throughout since det J # 0 everywhere.
For the rank 2 1-wheel partitions, the initial predictor step has to be replaced by (5.21),
after which the conventional method can take over since det J # 0. Among the triangular
partitions defined in (5.1), those for 2 < N < 7 are within the restricted set of partitions
that we can treat, and we tracked their corresponding classical solutions from v =0 tov =1
n (5.11). It turns out that the resulting solutions at v = 1 precisely match the black hole
solutions found in section 5.1. This is a nontrivial check of the correspondence between
black hole solutions and triangular partitions.

A a-genus asymptotics & regularisation

In this appendix, we consider the asymptotics and regularisation of the a-genus of a particular
weight combination. The a-genus of a weight w is defined by

1

w172 — w2’ (A1)

a(w) =

and extended multiplicatively to sums of weights as a(w; +w2) = a(wi)a(ws). We often write
a(W) as shorthand for a (3", w) where W is a weight space. The weight combination
that appears frequently in the main body of this work is

L [(1—t"q
a (1_qw> . (A.2)

In this appendix we are interested in the asymptotics of this quantity as ¢ — 1. We first
use the multiplicative property to give:

a(w) = exp (— log <w71/2 — w1/2)> ,
a (11(1“)) — exp ( Zlog( i/2,, B qz'/2w1/2>> ’

and the quantity we are interested in is then given by

(1-t1q q w2 = g 212
“( 1—¢q w) :eXp< Zlog 1/24-172¢ Z/Qw_m_t 2q1/2qi 212 (A.4)

The exponent of the right-hand side may be split:

S (— tog (—q20Y%) ~10g (1 - giw)

i=0 (A.5)
+ log (—tl/zq_l/Qq_i/zw_l/Q) + log (1 - t_quiw) )

The first and third terms above require zeta function regularisation. This is equivalent to

(A.3)

using the following identity to re-write the summations:

exp (i log f(i)> = exp (;S if(iY)
=0

1=0

(A.6)

s=0
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These terms of the exponent individually diverge as ~ s~2 at s = 0, but the divergence is
cancelled in the sum. More precisely, we have

d & . 2 lo 1 11lo 2<_w)
- _ /2, =172y _logg 1 B ~ 1log*(—w) R
dszzo( q FwE) s2logq+< o +plos(-w) = g ¢ +..., (A
and
d & 1 o s 2 1qu 1 110g ( t_lqw)
— /220122y (o Llog?(—tqu))
ds ; ) = Foge T\ g —plos( fqu)+7 oed 4o
(A.8)
where ... indicate higher order terms in s. The combination gives in total at s = 0:
1 — Ing(—w) 1Og2(—t_1qw)
1 | los(w) —log(=tqu) - . A.
4 <Og( ) loel ) log ¢ * log ¢ (A.9)

This regularisation allows us to re-write the a-genus in terms of ¢g-Pochhammer symbols.
Using the definition

(730)o0 :=exp Y _log(1 — ¢'z), (A.10)
=0
we find
-1 —1 .
o (Lot 2 e tos-i qwl-gl-tog(—w) (45 @)oo (A11)
1—gq (w35 @)oo

with the regularisation term is given by

o] = —=——+ — (A.12)

—€

where we set ¢ =

Asymptotics. We now consider the asymptotics as € — 0. In this limit the regularisation
terms contribute the following

1/1 1 1 1
- (4 log?(—w) — 1 logQ(—t_lw)) + 1 log(—w) + 1 log(—t~tw) + ... (A.13)
€

We now consider the contribution to the asymptotics of the second and fourth terms in (A.5).
We Taylor expand the logarithm and perform the geometric series over ¢. Setting ¢ = e™¢

and expanding using the definition of the dilogarithm

xn

Lig(z) = nz::l 5 (A.14)
we find that the contribution of the second and fourth terms is
1 1
- (Lig(w) - Lig(t_lw)) — E(log(l —w) +log(l —ttw)) +.... (A.15)
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We thus find in total the asymptotic expansion

1—t7t 1 1 1
a o =exp | — (LiQ(w)—Lig(t_lw)—l—logQ(—w)—logQ(—t_lw))
1—¢q e 4 4

1 1 1
+ 5 (—log(l —w) —log(1—t"1w)+ B log(—w)+ 5 log(—t_lw)> +.. .),

(A.16)

as € — 0 with ¢ = e™¢.

