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Abstract: We continue our study of the correspondence between BPS structures and
topological recursion in the uncoupled case, this time from the viewpoint of quan-
tum curves. For spectral curves of hypergeometric type, we show the Borel-resummed
Voros symbols of the corresponding quantum curves solve Bridgeland’s “BPS Riemann—
Hilbert problem”. In particular, they satisfy the required jump property in agreement with
the generalized definition of BPS indices €2 in our previous work. Furthermore, we ob-
serve the Voros coefficients define a closed one-form on the parameter space, and show
that (log of) Bridgeland’s t-function encoding the solution is none other than the corre-
sponding potential, up to a constant. When the quantization parameter is set to a special
value, this agrees with the Borel sum of the topological recursion partition function ZtR,
up to a simple factor.
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1. Introduction

This paper continues our study [IK] of the relationship between the theory of BPS
structures and the formalism of topological recursion, in the special case where the
former is uncoupled. In the present work, we approach this based on the relationship
that each of these two theories has with exact WKB analysis — in particular, the theory
of quantum curves. As before, our testing ground will be concrete examples related to
the Gauss hypergeometric equation and its confluent degenerations, the spectral curves
of hypergeometric type, summarized in Table 1 below.

In our previous work, we gave a formula for the topological recursion free energies
Fg as a sum over BPS cycles, weighted by BPS indices €2(y) whose definition we
introduced generalizing [GMN2, BrS]. In the present paper we build on this result (which
is formal in A), following the topological recursion construction of the quantum curve
in [IKoT1,IKoT2] to solve Bridgeland’s BPS Riemann—Hilbert problem [Brl] (which
is analytic in nature). Our solution is given by the Borel-resummed Voros symbols of
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Table 1. Spectral curve X, : )72 — Qo(x) = 0 of hypergeometric type, where e € {HG, dHG, Kum, Leg,
Bes, Whi, Web, dBes, Ai} labels the equation

Equation (label) Qe(x) Assumption
G (HG) m002x2 - (moo2+m02 _m12)x "'mO2 mg, mi, Moo 7 0,
auss R x2(x — 1)2 mo E£my) tmeo #0.
Moo X + M1~ — Moo my, meo # 0,
D te G dHG _—
egenerate Gauss (| ) = 1)2 i my + moo # 0.
X% +4dmeoox +4mg mq # 0,
Kummer (Kum) T my £ meo # 0.
Legendre (Leg) ?i Mmoo # 0.
x4 —1
X +4m(2)
Bessel (Bes) ) mqg # 0.
. . X —x4moo
‘Whittaker (Whi) i Mmoo # 0.
X
Weber (Web) —x% —meo Moo # 0.

Degenerate Bessel (dBes)
Airy (Ai)

S| =] =

the quantum curve, and we furthermore obtain the corresponding “r-function”, together
with its interpretation in terms of a potential for the Voros coefficients.

We will state our main result in detail below after giving a brief background of these
two theories, together with the results of our previous paper [IK].

1.1. BPS structures. BPS structures, introduced by Bridgeland [Brl], are an axiom-
atization of the structure of Donaldson-Thomas (DT) invariants of a Calabi—Yau 3
triangulated category with a stability condition. It consists of a triple (I', Z, ) of a
“charge lattice” I" with a skew-symmetric pairing, a “central charge” homomorphism
Z : T' — C, and a collection of numbers (“BPS indices”) Q : I' — @, associated to
each y € I', satisfying some conditions. This is a special case of the stability structure
in [KS1].

Given a BPS structure, Bridgeland also associated a Riemann—Hilbert problem on
C* = (C’;i with the coordinate h, which we call the BPS Riemann—Hilbert problem,
seeking a collection of piecewise holomorphic (or meromorphic; see §1.4.2 below and
[Ba]) twisted-torus-valued functions X, (h), labeled by a ray £ C C*, with a collection
of BPS rays on which the functions have discontinuity. More precisely, X, is defined
on a half-plane Hl, € C* whose bisecting ray is given by £, and when we vary ¢ so that
it crosses over a BPS ray ¢gps, then X, has a discontinuity described by a cluster-like
birational transformation, called the BPS automorphism, encoded by the BPS invariants
Q(y) of y € T satisfying Z(y) € £pps. The BPS Riemann—Hilbert problem is closely
related to the one studied by Gaiotto-Moore—Neitzke in [GMN1,GMNZ2], in which the
BPS spectra for “class S theories” were investigated. These Riemann—Hilbert problems
allows us to understand the Kontsevich-Soibelman wall-crossing formula, a non trivial
relation among the BPS invariants under variations of stability conditions, as a kind of
iso-Stokes property around the “irregular singular point” & = 0 (see also [BrTL,FFS]).
This wall-crossing structure is axiomatized in the notion of variation of BPS structures.

If a variation of BPS structures over a complex manifold M is nicely parametrized
(“miniversal’), the solution to the associated BPS Riemann—Hilbert problem is naturally
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regarded as a collection of piecewise-holomorphic functions on M x C*, and can be
used to define a certain i-dependent vector field on M. In this setting, Bridgeland also
defined a function on M x C*, which we call the BPS t-function and denote by tgps,
by the condition that log tgps be a Hamiltonian for this vector field (see §2.5).

If the BPS structure is uncoupled, it was shown in [Br1] that the solutions to the
BPS Riemann-Hilbert problem can be solved explicitly in terms of gamma functions,
and the associated BPS t-function is expressed in terms of a product of Barnes G-
functions. Although non-trivial wall-crossing does not occur in the uncoupled situation,
it was observed in [Brl,Br2] that the BPS t-function has an alternative interesting in-
terpretation. Namely, tgps for the BPS Riemann—Hilbert problem associated with the
natural variation of (uncoupled) BPS structures arising from resolved conifold through
Donaldson—Thomas theory provides a “non-perturbative partition function” for the re-
solved conifold; that is, the asymptotic expansion of tgps when &z — 0 coincides with
the generating series of all-genus Gromov-Witten invariants. This surprising discovery
was also generalized in [Sto].

The study of BPS Riemann—Hilbert problems associated to spectral curves of hy-
pergeometric type through our previous work [IK] — in particular, the construction of
their solutions and t-functions via topological recursion — will be the main theme of
our present work. We will recall how the BPS structures arise from such spectral curves
in §1.3.

1.2. Topological recursion and spectral curves of hypergeometric type. Topological re-
cursion (TR) is an algorithm generalizing the construction of correlation functions and
partition functions in matrix models, whose input data is an algebraic curve enhanced
with some additional data, called a spectral curve ([EO1,CEQ]). Mathematically, to a
given spectral curve, TR constructs a doubly-indexed sequence { Wy ;,}¢>0, »>1 of mero-
morphic multi-differentials on the spectral curve, and a sequence {F,}¢>0 of complex
numbers.

These outputs of TR are expected to encode information of enumerative geome-
try such as Gromov-Witten invariants, Hurwitz numbers, etc. (essentially due to var-
ious dualities in mathematical physics), and there is a large class of spectral curves
for which this expectation is known to hold true (see [EO2,E1,DMNPS,DN] etc.). As
represented by the celebrated Kontsevich-Witten theorem [Kon, W], generating series
of such enumerative invariants are expected to be related to t-functions of some corre-
sponding integrable systems. In fact, at the level of formal power series of &, KdV and
Painlevé t-functions have already been constructed via (the discrete Fourier transform
of) the TR partition function Ztr = exp(}_,-, h*8—2 Fg) for certain spectral curves;
see [EOL,IS,IM,IMS,MO1,12,EG,MO2] for example. The actual t-function should be
given as the Borel sum of those formal series, and thus, in this paper, we denote by
7R the Borel sum of the TR partition function. Although the Borel summability of TR
partition functions is not proved in full generality (see [E2] for the growth estimate of the
coefficients), those which appear in this paper are Borel summable along all but finitely
many rays.