Symplectic pairing. Now let us consider the asymptotics of the d-genus of a weight space T":
11—t
i (q T) . (A.17)
l—gq
Equation (A.16) gives us the sub-leading contribution to the limit ¢ — 0 as

(=t~'w) ' ()t

, (A.18)
wI;[T (1 —w)/2(1 —t—1w)l/2
which we may re-write as
1 1/2

wl;[T ((w1/2 — w2121/ — t1/2w1/2)> ) (A.19)

which may be re-expressed as
[T a"*w), (A.20)
weT+tTV

where the weights in 7' and TV are paired under w ¢+ w=!. In the context of the main body
of this work, the pairing between T and ¢ corresponds to the symplectic pairing of matter
weights as a result of N' = 4 supersymmetry. Let us now consider the O(1/¢) part of the
exponential. We use the dilogarithm identity

1 2
Lis(a) + Lig(a™") = = log*(—a) - % (A.21)
to flip the argument of the second dilogarithm in (A.16) giving
1 . . —-1 1 2 1 2 -1 772
- Lig(w) + Lig(tw™") + 1 log*(—w) + 1 log”(—tw™") + ik (A.22)

This is again a sum of terms respecting the w <+ tw ™! pairing. In conclusion, the asymptotic
expansion of (A.17) as € — 0 is

I a (1_’51%> =a'? (W) exp (1 > flw)+ .. ) (A.23)

weT l—gq wew

where W = T + tT* and f(w) := Lis(w) + +log?(—w) + 7{—;, which we often abbreviate
to f(w) = Lij(w) + n%/12.
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A.1 Remark on factorisation

We conclude the appendix with a brief remark that it is possible to factorise the twisted
index (3.2) ‘under the integral’ sign by using a fusion identity for the a-genus. This is
closely related to the asymptotic result above. We begin with the a-genus of a weight w
raised to some integer power m (such terms appear in the twisted index). We may then
introduce a g-refinement:

a(w)™ = a(wg ™) a(wg ™Y L a(wg™?). (A.24)

The following fusion identity then follows from the regularisation of the a-genus considered
in the previous subsection:

(1—-t"1g m\ . [1— t—1g~1 m
a| ———w i| ——w
1—q 11 ! (A.25)
= a(wg ™M a(wg™ ) L alwd™ ) attw ™) L altw T ™),

this is the property of the d-roof genus that allows factorisation.

B ’t Hooft & Wilson line operator equalities

In this section, we prove for two instances, namely ADHM theory with N = 2 and SQED|2],

t1.201, o W . . . . .
L2%127" are identical to a combination of Wilson

that the 't Hooft operator insertions p1 2 = e
line insertions when evaluated on solutions to the Bethe equations (2.23), and are hence
elements of the quantum equivariant K-theory. Further, they yield the same expectation
values when computed inserted in the twisted background S? x g S'. This serves as evidence

that the same is true for ADHM theory with generic N.

B.1 SQED]2]
For N = 4 supersymmetric QED with N hypermultiplets, the effective twisted superpotential
is given by:
N 1 1
W = —log slog ( — NLiy(t) + Z {Li'z (sxiﬁ) + Lij (switi)} , (B.1)
i=1

where the flavour symmetry has a maximal torus U(1)V~!, for which we introduce fugacities

—1. Also, t is the fugacity for the same anti-

Z1,...xN—1, and define zxy = (z1...2N-1)
diagonal R-symmetry (Ry — R¢)/2 as in the main body, which can be regarded as an
N = 2 flavour symmetry.

For simplicity, take N = 2, the general case can be treated similarly. We take x; := x,

1

x9 = x~ . The vacuum equations are given by:

W 1 (Sm B t%) (i B t%) -1 (B.2)

(1 — st%m) <1 — Stj)
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This imposes a quadratic relation on s, and so the twisted chiral ring, which is equal
to QK (T*P'), can be generated by the elements O € {1,s}. The Bethe roots can be
determined analytically in this case as

B t%(l +22)(1 =) £ V(1 + 22)2(1 — ()2 — 4(tx — (x) (v — (tx)
5= 2 — (i) (B.3)

The ’t Hooft operator for the x flavour symmetry is given by:

e (=)

T T mak) (-8

and that of the N/ = 2 flavour symmetry by:

1—1)?
Py = 2O 1 (1 ) . - (B.5)
ERICHICENCES

Note the additional power of 2 in the definition of p;. This is due to the Dirac quantisation
condition; the flux for (Ry — R¢)/2 must be even as there are half-charged hypermultiplets
under this symmetry. Thus, this is the minimum ’t Hooft operator for this symmetry.

The goal is to express both 't Hooft operators in the form:
Pz = Ay + B.s, pi= A+ Bs (BG)

up to terms which vanish on the vacuum equations (B.2). This demonstrates that in the
q — 1 limit, the 't Hooft operator insertions in the twisted index and hemisphere partition
function are equivalent to the insertion of Wilson lines. In this simple case, it is possible
to find the interpolating (linear) polynomial in s between the values of p, or p; evaluated
at the two roots of the vacuum equation using Mathematica.!'!

One may explicitly verify that:

_(ﬁ—q)@%ﬂ—nt+Qt—n%¥_(g+nﬁx@2—nay—ns
e C(ta? — 1) ¢ (ta? — 1)

3 (22 — stz —x) (= stig 22

3 ( Uﬁ )(@+Ut +(t +Q@@W_0.

(ta? —1)* (s - t%l‘)

—+

The second line clearly vanishes on the vacuum equations, and so the 't Hooft operator is
equal to the insertion of the linear combination of Wilson line operators on the first line,
which can be interpreted as a linear combination of QK7 (T*P') insertions.

"For the ADHM example this is computationally intractable, so we turn to other methods. See the
next subsection.
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Further:

2 (t—Q) (t(tat+ta? + (@ (t—x+1) — 1) (z(t+a+1)+1)+t—222) —2?)
ne C(t—a?)% (ta? 1)
LCGDVIE D) @R (¢t 1)
C(t—a?)* (t22~1)*
esasw_l

(t—22)* (ta2~1)* (s2— V) (s Vix)
ot s2ta? <g— (t3 <x4+c ($2+1> 2+x2+1>> _— (x4+§x2+1)>

ot s2ta? (t (§+<x4+x2) +2? (c+(<+1)x2+2) +1)

o sVia? (a241) (H(—CHGa? (P24t =22 =1) + (1t + (1= 1)a?+1) —2? ) —2?)

(G0 (-0) 20t () ..

otz (:L'Q—t (tfc4+t$2+C(x(t—x+1)—1)(m(t+:z:+1)+l)+t—2:c2)> > ,

which demonstrates the equality of the 't Hooft operator p; to a linear combination of Wilson
line or QK7 (T*P!) insertions on the vacuum equations.

B.2 ADHM with N =2

In ADHM theory at N = 2, the 't Hooft operator insertions can be massaged into the form

—1\2
p1 = @tlatlw = _M
(1—1t1)2

1
5 (s2 —t3s1)(s1 — t352)

1\ 3 1\ 3 _1
(82 — tlsl)(sl — tlsg) (Sl — t§> (SQ — t32) (81 — t3 2)

—1\2
— 6t23t2W _ _t%(l - t3 1)

D2 (1 — t2)2

X

N

11
812822 (82 — t381)(81 — t382)
1 1 1 1
1\ 32 1\ 2 _1 _1\ 2
(82 — tgsl)(sl — tQSQ) <81 — t§> (52 — t;) (81 — t3 2> (82 — t3 2)

The square root of the product of the two Bethe equations (2.23) is

X

N

_1\3 _1\3
1(51_t32) <82_t32)
¢T3 =1. (B.10)

i 1
)

V]
/N
)
no
|
o~
[SVINI
S~
[
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Therefore, when evaluated on solutions to the Bethe equations, (B.9) is equal to

1 1 1
Bt 5153 (s2 — t351)(s1 — t352)
- (1—t1)? =3 -3\’
(82 — tlsl)(sl — tlsg) <81 — t3 > <82 — t3 )
B . . (B.11)
t3t5 2¢(1 = t57) s 55 (s2 — t3s1)(s1 — t352)

P2 =

O824 tysn)(51 — tosa) <31 - tiﬁ) <32 - t;é) .

. . 11 . ny+ng
In the twisted index, the common factor sf s3 above contributes (s1s2)” 2 from p}'ps?. Due

to the Dirac quantisation condition ny + ny € 27, this is an integer power of the determinant
line bundle £ = s1s9 and is already an element of quantum K-theory. It remains to show

that the fractions

(52 —t3s1)(s1 — t352) _n
1 N g0
(82 — t181)(31 — t182) (81 — i3 2) (82 — i3 2) d
B.12
(s2 — t3s1)(s1 — t352) n ( )

1 1 R
-3 -1 d
(s9 — tas1)(s1 — tas2) <51 —tg 2) (52 —t3 2> 2

coincide with a symmetric polynomial in s; > when evaluated on Bethe roots. The Bethe

equations with denominators cleared are

_1
B, = (81 — 13 2) (52 — t1_131)($2 — t2_181)(82 — tglsl)

1 1
+ Ct3 2 (81 — t32> (82 — tlsl)(SQ — tgsl)(SQ — t381) = O,
_1
Bl = <82 — t3 2) (81 — t;182)(51 — t;ng)(Sl — tglsg)

_1 1
+ Ct3 2 (82 — t§) (81 — tlsg)(sl — tQSQ)(Sl — t3$2) =0.
(B.13)
Our strategy is to show that the numerator n in (B.12) can be written as

B, - B
n=qd+a1By+bB_ = qds+asBy+byB_, By =Bi+By, B_=--""2 (B.14)

S1 — S92
where q1 2, a1 2, b1 2 are symmetric polynomials in s; o whose coefficients are rational functions
of t1 23 and ¢. They must be symmetric since n and d; 2 are symmetric polynomials by their
definition in (B.12), and since B; <+ By under s <> sy, By are also symmetric. In this way,
n/d; is equal to g; on Bethe roots, and n/ds is equal to ¢2.'2 Note that By — Bs has s; — s9
as a factor, so that B_ is a polynomial. In addition, one can show that B_ does not vanish
when s; = s9, meaning that B only vanish on physical Bethe roots on the Coulomb branch

2More generally, a1,2 and b1 2 could be rational functions of s;,2, as long as their denominators do not
vanish on the Bethe roots. Then it would still be true that the fractions n/di 2 are equal to 1,2 on the Bethe
roots. However, it turns out here that we can prove (B.14) while restricting a1,2 and b1,2 to be polynomials.
We do not rule out the possibility that ai,2 and b1 2 might have to be rational functions for N > 2.
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of the gauge theory where s; # s2, so that the gauge group is broken to U(1). The trick
of dividing by s; — s2 is taken from [66]. Since n, d; 2, B+ are symmetric polynomials, we
can express them in terms of the elementary symmetric polynomials