In [IKoT1,IKoT2], the first named author together with collaborators applied the
TR formalism to the spectral curves of hypergeometric type, and obtained a result on
quantum curves which states the following: after the principal specialization (i.e., setting
71 = --- = Zy = Z), a certain generating function of a primitive F, , of W, , (i.e., a



Topological Recursion and Uncoupled BPS Structures 11 523

function satisfying! dy -+ dy, Fgn = Wy ) givesa WKB solution to a Schrodinger-type
ODE, which we denote by E, whose classical limit recovers the spectral curve. Indeed,
we may add a tuple of parameters v which parametrizes the integration contour to define
the primitive Fy ,, and hence, we obtain a family E = E (v) of quantum curves. We note
that they also depend on the tuple m = (m;) of parameters contained in the definition of
Q(x), whichis one of Q4(x) in Table 1. We also observe that the resulting quantum curve
is equivalent to an ODE satisfied by classical special functions; for example, the quantum
curve of Xyg is equivalent to the Gauss hypergeometric differential equation. This allows
us to study the TR invariants in terms of various properties of special functions. As one
of the main results in [IKoT1,IKoT?2], an explicit formula in terms of Bernoulli numbers
was given for the F, as well as the Voros coefficients of the quantum curve E (v), defined
as a term-wise integral of the formal series given as the logarithmic derivative of the
WKB solution along cycles on the spectral curve. It turns out that the Borel sum of
generating series of free energy and Voros coefficients can be interpreted through the
language of BPS structures.

1.3. Brief review of results of Part I. To formulate the results of [IK], let us first recall
how BPS structures are constructed from spectral curves of hypergeometric type. There
is a canonical way to construct (a variation of) BPS structures from such (a family
of) spectral curves (see [Brl, § 7] for the general case, and see also [GMNI1] as the
origin of this construction). For a given spectral curve X = %, in Table 1, we take the
charge lattice and pairing to be I' = {y € H|(X,Z) | 1,y = —y} and the intersection
pairing on it, respectively. Here, ¥ is a partial compactification of X (see §3.1), and
¢ is the covering involution ¢ : ¥ — X. The central charge is given by the period
map Z(y) = fy ydx = fy /O(x) dx, and the BPS indices Q2(y) were defined by a
certain weighted counting of degenerations of spectral networks (Stokes graphs) for the
meromorphic quadratic differential Q(x) dx?. We recall these details more precisely in
§3.3.3.

The list of BPS structures which we obtained in [IK] following this construction is
summarized concisely in Table 3. In all our examples, since the curves X in Table 1 are
of genus 0, I" has the trivial intersection pairing so that the resulting BPS structure is a
fortiori uncoupled. The rank of I" is equal to the number of mass parameters m = (m;)
attached to even order poles s of Q(x). If we vary m, we have a variation of BPS
structure parametrized by m € M, where M is the space of mass parameters satisfying
the assumptions in Table 1. We can describe the central charge Z(y) explicitly as a
function of m, and it is easy to check that the variation is miniversal.

‘We recall that our definition of €2 (y) generalizes the one given in [GMN1,BrS,Br1]
in order to include degenerations involving a saddle connection with endpoint a simple
poleof Q(x) dx?,and degenerate ring domains (see [IK, § 3.6]). With this generalization,
we have shown in [IK] that the TR free energy F, for the spectral curve X is described
as a sum over all BPS cycles whose central charge lie in a generically chosen half-plane
([IK, Theorem 5.3]). The following formula for TR free energy with g > 2 is one of the
main results in [IK]:

_ By, 2mi 282
Fe =20 -2 2 2w (Z(y)) ' (a-h

yell
Z(y)eH

1 We need a slight modification when (g, n) = (0, 2).
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Here, H is any half-plane whose boundary rays are not BPS. This universal formula is
valid for all our examples, and shows that each term in the free energy is a contribution of
a BPS cycle associated with a degenerate spectral network; furthermore the coefficient
of each term knows the BPS index of the BPS cycle. We conjectured that the formula
(1.1) is still valid for higher degree spectral curves if the associated BPS structure is
uncoupled, and checked this expectation numerically for a few examples of degree 3
spectral curves ([IK, § 5.3]).

However, in our previous work, we did not give any explanation for the “naturality”
of our generalized definition of €2(y); namely, we defined them so that the universal
formula (1.1)is valid. Therefore, in the present paper, we will try to fill this gap” and show
the validity of our generalization of €2 () by showing they control the analytic behaviour
of (Borel-resummed) Voros coefficients. We will make this more precise below.

1.4. Results of Part 1. The BPS indices Q2(y) are defined by weighted counting of
degenerate spectral networks, but they have another interpretation in Gaiotto—Moore—
Neitzke [GMN1]. That is, the BPS indices should appear in the exponents in the formula
which describe the mutation of the Fock—Goncharov cluster coordinates (on the moduli
space of flat SL,(C)-connections) caused by the degeneration of the spectral network.
On the other hand, as is shown in [I1, All1, Ku], the Fock—Goncharov cluster coordinates
can be identified (on the oper locus, where this makes sense) with the Borel-resummed
Voros symbols (exponential of Voros coefficients) in the exact WKB analysis of a certain
Schrodinger-type equation with the spectral curve as its classical limit (see also [IN1,
IN2]), where the mutation formula (BPS automorphism) is a consequence of the Stokes
phenomenon for the Voros symbols.

Keeping these previous works in mind, to investigate the relation between BPS struc-
tures and TR, we study the Stokes structures of the Voros symbols for the quantum curves
constructed through TR from the spectral curves of hypergeometric type obtained in
[IKoT1,IKoT2], and compare those to the BPS Riemann—Hilbert problems associated
with the BPS structure studied in our previous work [IK]. We note here that such analy-
sis of the Stokes phenomenon for the Voros symbols of the (confluent) hypergeometric
differential equations are not new; some special cases (e.g., for specific v) have already
been studied in the exact WKB literature (see [AT,ATT1,AIT, T,KoT,KKKoT, KKT] for
example). We also note that Stokes structures of the Voros symbols for Schrodinger-type
equations were also studied in [DDP1,IN1] in a general setting.

Let us summarize our results more precisely below.

1.4.1. Voros solution to the (almost-doubled) BPS Riemann—Hilbert problem. A natural
BPS Riemann-Hilbert problem, which is compared to the Stokes structure on the TR
side, is closely related to the one associated with the doubled BPS structure which has
a charge lattice I'p = ' @ I'V. In what follows, we identify a relative homology class

in H{ (X, Doo, Z), where Do is the divisor supported on the poles of Q(x)dx? of order
> 2, with an element in TV through the Poincaré-Lefschetz duality.

For the quantum curves E = E (v) constructed in [IKoT1,IKoT?2], first we show that
the Voros coefficients for relative homology classes (“path Voros coefficients”) have an

2 In the recent paper [Ha], Haiden discussed the Donaldson—-Thomas theory of certain CY3 categories
associated with a quadratic differential with simple poles. We see that the BPS indices defined in [IK, § 3.6]
indeed agree with the ones obtained in [Ha].
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explicit expression as a sum over all BPS cycles (which is analogous to the formula (1.1)
for the TR free energy): for a given 8 € 'V satisfying ,8 = — B, we have

Vg = Z hkvﬁ,k’
k>1

with the coefficients being given in terms of the Bernoulli polynomials:

Biw (1522) <2m' )k
V = Q )
6.k VZF M B9 =0T Zo)

Z(y)eH
Qy)#£-1

(B,v) Bk+1(v(2y))+Bk+1(1+v(2y)) 27i \*
DOk kGe+ 1) (zm) (12

yel
Z(y)eH
Q(y)=-1
(see §4.5 for the precise notation). We also have an explicit expression of Voros coef-
ficients V), for homology classes y € I' (“cycle Voros coefficients”) in terms of the
parameters m and v. Together, we find that

e The Voros symbols ¢'7, e"# are Borel summable as a formal series of 4 along any
ray £ which is not the BPS rays for the corresponding BPS structure given in [IK],
and

e The Borel-resummed Voros symbols jumps when £ crosses a BPS ray due to the
Stokes phenomenon, and the action of Stokes automorphism on the Voros symbols
are given in the exactly same manner as the BPS automorphism (see Proposition 5.2)
with the BPS indices 2 (y) defined in [IK]. This justifies our definition of Q(y).

The second observation tells us that the Borel-resummed Voros symbols of the
quantum curve gives a certain solution to the BPS Riemann-Hilbert problem. To de-
scribe the underlying BPS structure, let us introduce the almost-doubled BPS structure
(T'p, Zp, 2p), which has the charge lattice I'p = I" @ I'* where

M={pel”’|up=—p} (1.3)

with trivially extended central charge Zp and BPS indices Q2p (we note that (I'p, Zp, 2p)
is also uncoupled). The constant term & in the small & asymptotics of the solution is spec-
ified by the aforementioned parameter v together with a specific quadratic refinement
(which introduces an appropriate sign to give a twisted-torus-valued function).

Theorem 1.1 (Theorem 5.6). Let (I, Z, 2) denote a BPS structure obtained from any
spectral curve of hypergeometric type. The Borel sum of cycle and path Voros sym-
bols of the corresponding quantum curve E(v) provide a meromorphic solution to
the BPS Riemann—Hilbert problem associated to the almost-doubled BPS structure
(T'p, Zp, 2p), and with constant term &p_, given explicitly in (5.8).