€1 =81+ 82, e€9=5152. (B.15)

Now (B.14) is equivalent to saying that n is a member of the polynomial ideals generated
by {dl) By, B—} and {d27 By, B—}: Le.

n€I1:<d1,B+,B_) AN nEIQI<d2,B+,B_>. (Blﬁ)

The standard algorithmic way to determine whether (B.16) is true (the ideal membership
problem) is to compute Grobner bases for I3, Is, and reduce n with respect to the bases [67].
Then (B.16) is true if and only if the remainder is zero under the division algorithm. Choos-
ing lexicographic ordering in {ej, ea}, we compute the Grébner bases for I; and I using
ExtendedGroebnerBasis in Mathematica. The result turns out to be the same for I; and I5:

_1
L =T =(eaea— 1), (1+t3 )ea—t32e1en, t3tel —(1+1t31) %), (B.17)

implying that they are actually the same ideal. Since the numerator n is precisely a multiple
of the third basis element

n=—#[tz'e - (1+15")%) , (B.18)

the remainder of reducing n with respect to the Grébner basis is zero and (B.16) is true. We
have thus proven that (B.14) must be true for some polynomials g; 2, a1 2, b1 2. To find these
polynomials explicitly, we can use the conversion matrix returned by ExtendedGroebnerBasis,
which gives the basis element t3'e? — (14 t53')%eg in terms of the starting bases {dy, By, B_}
and {d2, B4, B_}. The result is

q =173 (1—t) T (At) B (1) (t51—1) -3 (t3;+C> - {43 (t%—l) 2

1 _1\2 _1 1+2t
(148) (851 =1) (1445 ) (t3 2+¢) +(1+t3 2<) {t1(1+t2)+t3 2g<1+t§+t?+ 1)
_3
+C? (1=t =B+ (12 (241) (141)) )+t 2C3(1+t2)} 265 e = (1+41) (1442) (1485 1) o]
_% -1 —1 —1 2
1,7 (1) (15" 1) [tg (1t2)+15 ¢ (1t (b —1) (B+ta42t1 (141) ) )
+¢? (1ta+t1 (2-t1 =8t (143t +83 +4]) B3 (14201 + 2152 (24 1) ))

_1
g 2 (1 48—t (10— 81+ 41) —tots (14261 (14+41)) + 1857

e (1—t2—t1 (1—|—t2~|—t1 (1—t2—|—t1 (1+t5) (—1—(2—|—t1)t2+(1+t1)t§)>>)+ti”t;gc5(1+t2)} 61}
(B.19)
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1 3

=210 ) ) (157) (5 §+<)1{ j(1+4%¢)

X {tl (1+t2)+t;%C (1+t§+t§’+t35 (1+2t1)) +¢2 (1—t1—t%+t?(1+t2 (2+t1) (1+t2)))

3O 1) | [0 Pt v (557 -1) (10085 3¢) |6 (10 2)

7 (rtatty (t2-1) (B+ta+201 (1413)) )+ (1-) (1411)° 0

_3
+t2C? (1+t1) (1—2751—755’;) —t3 2 +t5 % (24 ) Tty 2C3(1+t2)(—1—|—t1(—1+t2))]61

+t1% (1+t1) (t;l—l) {—t?)g (1+t2)—t3 ¢ (2(1+t2)+t1 (t2—1) (t%+t2+2t1 (1+t2)))

2—|—t1

_1
g 2¢? (—3—2t1+3t%+2t?+t2 (—3+2t1+3t%+t‘1‘) >+<3 ((—1+t1)(1+t1)2

_5
+t2(—1+t1—ti”+t§*)+t§2( L43t2+3) F 2ty 855 ity )+ti’t32¢4(1+t2)]}

1-1 5 1 . 1 N3/ 1L 11 1 _1
b1=2""t 2t3¢ 7 (1—t1) (1+t1) 7 (1+t2) (1—t§ ) <t3 2+§> {tftS 2 (1+t3 2() X
3 2,3, 112t 2 3
t (1t +ty 2 ( 14+ + 0 )+ (1t =B+ (1442 (2+41) (14+1)) )
3
_3 1 _1
+t3t, 2g3(1+t2))e§’+2(1+t1) [tg1t§/2(1+t2)2eg+tft3 2C(14t1) (=24t +t7
B B 2 -1 2 —2 3 2 . B
to (1—4t1+12) +1ot5 2+t1+t1>+2t2t3 Yeatt2C2(14ty) [ =1+t [ — 146
o (—140)? (1) Hatg  (2+0) (146) +a15? (1440 +83) ) > es
3 (14t )(t (1—t,) (14t )(1—t—1)2(t t_1—1)+<—1+t_1+t2(1+t (1
5 1)\t 1 2 3 1l3 3 1 2

oty (—4=Bto+t1 (142) (2+ (1t ) ta+2t0t5 1) ) ) )) ) 12

t§3(4(1+t2)262}
1 _1
+17 [—tS1(1+t2)(—1+t1(2+t2))—t3 24(—1—t2+2t1 (ta—1)+t] (2+t1

o (3—t1 44 ) +13 (2+5t1+t%)+t§(1+3t1)))—¢2(—1—t2+t1(—1+2t2+t§
H352 (o= 1)+835 1 (243t) (1+2) 11 (1483) +13 (1+12) (1-5t2+13 )

315! (1+2t2+2t§+3t§))>—t§5g3<—2+t1 (1+3t2+t1(t2—1) +tit% (B-1)
1 (144824313 ) +135 % (44 5t2-+ 383 ) +£3 (143t (1442413 ) )

—ti”tg2C4(1—|—t2)(—1—|—t1(1~|—t2(2+t1(t2—1))))}el—l—{ 1 (14+4,)? (1+t3 Qg) <t1(1+t2)
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_1 _3
g (1 e+ (1420) )+ (1-t =48 (1412 (2411) (1+42)) ) ity 2C3(1+t2))62

1 _3
—t7 (t-1) (15" 1) <t3 ? (14t) +1aty ' (ta—1) (B+ta+2t1 (1412) )

24ty +2t3+13 L h (2+t1)

_1
+t3 2 (1+t2) <(1+t1)2— 5

>+g3((t1—1)(1+t1)2

_5
+to(1+t1) (—1+2t1+tf{’) —t32(—1+t§+t?)—2t33(1+t1)+t1t34> +it, 2g4(1+t2)>} 61}
(B.21)

The other set of polynomials g2, as and by can be obtained from ¢;, a; and by respectively
by exchanging t; < to.

C Numerical details

In this appendix, we collect some details in the initial predictor step away from ¢ = 0 that
were omitted in section 5.3 for brevity.

C.1 Singularity of the Jacobian

For the Jacobian J,, = 05, Ba(s*,0), we want to prove that if s* corresponds to a partition
with rank > 2, then det J = 0. Since the derivative of B, is evaluated at v = 0, only the
first term of (5.11) contributes to J, i.e.

N
11
Jab = 05, Ba(5,0)| _ .. = s, <3a —t} t22> H(sb —t7184) (56 — t5 "5a) (8 — t1t254)
b=1
b;éa s=g*
(C.1)

If s* corresponds to a partition with rank > 2, we first show that the homogeneous part
of By(s,0) is zero on the classical solution, i.e.

N

H(s?; —t7ts8) (sp — ty st (sp — titast) = 0, Vae{l,...,N}. (C.2)

b
For all boxes a in the partition other than the top-left box, there are always neighbouring boxes
b either above or to the left of a which satisfy s} — t7's% =0 or s} — t5's% = 0. Thus (C.2)
automatically holds for these boxes. When « is the top-left box, the fact that the partition
has rank > 2 implies that there is a box b to the bottom right of a with s; — t1t2s; = 0.
Now that (C.2) holds, due to the homogeneity of this factor, any overall rescaling of s* still
satisfies (C.2). This means that B,(es*,0) = 0 for arbitrary e. Expanding to linear order in
€ implies that Jy,s; = 0, i.e. that s* is a right null vector of J, and consequently det J = 0.

C.2 Null vectors of the Jacobian

Right null vectors. Let us examine the right null space of the Jacobian and determine a
spanning set of vectors. We shall first generalise the argument in appendix C.1 to find more
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Figure 10. Shapes of the minimal subsets S which satisty (C.3).

Figure 11. A division of the partition {5,4,2,1} into a maximum number of subsets satisfy-
ing (C.3), which are coloured red, green, and blue. With s, being associated with the box labelled
a, the zero eigenvectors coming from the 3 independent rescalings are (s7,s3,0,0,0,0,s%,0,0,0,0,0),
(0,0, s%, 5%, s%,0,0, 8§, s5,0,0,0), and (0,0,0,0,0, s§,0,0,0,s10%, 831, 579).

null vectors. Starting from the classical solution s*, one can scale a subset of the fugacities s,
fora € S C {1,..., N} independently while preserving (C.2), as long as the following is true:

H(SZ — tfls(’;)(sg — t;lsZ)(SZ — titas;) =0, Vae S cC{l,...,N},

bes
b#a

H (sp—t7's%) (st — ty tsl)(sh — titast) = 0, Vae S ={1,...,N}\S.

a
bes’
b#a

(C.3)

Then s, = e“s! for a € S, and s, = e2s}; for a € S’ still satisfies (C.2) and Bg(s,0) = 0. As
in appendix C.1, By(s,0) = 0 at linear order in € o implies that the vectors

se, a€f, 0, a€s,
(v2)a = (C.4)
0, CLGSI, s, aes/’

a’

(Ul)a =

are right null vectors of J. To span the entire null space, one must construct as many of
these subsets S as possible. When trying to do so, one sees that the smallest subsets are
made up of 3 boxes arranged in either of the L shapes in figure 10.