The reason for considering the sublattice I'* is essentially to avoid a square root type
singularity in the Borel-resummed Voros symbols (i.e., so we can obtain a meromorphic
solution to the BPS Riemann—Hilbert problem), although the reader can take the full
lattice if they are happy to accept such a singularity.

We call the above solution the Voros solution to the almost-doubled BPS Riemann—
Hilbert problem, and denote it by X Zor. We give its explicit expression in (5.7).
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1.4.2. Relation between the Voros solution and other solutions. Similar problems have
been considered in [All2,Brl,Ba]’. For the special choice of & where £(y) = 1 if
Q(y) # 0, Bridgeland gave the explicit general piecewise-holomorphic solution, which
we will denote by X ?"1 for all uncoupled BPS structures in [Br1]. This was generalized by
[Ba] who noted that, even in the uncoupled case, holomorphic solutions do not usually
exist for other values of &, but solved the problem meromorphically in this case for
arbitrary £. [All2] provides a (meromorphic) solution for the general (coupled) set up of
aquadratic differential with essentially arbitrary pole configuration, but at a specific value
of £, and in terms of Fock—Goncharov coordinates. Finally, [Br1] solves the problem
for arbitrary £ in the simplest nontrivial coupled case of the cubic oscillator, also using
Fock—Goncharov coordinates.

Among these, our work is closely related to the problem considered by Barbieri [Ba].
Like her work, we provide a solution for arbitrary &, at the cost of considering only
uncoupled examples. We note that our solution is not the so-called minimal solution
X znm in the sense of [Ba], which is reduced to the holomorphic solution in the original
case £(y) = 1 considered by Bridgeland [Brl], but in §5.2 we show that the minimal
solution and Voros solution differ only by a simple factor and provide an explicit relation
between the two. We will make this more precise in §5.2.

1.4.3. Voros potential, BPS t-function and TR partition function function We observe
that Voros coefficients of the quantum curve E (v) naturally define a formal power series
valued one-form on the space M of parameters m which is closed (in fact exact), and
arises from a potential function ¢; in particular, we have a formal power series valued
function on M satisfying

du¢ =Y Vgdms, (1.4)
S

where {B;} is a natural basis of I'*. We call ¢ the Voros potential. The following theorem
tell us that the Voros potential (more precisely, exponential of its h-derivative) is a
topological recursion / quantum curve analogue of the BPS t-function.

Theorem 1.2 (Theorem 5.10). Let (I'p, Zp, 2p) be the almost-doubled variation of
BPS structures corresponding to one of the families of spectral curves of hypergeometric
type, and ¢ be any non-BPS ray. The BPS t-function r];/gg ¢ associated to the Voros

solution X}"’r is given by the Borel sum of the h-derivative of the Voros potential as:
Vi —a
Taps. ¢ = c¢ See” 9, (1.5)

where cg is an explicit constant factor (see Theorem 5.10).

We can also express rggrs ¢ as a product of modified Barnes G-functions, which is

closely related to the BPS t-function obtained by Alexandrov—Pioline [AP1].

Inall examples, we furthermore find there exists a choice (not unique) of the parameter
v = v, so that we have &p ,, (ygps) = 1 for all BPS cycles ygps. If we specialize the
parameter to this value, we have

Corollary 1.3 Let (I'p, Zp, 2p). be the almost-doubled variation of BPS structures
corresponding to one of the families of spectral curves of hypergeometric type, and ¢
be any non-BPS ray. If we specialize the parameter value v = v, the BPS t-function

3 The spectral curves of hypergeometric type, the main examples considered in this paper, are excluded as
non-amenable cases in [All2].
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Table 2. A dictionary between uncoupled BPS structures and topological recursion

BPS structure TR / quantum curve

BPS index Q(y) Coefficients in Fg (alien derivative)

constant term & quantization parameter v

solution to the BPS RHP X, Borel-resummed Voros symbol Sge" of quantum curve
BPS 7-function TBPS ¢ Borel-resummed Voros potential Sy exp (—dp¢)

TBPS ¢ E(veps) = 1) Borel-resummed TR partition function 71R ¢ = S¢[ZTR]

tggg ¢ is reduced to the BPS t-function tlﬁgls ¢ associated with the holomorphic solution

X?Ol. More precisely, we have

Vor _ hol
TBPS, ¢ = - Tpps,¢> (1.6)

—Vx
where 3 is either 1 or a simple explicit function independent of £.

This BPS t-function r]g‘f,ls ¢, Was originally obtained by Bridgeland in [Br1], where its
explicit expression in terms of the Barnes G-function was given. Through a well-known
formula for the asymptotic expansion of the Barnes G-function and the formula (1.1) of
our previous work [IK], we can relate rg‘f,ls to the Borel-resummed topological recursion

partiton function trr. More precisely, we have:

Theorem 1.4 (Theorem 5.13). Let (I'p, Zp, 2p) be the almost-doubled variation of
BPS structures corresponding to one of the families of spectral curves of hypergeomet-
ric type. Then Bridgeland’s BPS t-function tggls and the Borel-resummed topological
recursion partition function tTRr are related as:

hol >0
TBPS,¢ = TTR ¢ (1.7)
Here ‘L’TR ¢ denotes the Borel-resummed TR partition function without the genus 0 part.

These results establish a precise link between objects arising from the topological
recursion (quantum curves and their Voros coefficients/potential), and objects arising
from the BPS structures (solution to the BPS RHP, t-function, etc.) coming from the
same initial data; i.e., the spectral curves of hypergeometric type. We summarize our
results as a dictionary between uncoupled BPS structures and topological recursion,
depicted in Table 2 below, which holds precisely in all our examples (we believe these
examples to be exhaustive of finite uncoupled cases when the spectral curve is of degree
2).

Although the TR is applicable to higher degree spectral curves ((BHLMR,BoEl,
BoE2]), the existence of the associated BPS structure remains conjectural: we expect
that Gaiotto—Moore—Neitzke’s approach in [GMN3] allows us to define a natural BPS
structure for higher degree spectral curves. We will briefly verify our picture continues
to hold in this case based on numerical experiments in our previous work, following
computations by Y. M. Takei [Ta].

1.5. Remarks.

(1) Based on our result, we would like to emphasize the following point. For the special

parameter value v = v, we have shown that the Borel sum of the (g > 0) TR

partition function is equal to rggls, so that in particular TR encodes the solution to
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the BPS Riemann—Hilbert problem. That is, tTr is characterized by its discontinuity
structure and asymptotics, so that one may approach the partition function of TR
from the perspective of Riemann—Hilbert-type methods. While the correspondence
is literal for all examples we have considered, we hope that this perspective may
be useful to deepen our understanding of the topological recursion in more general
cases.

(2) We also note a similar structure to our result appears in the solution to a different
(related) problem, but in a certain limit of quadratic differentials with four second-
order poles (‘“nodal limit of the four-punctured sphere”). In particular, we note the
resemblance to the expression for the 1-loop part of the twisted effective superpo-
tential* WeI in the conjecture of Nekrasov—Rosly—Shatashvili [NRS, TV, HK,JN],
identified with the generating function of (h-)opers. There, a hypergeometric spec-
tral curve also appears, essentially as the four-punctured sphere breaks up into two
three-punctured spheres. However, that calculation corresponds to the €; — 0 limit,
whereas the approach of this paper corresponds to the e = —e; = A limit. It is
somewhat puzzling that these two regimes produce a similar structure.

(3) While tgpg differs slightly from our tTRr, the expression for tTr in the Weber case
(a single BPS state) coincides exactly with the special function yy, appearing in the
work of Nekrasov—Okounkov [NO] as the perturbative part of the Nekrasov partition
function. While the difference may be attributed to possible variants of the definition
of tgps and choices of renormalization schemes defining the partition function, it
would be desirable to understand this relationship better.

(4) Finally, we mention that our results can also be interpreted in the context of so-
called Joyce structures [Br3]. This is a recently proposed geometric structure arising
naturally on the space of stability conditions from the theory of wall-crossing and
Donaldson-Thomas invariants (see also [BrSt,AP1,AP2,AST] for the associated
hyperkéhler structure). Our solution to the BPS Riemann—Hilbert problem provides
a canonical example of one such geometry, though we leave its detailed computation
and further investigation to future work.