After tessellating the partition with as many of the L shapes in figure 10 as possible,
each of the L shapes must be completed by boxes below and to the right such that the
entire partition is covered by subsets. For example, such a cover and the associated null
vectors are shown in figure 11.

It turns out that the null vectors arsing from rescalings, which we have discussed thus
far, are insufficient to span Nul(J). We also need null vectors of the form

(Ub)a = 5aba (C5>
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which are associated with individual boxes b. To determine which boxes b are allowed, we
examine the eigenvalue equation

N

0=0.B(s%,0)(vp)c = OpBa(s*,0) = 5ba{ H (si—tytsi)(sh—ty tsk)(sh—titasy)
c=1
c#a

N
11
(st ) ol s s (st atas) 85 (5187 ) (st
c=1

c#a

N
+iata(st—t7 st (st =t "s2)] 1 (s:;—tl1s:;><s:;—t21s:><sz—t1t2sz>} (C.6)
dcié:al,c

11

H(1=0u) (1=t ) (65— 50) (5~ rtas) (56755 —ttas)
N
=t = ) T (st =) s s (st~ tatasi), Y=L,

c=1
c#a,b
In the case a # b, only the last two lines of (C.6) are present. If a is not any of the
neighbours of b drawn below,

o]

ba‘

a

since (C.2) holds, there must exist ¢ # a, b such that (s¥ —t7's*)(s5 —t5 's%) (55— t1tas’) = 0,

a
and the product in the last line above is zero. The non-trivial requirements on b come from the

cases when a is one of the neighbours drawn above, and each of the cases shall be considered

ES
a

individually. When a is to the top-left of b, either i, = j, = 1 and s} — tlé tgé = 0, or otherwise
there is always a box ¢ above or to the left of a for which s* —t7's* = 0 or s% — t5 's% = 0.
The last two lines in (C.6) are zero either way, and case where a is to the top-left of b does
not provide any constraints on the position of b. Moving on to the case when a is the right

neighbour of b, if a, b are not in the top row, there exists a box ¢ on top of a satisfying

st —t; st = 0, making the product in the last line of (C.6) zero. Otherwise if a, b are in the
top row, imposing that the last two lines of (C.6) are zero is equivalent to imposing that there
must be a box c satisfying s} — tit2s);, = 0. In other words, either 7, > 1 in which case there

are no additional constraints, or 4, = 1 and there must exist boxes arranged in relation to b as

‘ba

Lastly, when a is the bottom neighbour of b, if j, > 1, there exists another box ¢ such that
st —t5'st = 0 and the last two lines of (C.6) are zero. Otherwise if j, = 1, imposing that the
last two lines of (C.6) is zero is equivalent to imposing that there must be a box ¢ satisfying
sk —titas; = 0. In other words, either 5, > 1 in which case there are no additional constraints,
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or j, = 1 and there must exist boxes arranged in relation to b as

b

a

We still have to consider the case a = b, where the first 3 lines of (C.6) must be zero. The
analysis is similar and one can show that there are no new constraints. Taking together the
constraints Va, the boxes b in the partition A corresponding to null vectors of the form (C.5)
belong to the set

Srama={bEX (=1 = 32jp+2)€XN) A (jp=1 = I +2.2) €N}. (C7)

In the above, and also in subsequent expressions, (i4,j,) denotes a box with row number
i and column number j,.

To recap, the null space of J contains two sets of vectors. The first are vectors generating
independent rescalings of the classical solution, corresponding to subsets which cover the
partition. The second are vectors corresponding to individual boxes in (C.7). We conjecture
that the null space is completely spanned by these vectors, i.e.

Nul(J) = spanc{vs, v | S € C,b € Spjnd} (C.8)

where C is a cover of the partition with the largest number of subsets. For the partition
in figure 11, C would be the set of 3 coloured subsets. Note that the vectors in (C.8) may
not be linearly independent since some subsets S might be entirely made out of individual
boxes in Sgina. In that case, the vectors corresponding to these subsets S can be removed
from the spanning set. It has been numerically tested that (C.8) holds for all partitions
up to and including N = 16.

Left null vectors. It turns out that for the left null vectors, it is sufficient to consider
vectors corresponding to individual boxes a,

(Ua)c = dac » (CQ)

for which the eigenvalue equation is
(va)c0sy Be(s™,0) = 05, Bo(s*,0) =0, Vbe{l,...,N}. (C.10)

As in the previous analysis, one should understand the restrictions on the boxes a due
to (C.10). Essentially, one finds that either i, = j, = 1 and the box (2,2) exists in the
partition, or at least 2 of the 3 neighbouring boxes drawn below must exist in the partition.

(C.11)

]

This is automatic for the interior boxes with 7, > 1 and j, > 1. Elseif i, = 1 and j, > 1 (since
iq = jo = 1 was already considered as a special case), the box with coordinates (i + 1, jo + 1)
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must exist in the partition. Similarly if j, = 1 and i, > 1, (ig + 1, j4 + 1) must exist in the
partition. More compactly, the boxes a satisfying (C.10) in the partition A belong to

Spind ={a€X| (ia=1Vj,=1) = F(ig +1,j,+1) € A}. (C.12)

Note that all right null vectors of the form (C.5) are also left null vectors since Sgind C SIind,
but the converse is not true. It has been checked for all partitions up to N = 16 that

Nul(JT) = spanc{v, | @ € Srind} - (C.13)

We have also checked that the dimensions of the left and right null spaces are equal, as
expected for a square matrix J.