1.6. Organization. The paper is structured as follows. In §2 we recall the notion of BPS
structures and the define the associated BPS Riemann—Hilbert problem and t-function.
In §3, we focus on the BPS structures arising from spectral curves of hypergeometric
type, recall our previous results, and prepare for the proof of the main results. In §4 we
recall the basics of topological recursion, and the relevant results on quantum curves
and associated the Voros coefficients, describe them in terms of BPS structures and
express their Stokes phenomena. Finally, in §5, we assemble the pieces and solve the
BPS Riemann—Hilbert problem, relate tgps to the TR side, and remark on evidence in
higher rank examples.

2. Review of BPS Structures and the BPS Riemann-Hilbert Problem

Here we recall the basic facts on BPS structures, including the results of our previous
work [IK], define the BPS Riemann—Hilbert problem [Br1], and give some preparatory
lemmas about the variations of BPS structures we will work with.

4 Wefl is jtself identified with limo €3 log Znek, the Nekrasov-Shatashvili free energy.
€—
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2.1. Definition of BPS structure.

Definition 2.1 ([Br1, Definition 2.1]). A BPS structure is a tuple (I', Z, 2) of the fol-
lowing data:

e a free abelian group of finite rank I" equipped with an antisymmetric pairing
() IxI' = Z, (2.1)

e a homomorphism of abelian groups Z: I' — C, and
eamapQ: [ — Q,

satisfying the conditions

o Symmetry: Q(y) = Q(—y) forally e T.
e Support property: for some (equivalently, any) choice of norm || - || on ' ® R, there
is some C > 0 such that

Q) #0 = 1Z)I > C-lrl. (2.2)

We call I the charge lattice, and the homomorphism Z is called the central charge. The
rational numbers Q2 (y) are called the BPS indices or BPS invariants.

Let us recall some useful terminology [Br1]:

e An active class or BPS state is an element y € I which has nonzero BPS index,
Q(y) #0.

e A BPS rayis asubset of C* which can be written as £, = Z(y) R for some active
class y.

We note that the central charge Z(y) for an active class y is nonzero due to the support
property.

We can also consider certain classes of BPS structures with especially nice properties.
A BPS structure (I, Z, 2) is said to be

e finite if there are only finitely many active classes,
e uncoupled if (y1, y2) = 0 holds whenever yy, y» are both active classes
e integral if the BPS invariant €2 takes values in Z.

Though we will stick to such examples in this paper, in order to formulate the BPS
Riemann—Hilbert problem in the next section, we may weaken these conditions. We call
a BPS structure ray-finite if there are finitely many active classes y with Z(y) € ¢ fora
given BPS ray ¢, and generic if (y1, y2) = 0 whenever y1, y, are active and Z(y;) and
Z(y») lie on the same BPS ray.

If the BPS structure is not uncoupled, we call it coupled. This is in fact the more typical
situation, but the analysis of the BPS structure and the corresponding Riemann-Hilbert
problem given in the next section is much more difficult in this case (see [Br1, All2]). All
our considerations in this paper will be for finite, uncoupled and integral BPS structures.
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2.2. Twisted torus and BPS automorphism. For alattice I' with an antisymmetric pairing
(-, -), we define the corresponding twisted torus T _ as the set of twisted homomorphisms
into C*:

Toi= T > C leg+ ) = DN PEEm)] @)

We also have the usual torus T, := Hom(I", C*). We denote by x,, : T_ — C*
the twisted character naturally associated to y € I', defined by x), (§) = &(y), which
generate the coordinate ring of T_. Similarly, the ordinary characters of the usual torus
are denoted y, . The twisted and usual characters satisfy

xyxy/ = (_1)(7/,)/ )x)/+)//’ Yy)’y’ = y}/+]/" (24)

Since T acts on T_ in the obvious way, a point & € T_ can be understood as a point
in T together with a “base point” o € T_. There is a particularly natural set of possible
base points, intertwining usual inversion with the map x,, + x_,, those taking values
in Z,. These are the so-called quadratic refinements o : I' — {£1}.

Since T carries a Poisson structure given by

Dy oy =W v - vy (2.5)

We may transport this to T_ using any such base point, giving it a Poisson structure too
(independent of the choice).

The twisted torus T_ will essentially be the space in which the solution to an asso-
ciated Riemann—Hilbert problem takes values. The Riemann—Hilbert jump contour will
be a finite union of rays in C* whose coordinate is denoted by /. Here, a ray is a subset
of the form £ = ¢/”R_y C C*. Given aray £, we associate a BPS automorphism S(£) as
the jump factor in the Riemann—Hilbert problem. In [Br1], the BPS automorphisms were
defined as a time 1 Hamiltonian flow of a certain function which contains the information
of BPS/DT invariants. Note that these operators were also considered in [KS1,GMNI1].

In general, defining the BPS automorphism needs a careful analysis of convergence
problems, and one may need to work with an appropriate completion of the twisted
torus. However, thanks to [Brl, Proposition 4.2], the BPS automorphisms for finite,
uncoupled, integral BPS structures are given by the explicit birational automorphisms
S@):T_ --»T_:

S(0)*(xp) := xp ]_[ (1 —x)SVB (g el). (2.6)

yell
Z(y)et

Here we define S(£) via its pullback S(£)* acting on the coordinate ring of T_, also called
the Kontsevich-Soibelman transform in [GMNZ2]. Note that the operator acts trivially on
twisted characters x,, corresponding to “null” elements y € I' with zero intersection
(y,y’) for all y’ € T. We will take (2.6) as the definition of the BPS automorphism,
and consider the associated Riemann—Hilbert problem below.
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2.3. BPS Riemann—Hilbert problem. Here we formulate the Riemann—Hilbert problem
associated with a ray-finite, generic, integral BPS structure, following [Br1]. We will call
it the BPS Riemann—Hilbert problem for short. Roughly speaking, in the BPS Riemann—
Hilbert problem, we seek a twisted-torus-valued, piecewise-meromorphic map on C*
which jumps when crossing a BPS ray, with the jump given precisely by the BPS auto-
morphism. Note that the BPS Riemann-Hilbert problem was defined for more general
BPS structures (i.e., for “convergent” BPS structure) in [Br1]; see [Brl, Appendix A, B]
for technical details in defining the BPS automorphisms in general setting.
Given aray £ = ¢!” R.y C C* for some ¥ € R, we denote by

Hy = {he(C*||argh—19|<%} 2.7
the half plane centred on €. Then, the BPS Riemann—Hilbert problem is formulated as
follows (without loss of generality we may consider H as the domain):

Problem 2.2 ([Brl,Ba)). Let (I', Z, 2) be a ray-finite, generic, integral BPS structure.
Fix an element & € T_ (“the constant term”). For every non-BPS ray £ C C*, find
meromorphic functions

Xey: Hy = C (2.8)
for every y € I', with the following properties:

(RH1) Jumping. Suppose that two non-BPS rays £, Lo C C* form the boundary rays of
an acute sector A C C* taken in the clockwise order. Then,

X, (h) =S(A) X, (h) (2.9)

whenever h € Hy, NHy, and 0 < |h| < 1. Here S(A) is the birational auto-
morphism of T_ given by the product of all BPS automorphisms Sy with £ C A.
More explicitly,

Xepy () = Xo, () [] (1= Xy )OOV (p e (210)
y'el
Z(y"eA

(RH2) Asymptotics at 0. For any y € I', as h — 0 in H, we have
Xey(h) ~ e 2D g (y) @11

whenever { is a non-BPS ray.
(RH3) Polynomial growth at co. For every y € I' and non-BPS ray £, there exists some
k

A < 1 Xe, ()] < A" (2.12)
whenever |h| > 0 in Hp.

We denote the collection of all X, ,, by X¢, which should then be understood as mero-
morphic maps
X H,\ 8y —> T_, (2.13)

where B¢ denotes the set of zeroes of all Xy, fory € T.
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Remark 2.3. Note that the BPS Riemann—Hilbert problem is closely related to the infinite-

dimensional Riemann—Hilbert problem encountered by Gaiotto—Moore—Neitzke [GMN2]
in constructing special Darboux coordinate functions on the moduli space of Higgs

bundles (see also [BrTL,FFS]). The solution is connected to exact WKB analysis in

[Brl1,All2], and is expected to furthermore satisfy a kind of thermodynamic Bethe ansatz

equation [G,GMN2,N]. Many interesting properties remain to be understood, even con-

jecturally. Solutions to the BPS Riemann-Hilbert problem should furthermore provide

a map between cluster varieties and spaces of stability structures, proved in certain

cases by [All2]. Apart from the uncoupled cases and the works [All2,Br1], very little is

currently known about the general solution.