C.3 Choice of particular solution

In this section, we derive the particular solution (5.17) to (5.14). Firstly, let us find the
boxes a for which 9, B,(s*,0) # 0. Note that

N

11 1 _1
0,Bu(s",0) = ctits (si— 67,7 ) T[s5 — asi) (s — tasid(sf — £ 8553 70
b=1
b#a

N
= [[(s5 —tas0) (s — tasp) (s — t7 13 's3) # 0,
b=1
b#a
_1 1
because on the classical solutions, s} # t; ?t, ? for any a. For the latter condition in (C.14)

(C.14)

to hold, a cannot have neighbouring boxes below, to the right, or to the top-left, i.e.

<]

Z[x]

X

where the crossed boxes must be absent in the Young diagram associated with s*. Since there
are no boxes below or to the right of a, it can be removed to leave a valid Young diagram; i.e.
it is a corner box as defined below (5.16). In addition, the condition that there is no box
to the top-left of a implies that it must be an exterior corner.

Next, we show that for exterior corners a, Jp, = 0 for all b # a. Explicitly, the matrix
entries are the same as in (C.6) but with a and b exchanged. Since a is an exterior corner,
there is no box b # a such that s — t;'sf = 0, s% — t;'s; = 0 or s% — titas; = 0. On the
other hand, as for any box in the Young diagram, b must have a neighbouring box ¢ # a, b
(as we have just established, ¢ # a because a is an exterior corner) on itsllelft or above it such

that s% — ¢ 's; = 0 or st —t;'s; = 0, or b is the top-left box with s} —¢7¢3 = 0. This means

N
11
(55 783 ) T G52 ) (s — 655D (s = tatas) = 0. (C.15)
c;é:al,b

and therefore Jy, = 0.
If we choose A'}’s to have nonzero entries only in the fugacities corresponding to
the exterior corners a, Jp, = 0 for b # a implies that (5.14) simplifies to JaaA(X”sa =

—0yBa(s*,0)Av for each exterior corner a. This is clearly solved by (5.17).
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C.4 Derivation of the physical solution

In this section, we go through the steps to simplify (5.19), before solving it in the case where
s* corresponds to a 1-wheel partition. If we decompose AMs as in (5.16), (5.19) becomes

1
= 505,05 Ba(s", 0)AY s,AY s, + 84,05, Ba(s*,0) AP 5,A s,
+10 0s.Ba(s", O)A( Vs, AW s, + 0,05, Ba (s, O)AU(A(I)S +A(1) ), Vaé€Sp;
9 spUse 0 °b/(g Sc Sp x b L,ind »
(C.16)

where we have used the basis (C.13) for the left null space of J. Due to the judicious
choice (5.17) that was made for A(Xl)s, there are various simplifications in (C.16). To see
this, one can analyse the explicit formula for the matrix of second derivatives contracted

with vectors v, v:

S (5 ) (55 (55— a4 (55— 1752 (05 ) (55— o)
e
N
+(sp—t7 o) (sp =ty ' s5) (wp—tatava)] [T (st—t7"s5) (si—t5 8% ) (st —tatasy) +(v > 0)
c(;:«é:al,b

2

1

(s —tft%)Z vy —t1 1) (Tp—t5 10a) (87 —t1tasy) 4+ (vp—1t7 tva) (87 —ty 1 s5) (Tp—t1t2Ty)
bZa
4+ (Tp—t1 0a) (vp—t5 "va) (55 —t1tas?) (55 —t7 12 ) (vp—t5 "0 ) (Tp—t1taTa)
+(6b—t1—15a)(s*—t;ls;)(vb—tltgva)ﬂsz—t;ls,’;)(ﬁb—tglaa)(vb—tltwa)]

X H sE—t7lsh) (st —ty tsk) (s —titas?)
c;éab

N
11
(st ) Yolon ) (585 520 5 rtast) + (55~ 50) (o5 ) o~

b=1
b#a
N
+(sp—t7 su) (sp 15 ' s5) (v —tatava)] X D [(Te—ty0a) (5213 ' 55) (55 —tatas)
cgé:al,b

+(se—t7 5 (Te—ty ') (se —tatasy) +(si—t7 ' s3) (se—t3 ' 7) (Te—t1taTa)]