For any finite, uncoupled, and integral BPS structure, Bridgeland [Brl1] gave the
explicit and unique piecewise-holomorphic solution to this problem for a specific choice
of constant term (£(y) = 1 for every active y € I') in terms of the gamma function.
Barbieri observed in [Ba] that for other values of &, there will usually be no holomorphic
solution, but generalized the solution of [Brl] as follows. To write it down, we use a
variant of the gamma function,

Aw,n) = ——, (2.14)

and will later sometimes write A(w) = A(w, 0) = A(w, 1). Itis a multivalued function
due to the factor w¥*"*1/2 = exp((w + n + 1/2) log w), and we will restrict the domain
of the function to Rew > 0 and take the principal branch of log w. The asymptotic
expansion of A(w, n) is given explicitly (see e.g. [Ba]) as

Bis1(1—m)  _
log A (w, n)NZ,:(lk—H)nw k (2.15)
k>1

valid when w — o0 in the complement of any closed sector containing R_¢.

Theorem 2.4 ([Ba,Brl]). Let (I', Z, 2) be a finite, uncoupled, integral BPS structure,
and fix & € T_. Then the associated BPS Riemann—Hilbert problem has a solution,
which associates to a non-BPS ray £ the map X" whose value on'y € T is given by’

XP(hy = e #M g (y) -

Q.Y
1—[ A<Z(V) log &(— y)) . (2.16)

2wih’ 2mi
y'el
Z(y"eil,
Here, we fix the branch of the logarithm appearing in the formula so that Imlog&(y) €
[0,27) for y € T'. When & is chosen so that £E(y) = 1 for all active y € T, this becomes
the unique solution which is holomorphic on the half planes H,, denoted

hol Zo)/h Z(y)\ 2
Xp ) =e 2V gy I A <2mh) L@
y'el
Z(y')eiH,

Note that the solution has the structure of a product over BPS states, since the exponent
will vanish whenever 2 does. The main observations of [Ba] are

5 We have corrected a si en error appearing in [Ba].
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e There is an explicit solution X™" given by (2.16).

e The solution is not unique, but any two solutions are related by multiplication by a
meromorphic function f(h) of A satisfying f(0) = 1.

e The solution X™" is distinguished by the property that all poles and zeroes must
be simple, may lie only at logé(%, withy € I" and k € Z, and for each y € I the

points logé(%, k € Z lie on the same side of ¢,,.

In our case, we will solve (almost) the same Riemann-Hilbert problem using Voros
symbols, but our solution will differ from X™". We will use the expression (2.16) to
relate the two precisely in §5.2.

2.4. Variation of BPS structures. BPS structures become even more interesting when
considered in families. In this case, we require additional axioms ensuring the behaviour
is the same as the Donaldson-Thomas invariants, in particular the wall-crossing phe-
nomenon.

Definition 2.5 ([Brl, Definition 3.3]). A variation of BPS structure over a complex
manifold M consists of a collection of BPS structures (I'y,, Z,, Q) attached to each
m € M satisfying the following axioms:

(VBPS1) The family I'y, of charge lattices forms a local system over M, and the pairing
(-, -) is covariantly constant.

(VBPS2) Given a covariantly constant family y;, € 'y, the central charges Z, () are
holomorphic functions on M.

(VBPS3) The constant C appearing in the support property (2.2) may be chosen uni-
formly on compact subsets of M

(VBPS4) The wall-crossing formula holds: for each acute sector A C C*, the counter-
clockwise product

Sm(A) =[] Sm(®) (2.18)
LCA
is covariantly constant as m varies, whenever the boundary rays of A are
non-BPS throughout.

The precise meaning of condition (VBPS4) for general variation of BPS structure
is given in [Brl, Appendix A]. For us, since we will only consider finite, uncoupled,
integral BPS structures, the operator Sy, (A) can be realized as a birational automorphism
of T_ ;,, so we do not have to consider any completion.

In all of our examples, the wall-crossing formula will be automatically satisfied as a
result of the computation of [IK] — in particular, the BPS indices do not vary with m at
all, so the identity is trivially satisfied.

2.5. BPS t-function. Given a sufficiently nice variation of BPS structures, and a family
of solutions to the corresponding BPS Riemann-Hilbert problems, Bridgeland [Brl]
defined a notion of t-function encoding the solution in a single piecewise meromorphic
function. To recall this, let us first introduce some terminology.

A variation of BPS structures (I'y;, Zm, 2;,) over a complex manifold M is said
to be framed if the local system (I'j;)men is trivial. For a framed variation of BPS
structure, we can identify all the lattices I, with a fixed lattice I" through the parallel
transport. Using the identification, we will denote a framed variation of BPS structures



534 K. Iwaki, O. Kidwai

Definition 2.6. A framed variation of BPS structures (I, Z,,, €2;,,) over M is said to be
miniversal if the “period map”

M — Hom(T", C)

m+— Zm (2.19)

is a local isomorphism.

Now, suppose we are given a framed, miniversal variation of BPS structure
(T, Zm, Q) over M. The miniversality property ensures we have the isomorphism

D : TyM — Hom(I',C) =TV ® C (2.20)

and dually we may identify 7, M with I’ ® C. Then, the pairing (..., ...) on I" induces
a Poisson structure on M. If we take a (C-)basis y1, ..., ¥, of " and use (z1, ..., 2,) =
(Zm (1), - -, Zm(yr)) as acoordinate on M, then the Poisson bracket is explicitly given
as

zivzjl =iy G j=1...mr). (2.21)

For a family of solutions {X¢(m, i)} mepy to the BPS Riemann—Hilbert problem, we
denote by Y, (m, h) € T, the “non-twisted part”

Ye(m, h) = e“'" g~V X (m, h). (2.22)
This is a collection of piecewise meromorphic functions (one for each y € I')
Yo, : M xHy — C (2.23)

with discontinuities at m € M such that the ray ¢ is a BPS ray for the corresponding
BPS structure (I'y;, Zim, m). Thanks to the isomorphism (2.20), for any non-BPS ray
Ea

oplogYy : M x Hy — Hom(T", C) (2.24)

defines a vector field on M with discontinuities at this locus. Then, we can associate the
t-function corresponding to the family as follows.

Definition 2.7 ([Brl, § 4.6]). Suppose X (m, h) is a family of solutions to the BPS
Riemann—Hilbert problem associated to a framed miniversal variation of BPS structures
over M. A BPS t-function for the family of solutions X (m, /), associated to a non-BPS
ray £,

w:MxHy — C (2.25)

is a possibly-multivalued meromorphic function defined so that the Hamiltonian vector
field of the function 27 log tps ¢ coincides with the vector field d5 log Y,, where the
Poisson structure on M is given by (2.21).

In terms of the coordinates above (for a chosen basis y1, ..., ¥ € '), we may write
the condition for being a t-function as
1 0logYe,y, . d log TBps, ¢
— 2= v ——. (2.26)

2mi 9k 3z

i=1

In general, it is unknown if there exists a T-function, and uniqueness is not guaranteed.
However, if we additionally impose that tps ¢ is invariant under simultaneous rescaling
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of the coordinates z; and £, and if the antisymmetric form (-, -) is nondegenerate, then
the t-function is uniquely specified up to a multiplication by an element in C*.

Recall that Barbieri [Ba] provided a canonical piecewise-meromorphic solution to the
BPS Riemann-Hilbert problem for arbitrary uncoupled BPS structures. The t-function
was not computed in that work, but considered in a recent paper [AP1] by Alexandrov-
Pioline. The formula is given as follows (see also [BaBrS]).

Proposition 2.8 (cf. [AP1, § 4]). Let (I, Z, 2) be any miniversal variation of finite,
uncoupled, integral BPS structures. A BPS t-function for the family of minimal solutions
to the BPS Riemann—Hilbert problem is given by

» Z(y) log&(=y)\*"
pee ,(m, &, h) = T , — 2.27
TBPS’K( &1 l_[ (Znih 2mi ( )
yell
Z(y)eiHy
where Y is given explicitly in terms of the Barnes G-function ([Bar]):

~C e Glw+p + 1

T, = GwrntD (2.28)

Q)2 2w /2T (w + )"

The formula (2.27) is a consequence of the relation % log YT (w,n) =w dd—w log A(w, n).

We will also use the following formula which describes the asymptotic expansion of
(2.28):

B B (1 — B
log Y (w, n) ~ — 22('7) logw+Y %wl k (2.29)
k>2

for w — oo, valid when w — oo in the complement of any open sector containing R .
See [API1, Appendix B.4] for these properties of Y-function. We also note that, when
&(y) = 1 holds for any active class y, (2.27) is reduced to the BPS t-function associated
with the holomorphic solution (2.17) which was originally studied by Bridgeland in
[Brl]:

Z)\*
ol (m, h) = ]’[ T<2mh> ) (2.30)
yell
Z(y)eiH,

Here we write Y (w) = Y (w, 0).

Remark 2.9. In [Br2], Bridgeland proved that the 7-function for a BPS Riemann—Hilbert
problem arising from the Donaldson—Thomas theory for the resolved conifold gives a
“non-perturbative partition function” for the resolved conifold. This means that the
asymptotic expansion of the BPS t-function coincides with the generating series of all
genus Gromov-Witten invariants. We expect there should be an analogue of our story in
that setting as well.

3. BPS Structures from Spectral Curves of Hypergeometric Type

In this section, we will recall the definition and computation of BPS structures associated
to spectral curves of hypergeometric type, as described in detail in our previous work
[IK].
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3.1. Spectral curves of hypergeometric type. Let us summarize the geometric structure
(i.e., properties of cycles and paths on) the spectral curves of hypergeometric type which
are collected in Table 1. We sometimes borrow terminology from exact WKB analysis;
see [KT] for background.

In the rest of this section, we denote by Q(x) one of the rational functions Q4 (x) for
e € {HG, dHG, Kum, Leg, Bes, Whi, Web, dBes, Ai}, and by ¢ = Q(x)d)c2 the asso-
ciated meromorphic quadratic differential on X = P'. We also introduce the following.®

e P C X is the set of poles of ¢. It has a decomposition P = Py U Pyq into the
subsets of even order poles and odd order poles of ¢. Note that all our examples in
Table 1 satisfy oo € P.

e T C X is the set of zeros and simple poles of ¢. Borrowing a terminology in WKB
literature, we call elements in T turning points since they will be turning points of
the quantum curves E = E, constructed in §4 below.

e Theset Crit = PUT iscalled the set of critical points of ¢. Its subset Critoo = P\T
consists of infinite critical points of @; that is, the poles of ¢ of order > 2. The points
in T = Crit\Crit, are also called finite critical points in this context.

The quadratic differential ¢ is parametrized by a tuple of parameters m = (n,)scp,,
which we call mass parameters (temperatures in TR language). We will write ¢ = ¢(m)
when we emphasize the dependence on the mass parameters m. In what follows, we
assume the following condition on the mass parameters.

Assumption 3.1. The mass parameters lie in the set M = M,:

Myc = {(mo, m1, meo) € C* | mommooApug (m) # 0}. (3.1)
Mang = {(m1, meo) € C* | mimog(my +meo)(my —meg) # 0}, (3.2)
Myum = {(mo, moo) € C* | mo(mo + meo) (mo — mog) # 0}. (3.3)

Myeg := {mog € C | moo # 0}. (3.4

Mges := {mg € C | mg # 0}. (3.5)
Mywpi = {moo € C | meo # 0} (3.6)
Mwep := {me € C| me # 0}. (3.7

where we set
Agg(m) = (mo+m1 +meo) (Mo +my —meo) (M — M1 +neo) (Mo —mp —Meo). (3.8)

For degenerate Bessel curve (dBes) and Airy curve (Ai), we set Mgges = Maj = @ since
they have no mass parameters.

It is not hard to check that ¢ has only simple zeros, and no collision of zeros and poles
occurs under the Assumption 3.1.
Let us consider the Riemann surface

Y= {(x,y) € C?|y? - Q(x) =0}, (3.9)

associated with the quadratic differential ¢. This is a branched double cover of X \ P with
the projection map 7 : (x, y) — x. We denote by ¢ : (x,y) — (x, —y) the covering

6 In the WKB analysis, Q(x) plays the role of the potential function of a Schrodinger-type ODE. Tradi-
tionally, zeros of ¢ are called turning points in WKB literature. It was pointed by [Ko] that simple poles of ¢
also play similar roles to the usual turning points (called there turning points of simple pole type). Taking this
into account, in this paper, by a turning point we mean a zero or a simple pole of ¢.
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involution of X. We will mainly use x as a local coordinate’ on & \ 7~ 1(T). We note
that, the Riemann surface X for all the examples in Table 1 are of genus 0, and hence
topologically are punctured spheres, with punctures corresponding to poles of ¢.

We denote by T the compactification of X, obtained by adding preimages of poles of
@, on which the square root ,/¢ = +/Q(x) dx gives a meromorphic differential. More
precisely, to obtain X, we add to X a single point for each s € P,q, and add a pair s of
two points for each s € Pey:

T =S UPyqU{ss, s |5 € Pyl (3.10)

Here we identify s € P,q with its unique lift on . We keep using the same notations
m:X — Xand:: X — X for the projection map and the covering involution. The
label of two points s+, both of which are mapped to s € Py by 7, is chosen so that the
following residue formula holds:

R:es\/Q(x) dx = £tmy. 3.11)

For later purposes, we also introduce a partial compactification T of ¥ obtained by
filling punctures corresponding to simple poles of ¢:

S =SUPuyNT) =2\ Duo. (3.12)
Here we set
Do = (Crits) C X. (3.13)
If ¢ has no simple poles, then =13
Example 3.2 (Gauss hypergeometric curve [IKoT2, §2.3.1]). The Gauss hypergeometric

curve Xyg is defined from the meromorphic quadratic differential pyg = Qug ()c)dx2
where the rational function

2,2 2 2 2 2
ms. x~ — (m5, —my+mi)x +m
OnG (x) == —= >0 9, (3.14)
x“(x —1)

Under the assumption m = (mg, mi, m«) € MHgG, the poles are P = Py = {0, 1, oo}
and the turning points are T = {b, b>}, where by, b, are the two simple zeros of Qg (x)
(since there are no simple poles, we have P N T = ). Topologically, Xyg is a sphere
with six punctures, and the compactification is given by

fHG = XHc U{04,0_, 14, 1_, 004, 00_}. (3.15)

‘We note that f)HG = Yyg holds, and we have Do = {04,0_, 14, 1_, 004, 00_}.

7 Technically speaking, we must fix branch cuts and identify the coordinate x of the base P! with a
coordinate of ¥ \ P (T') on the first sheet (then, ¢(x) gives a coordinate in the second sheet).
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3.2. Cycles on the spectral curve. Let us fix notation for (relative) homology classes
on X which will be used to describe the BPS structure in the rest of this section, and to
define the Voros coefficients in §4. For spectral curves of hypergeometric type, since X
is a punctured sphere, the homology group H; (X, Z) is generated by the residue cycles
vq (i.e., the class represented by a positively oriented small circle) around the puncture
a € Dy satisfying the relation

Yo ot Y () =0. (3.16)

S€PodNDoo SE Pey

The covering involution of $ also acts on the homology group, and in particular, we
have t,y; = ys for s € Pog and .y, = Vs for s € Pey.

On the other hand, for each s € Py, we may associate a relative homology class
Bs € H\(Z, Do, Z) which is represented by a path from s_ to s; on X. The action
of covering involution on this class is given by (.8, = —pBs. Among various relative
homology classes, we are particularly interested in these classes.

Note that the intersection pairing (-, -) on Hj (E 7) is trivial. There is another inter-
section pairing defined through Poincaré-Lefschetz duality:

() H(2,2) x H|(Z, Deo, Z) — 7Z (3.17)

which is non-degenerate. This allows us to identify 8 € H (X, Doo, Z) with the element
(B e HI(Z,Z) = Hom(H1(2 Z), 7.). The intersection pairing between the above
(relative) homology classes is given by,

(Vsi’ By) = :I:(SS’S/ (s, s' e Pey), (3.18)

where ¢ in the right hand side is the Kronecker symbol.

3.3. BPS structures from quadratic differentials. In the previous work [IK], we con-
structed BPS structures from the quadratic differentials in Table 1. Here we briefly
recall the construction based on the spectral network associated with these quadratic
differentials. We note that the construction of BPS structure given here works more
generally (see [Brl, § 7]).

3.3.1. Lattice and central charge. Recall that a BPS structure requires a charge lattice
I' and a central charge Z. Following [GMN2,BrS], we define:

Definition 3.3. The charge lattice I" is the sublattice of H; (f), 7)) defined by
I={y e i(E.2) |y = —v) (3.19)

equipped with the intersection pairing (-, -) : ' xI' — Z. The central charge Z : I’ — C
is the period integral of ,/¢:

Z(y) = 55 Vo) dx. (3.20)
Y

8 We use the convention for the intersection pairing that (x — axisy — axis) = —(y — axis, x — axis) = 1.
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The lattice I is called the hat-homology group in [BrS]. It will sometimes be conve-
nient to extend the domain of definition of Z from I' to the whole lattice H(%, Z) in a
natural manner. Since any element y € I' can be written as a sum of y,, in Hi (X, Z),
we may use the formula

Z(Ysy) = E2mimg (s € Pey), (3.21)

which follows from (3.11), to express the central charge Z(y) for a general element.
We will write I' = I'y, and Z = Z,; when we discuss the dependence on the mass
parameters.