N
1T (it (si—t3s5) (si—tutasy)- (C.17)
d;él:}),c
Consider the first term %85b85CBa(s*,O)A(Xl)sbA(Xl)sc in (C.16). Note that Sp inq does not
exterior corners, so A(Xl)sa = 0 and the first two lines of (C.17) vanish. If we next look at
lines 3 to 6, they are zero if a is the top-left box. If not, a has at least 2 neighbours in
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the positions drawn in (C.11), and the product in line 6 will always include a contribution
from when ¢ # a, b is one such neighbour. Since the neighbours drawn in (C.11) precisely
satisfy s — tl_lsfl =0, s} — t;ls(’; =0, or s; — titas; = 0, this product must be zero. Lastly,
we consider lines 7 to 10. Since A(Xl)sa = 0, the summand is proportional to A(Xl)sbA(Xl)sc,
which is only nonzero if b and ¢ are exterior corners. By construction, these boxes b, ¢
cannot be neighbours of a in the positions drawn in (C.11). Therefore the (at least) 2
neighbours of a in positions (C.11) must be included in the product in the last line, which

is then zero. We conclude that
1
5050 Ba(s". 0)AYs,AVs, = 0. (C.18)

Due to almost identical arguments from analysing (C.17), which we will omit, one can
also show that

5,05, Ba(s*,0) AP 5,AM 5. = 0. (C.19)
Next, we want to show that
0y0s, Ba(s*,0)A Vs, = 0, (C.20)
for which we need to analyze
11 N . 11 1o\ X
0y0s, Ba(s*,0)vp = Ct3t3va [ [ (s5—t1sh) (sh—tasy) (sg—t1 'ty ' sh)+(tit3 <sj;—t1 ’t, 2) >
ba ba
x[(vp—t1va) (s5 —tasg) (55— 11 1ty ' s3) + (5 —t1sy) (v —tava) (55— 11 15 ' s7)
N
+(sp—tisg) (sp—tasy) (vo—t7 5 0a)] [T (st—tusy)(sc—tasy)(so—t1 15 'sy) . (C.21)
c=1
c#a,b

The first term above is directly zero since A(Xl)sa = 0. Note that for the boxes a € Sy inq with
iag =1or j, =1, (i + 1,j, + 1) being in the partition also implies that the two neighbours
of a, (iq,ja + 1) and (iq + 1,j,) are in the partition. One of these neighbours must be part
of the product in the third line above, where either s} —¢;s}; = 0 or s} — t2s); = 0, making
the term in the second and third lines zero. In the leftover case where «a is an interior box
with i, > 1 and j, > 1, the neighbour (i, — 1, j, — 1) to the top-left is guaranteed to exist
in the partition. Since A(Xl)sa = 0, the summand in square brackets above is proportional
to A(Xl)sb. For this to be nonzero, b must be an exterior corner, and (i, — 1,5, — 1) # b.
Therefore ¢ = (i — 1, j, — 1) must be included in the product in the third line. Since
st —t; 'y 'st = 0, the whole term is zero.
At this point, (C.16) is simplified to

1
50505 Ba(s". 0)AM s,AV 50 + 0,05, Ba(s*,00A0AM s, =0 Va e Spma.  (C.22)

Next, we express Aél)s in terms of the basis found in (C.8) as

A(()l)s = Z TSVs + Z TpUp - (C.23)
SeC bESR,ind
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Substituting into (C.22) gives

Z 05,05, Ba(s*,0)(vs)p(vs)exs Tsr + > Y. 95,05, Ba(s*,0)(vs)p s e
S S’eC SeCceSR,ind

1
+ 5 Z asbascBa(S*v 0) TpTe + Z Av 8vasbBa(S*, O)(”S)b xrs (024>

b,CESR,ind SecC
+ Z Av 0,05, Ba(s™,0)x, = 0.

b€E€SR,ind

Since rescaling a subset S € C of the gauge fugacities is an ezact solution of B,(s,0) = 0,
we must have

%8$b8$cBa(s*, 0)(vs)o(vsr)e =0 VS, S €C. (C.25)

In fact, any higher derivatives terms must also be zero when contracted with vg. This
leaves us with

1
> 096,05, Bals” 0)(vs)p s e+ 5 > 05,05, Bals",0) a2

SGCCESRmd b, CeSR,ind

+ Z Av 0,05, Ba(s™,0)(vs)p xs + Z Av 0,04, Bq(s*,0)xy =0, Va € Sping-
SsecC besR,ind

(C.26)

In the case when s* is associated with a 1-wheel partition whose Young diagram is shown
in figure 9, the right null space of J is 2-dimensional. The cover C only has one element
which is the whole partition itself, and we denote the corresponding coefficient as x. The
corresponding null vector is s* itself. Sginq consists of the sole interior corner a which is
coloured blue in figure 9, and we denote the corresponding coefficient as y. For the left null
space, STina contains the top-left box with coordinates (1, 1), which we will denote as b, as
well as the interior corner a. (C.26) then consists of the 2 equations

1
05,05, Bp(s™,0)s: zy =0, gy <28§GBQ(S*, 0) y + Avdy0s, Ba(s™, 0)> =0. (C.27)

(1)

The solution y = 0 is unphysical since s*+ A} s+ zs* still contains fugacities related by (5.20)

for arbitrary x. We are left with the other solution

2Av0,0s, Ba(s*,0)
0z, Ba(s*,0)

which, when added to (5.17), is precisely (5.21).
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