As we have seen in previous subsection, the intersection pairing (-, -) is trivial in our
example. Thus the BPS structures we will obtain are automatically uncoupled.

3.3.2. Spectral networks. To define the BPS indices, we use the notion of a WKB spectral
network [GMN3] associated to the quadratic differential ¢ considered in the previous
subsection.? This can also be understood as the Stokes graph (c.f., [KT]) of the quantum
curve E (v) which will be constructed in §4 through the topological recursion.

Let us define a trajectory of the quadratic differential to be any maximal curve on X

along which
. X
Ime™"? f v O(x)dx = constant. (3.22)

is satisfied. There is a well-constrained possible local behaviour of these trajectories, but
arich global behaviour. The general structure of trajectories of quadratic differentials is
described in detail in the classic book by Strebel [Str] (see also [BrS]).

We are primarily interested in trajectories with at least one endpoint on a turning
point — we call these critical trajectories. The set of (oriented) critical trajectories is
called the spectral network Wy (¢) of ¢ at phase ¥'. In the WKB literature, the critical
trajectories are called Stokes curves, and form the locus where the Borel-resummed
WKB solutions have a discontinuity.

In this paper, we will only use the end result of the previous work [IK], so we will
not give details and figures of spectral networks, but we refer the reader to that paper,
and proceed to write down the BPS structure that was obtained there.

3.3.3. Degenerate spectral networks and saddle trajectories. We say the spectral net-
work Wy (¢) is degenerate if it contains a saddle trajectory (i.e., a critical trajectory
both of whose endpoints are turning points) of phase ¢. These degenerate spectral
networks are of paramount importance in this paper and many applications. In the
physics of 4d N/ = 2 QFTs, they correspond to BPS states in the spectrum of the
theory [GMN1,GMN3]. From a mathematical point of view, they correspond to stable
objects in a 3-Calabi—Yau category associated with a quiver with potential determined
by ¢ [BrS].

Let us summarize the possible types of saddle trajectories which can appear in de-
generate spectral networks arising from our examples!©:

9 A more general construction can be made for arbitrary tuples of meromorphic k-differentials, but it is
more complicated. Except briefly in §5.5, we only consider BPS structures arising from quadratic differentials
in this paper, so we omit the details.

10 Although there is a fifth type of saddle trajectory (which forms the boundary of a “non-degenerate ring
domain” and the associated BPS cycles gives €2 (ygps) = —2 as its BPS invariant) in general, we will not
treat it here since this type never appears in our examples.
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A type I saddle connects two distinct simple zero of ¢.

A type Il saddle connects a simple zero and a simple pole of ¢.

A type III saddle connects two distinct simple poles of ¢.

A type IV saddle is a closed curve which forms the boundary of a degenerate ring
domain (i.e., a maximal region foliated by closed trajectories around a second order
pole of ¢).

3.3.4. Definition of BPS invariants. Given a degenerate spectral network with a saddle
trajectory of type I, II, or III, we can associate a homology class ygps € I" represented
by the closed cycle (up to its orientation) on X obtained as the pullback by 7 : ¥ — X
of the saddle trajectory. On the other hand, for a degenerate spectral network with a type
IV saddle, we define ypps = y5, — ¥s_ € I" (up to its orientation) where s is the second
order pole of ¢ in the degenerate ring domain surrounded by the type IV saddle. We refer
to homology classes ygps € I' defined in this way as BPS cycles, and the collection of
all BPS cycles (together with their type) as the BPS spectrum of ¢. Degenerate spectral
networks only appears when the phase ¥ coincides with the argument of the central
charge Z(ygps) of a certain BPS cycle.

To define the BPS invariants, we should avoid a locus in the parameter space M of ¢ =
¢(m) on which a multiple degeneration appears in the spectral network simultaneously.
We say the parameter m is generic if it lies in the complement M \ W of aset W = W,
defined by

Zm(y)
Zim(y")

We = {m € M, | there exist distinct BPS cycles y, y’ satisfying IS R>o}

(3.23)
for @ # Leg, and Wy e, = ¥ for the Legendre case. Otherwise, we say m is non-generic.
We denote by M’ = M \ W the locus of generic parameters.

Now we recall the definition of the BPS indices introduced in [GMN2,GMN3,BrS,
IK] (see also the recent work [Ha] which arrives at the same BPS indices for BPS cycles
associated with Type II and III saddles via Donaldson-Thomas theory).

Definition 3.4. For each m € M’, we define the BPS indices {Q (¥)}yer as a collection
of integers defined as follows:

+1 if y is a BPS cycle associated with a type I saddle,

Q) = +2  if y is a BPS cycle associated with a type II saddle,
V)= +4  if y is a BPS cycle associated with a type III saddle,

—1 if y is a BPS cycle associated with a degenerate ring domain.
(3.24)
and we set Q(y) = 0 for any non-BPS cycles y € T.

In our previous work, [IK], given any of the examples of ¢ from Table 1, we deter-
mined the BPS structure following (3.24) at any m € M’. The results are summarized
in Table 3 below. We refer the reader to [IK] for additional details.

Theorem 3.5 ([IK, § 4]). Let o be the label of any spectral curve of hypergeometric type
in Table 1. For each m € M., the BPS structure determined by po(m) = Q.()c)dx2 is
the one given in Table 3. In particular, the BPS structure obtained is finite, integral and
uncoupled.
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Table 3. The BPS structures (BPS cycles, central charges, and BPS indices) associated to the spectral curves
of hypergeometric type in Table 1

Spectral curve +yBPS +Z(ygps)/2mi Q(vBpsS)
Gauss (0, +Vie +Voor) (€ e e{£) +(mg+emy +€'mso) 1
(ysy —vs=) (s €{0,1,00}) +2my -1
Degenerate Gauss (1, Vo) (€€ {£hH +(my +e€emeo) 2
E(¥sy —vs=) (s €{1,00}) +2my -1
Kummer (o, + Vo) (€ € {£)) +(mg + € moo) 1
(v, — ) +2my —1
Legendre Voo, +meo 4
£ Yooy — Yoo_) +2meo —1
Bessel +(vo, — o) +2my -1
Whittaker Voo, +meso 2
‘Weber Voo, *meo 1

As before, for s € Pey, ys. is the positively oriented small circle around s+

The uncoupledness of the BPS structures in Table 3 is a consequence of the vanishing
of the intersection pairing (-, -) on I". In particular, this vanishing implies that the associ-
ated BPS Riemann—Hilbert problem is trivial (i.e., all BPS automorphisms are identity
maps). Therefore, for an arbitrarily chosen constant term & € T_, the functions

Xey(h) = e ZWMey)y  (yel) (3.25)

attached to each ray ¢ C C* give a solution to the BPS Riemann-Hilbert problem, and
it is the unique holomorphic solution which has no zeros or poles on Hy. To obtain
a non-trivial BPS Riemann—Hilbert problem, which will be compared with the Stokes
structure arising from topological recursion and quantum curves, we will consider the
almost-doubled BPS structure discussed next.

3.4. Doubled and almost-doubled BPS structure.. Given a BPS structure, we may con-
struct anew doubled BPS structure (I'p, Zp, 2p) via the so-called doubling construction
[Brl, § 2.8]. The doubled lattice is:

Ip:=rar, (3.26)
equipped with the new pairing

(1> B (v2, B2)) = (v1. v2) + B1(v2) — B2 (¥1) (3.27)

which is always nondegenerate. The central charge can be extended by an arbitrary
homomorphism ZV : 'V — C* as Zp(y, B) := Z(y) + Z¥(B), and the BPS indices
are defined to be

Q(y) if g =0,

3.28
0 otherwise. ( )

Qp(y, B) = {
Clearly the symmetry property continues to hold, and the support property is also equiv-
alent to the support property for the original BPS structure.
As we did in §3.2, we identify the dual lattice ' with a sublattice of H (X, Do, Z)
through the intersection paring (-, -) given in (3.17). Through the identification, the
extended paring (-, -) on I'p and the intersection pairing (-, -) are related as follows:

(r.B)=-B(y)=—(.B) (el pel’). (3.29)
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Here and in what follows, we identify y € T and 8 € I'V with (y,0) € I'p and
(0, B) € I'p, respectively.

We will in fact use a slightly modified doubling procedure, which we call almost-
doubling, in which we take a full-rank sublattice

M ={BeH (T, D;Z) | t:f=—B} TV (3.30)

in the second factor, and define

lp:=Ta®l* (3.31)
equipped with the restricted pairing (denoted by the same symbol (-, -)). Together with
the obvious restrictions Zp and Q2p of Zp and Qp to the sublattice I'p, we obtain a BPS
structure (I'p, Zp, 2p) which we call the almost-doubled BPS structure associated to
the original. The purpose of this restriction will be to ensure our solution to the BPS
Riemann—Hilbert problem is single-valued; see Remark 5.5 below. Note that the relative
cycles Bs defined for s € Pey in §3.2 are examples of paths satisfying 1.8 = —Bs
since the covering involution exchanges s and s_. In fact, we can verify that {B;}scp.,
generates the sublattice I'*.

The doubling and almost-doubling construction is useful since it produces nontrivial
BPS Riemann—Hilbert problems from BPS structures which may have a trivial Riemann—
Hilbert problem. In particular, even though the integers Q(y)(y, y’) may be zero for the
original BPS structure, it is easy to see that (almost-)doubling will allow the analogous
expression to take on nonzero values. This is why our introduction of Q(y) = —1 plays
a significant role, but did not affect previous results on the subject — any choice of
attributed to such BPS cycles would be killed by the intersection pairing in the original
BPS structure.

3.5. Miniversality of almost-doubled BPS structure. In [IK] and above, the BPS struc-
tures corresponding to hypergeometric type spectral curves were considered as depend-
ing on a set of parameters m, but we did not consider them as a family. However, they
naturally fit together to form a variation of BPS structures:

Proposition 3.6 (c.f.,[Brl, Claim7.1]). The family (T, Zm, Q@m) mem’ gives a(framed)
miniversal variation of finite, integral, uncoupled BPS structures over M'. Moreover, we
can naturally extend the family to a miniversal variation of finite, integral, uncoupled
BPS structures on the whole parameter space M.

Proof. Since no collision of zeros and poles of ¢ occurs on the parameter space M, the
collection {I'; }mep of lattices forms a local system on the space. The rank of I', are
computed by using [BrS, Lemma 2.2], and we may verify that the rank of each lattice
'y coincides with the dimension of M (i.e., the number of even order poles of ¢) by
case-by-case checking. The triviality of this local system follows from the isomorphism
described below in (3.37). Moreover, the explicit expression of central charges in Table
3 shows that the period map is holomorphic and local isomorphism.

Although €2;, was not defined for m € W since a multiple degeneration of spectral
network can occur there, the definition of €2, can be extended by continuity across W
due to our observation in [IK] which tells the set of BPS cycles and their BPS invariants
are common for all m € M’ as is shown in Table 3 (that is, Table 3 can be taken as
the definition of the BPS structure for all m € M). The family of BPS structure on M
thus obtained satisfies the support property and wall-crossing formula since our BPS
structures are finite and uncoupled (all BPS automorphisms commute). Thus we have a
miniversal variation of finite, integral, uncoupled BPS structures over M. o
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Thanks to the miniversality of the original BPS structure, we have an identification
between the tangent space T, M and T}, ® C (>~ I', ® C) via the derivative of the
period map (2.19). Thus the space Hom(I'};,, C), which parametrizes the arbitrary ho-
momorphism Z, is identified with the cotangent fiber 7}, M. It is not hard to show then
that:

Corollary 3.7. For any family of BPS structures of hypergeometric type (U'm, Zm,
Qm) mem, the family of almost-doubled BPS structures (I'p p, Zp p, 2P, p) peT+Mm
gives a miniversal variation of finite, integral, uncoupled BPS structures over T*M.

Note that the same statement holds for the fully doubled family as well.

3.6. Almost-doubled BPS Riemann—Hilbert problem and the BPS t-function. We will
be interested in the BPS Riemann—Hilbert problem (Problem 2.2) associated with the
almost-doubled BPS structure constructed in the previous subsection. We will call it the
almost-doubled BPS Riemann—Hilbert problem below.

First of all, it is easy to observe that, the almost-doubled BPS structure (I'p, Zp, 2p)
constructed above is still uncoupled. This is because the original BPS structure (I", Z, €2)
is uncoupled, and the corresponding BPS indices 2p are supported on the BPS cycles
in the original BPS structure. Therefore, we may happily use the general formula in
Theorem 2.4 for the minimal solution even in the (almost)-doubled BPS Riemann—
Hilbert problem, once we have fixed an extended constant term &p which takes value in
the almost-doubled twisted torus

T_p = (&0 : T — C" [ Sp(1 +1u2) = (=D p u)ép (u2) | (3.32)

whose elements may be written as &p = (&, &) through the splitting (3.31). Applying
Theorem 2.4, we have the following expression of the minimal solution to the almost-
doubled BPS Riemann-Hilbert problem associated with (I'p, Zp, 2p) evaluated at
u e I'p:

ZD(’]) log %-B (—n) Qp (M {w.n)
Xmm B) = —Zp(n)/h A , .
() =e o ] (o(0) ozl .
ﬂEFD
Zp (n) i,
or more explicitly in terms of the splitting I'p = ' @ I'*:
X (hy =e 20 E(y) 334

QN (B.Y")
mm(h) e 2B gV gy 1—[ A<Z(V) log&(— 7/)) (3.35)

, , 2nih’ 2mi
y'el'Z(y’)
EiH(

In §5, we will compare this minimal solution to our Voros solution which arises from
the topological recursion and quantum curves. Note from the expression the jumping
structure is clear: X! do not jump at all and are very simple, whereas the X}"g' jump
across BPS rays of the original (I", Z, €2).

To describe the BPS t-function, let us use the mass parameters (1 )sep,, Whichis a

natural global coordinate on M (as we have seen, dim M coincides with the number of
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even order poles of ¢.) To realize the coordinate as the central charges of a basis, it is
convenient to use cycles with rational coefficients; that is, if we define a lattice

Fczm = @ Z)"s, (336)

S€ Pey

together with a linear map Zc,y : [can — C given by Zean(As) = 2mwimy, then we have

an isomorphism

Vse — Vs_
2

which identifies Z.,, with Z,, (after Q) for any m € M. We need such rational
coefficients since {ys, — ¥s_}sePp,, 1s N0t a Z-basis of I'y, in general. In view of (B, v, —

Yy ) = 28y, we may also canonically identify the (almost) dual lattices T'Y,, >~ T},

Fean®QxTm @Q & Ay > (3.37)

by identifying the dual element of A with B;.
Thanks to the miniversality, we have the following identification:
TuM ~T,, ® C~TY, ®C. (3.38)
Thus we may use the natural coordinate (mm)secp,, as z;’s in the definition of BPS -
function (2.26). More precisely, in terms of the coordinate (m, msv)se P, of T*M given
by Z,,(Bs) = 2mim], the BPS t-function for our almost-doubled BPS structure is
defined by

0
1 =0, 1 = ——1logY, € Poy). 3.39
omy 0g TBPS, ¢ o, 0g TBPS, ¢ a7 108 Ve g, (s € Pey) (3.39)

Therefore, the BPS t-function does not depend on m’. In particular, the BPS t-function
associated with the minimal solution (3.33) has the same expression given in Proposition
2.8; that is, it is written as a product of Y -functions over the original lattice I". We will
set Z¥ =0 (i.e., msv = 0) in Sect. 5, but this restriction evidently does not change the
BPS t-function.

4. Topological Recursion, Quantum Curves and Voros Coefficients

In the works [IKoT1,IKoT2], the first named author and collaborators studied the quan-
tization of spectral curves of hypergeometric type via fopological recursion (TR). See
also [BoE2] for generalities on the quantization of spectral curves, i.e. quantum curves.
Moreover, an explicit expression for the Voros symbols of the associated quantum curves
was obtained. In this section, we recall the topological recursion and the construction
of the quantum curves, as well as the definition and form of their Voros symbols from
those works, which we will use to solve to the Riemann—Hilbert problem in §5.1.

4.1. Definition of correlators and partition function. Here we briefly recall several facts
from Eynard-Orantin’s theory of topological recursion ([EO1]) and define the objects
playing a central role on the in the present paper.

Definition 4.1. A spectral curve is a tuple (C, x, y, B) of the following data:

e A compact Riemann surface C,
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e A pair of non-constant meromorphic functions x, y on C such that dx and dy never
vanish simultaneously, and

e A symmetric meromorphic bidifferential'! B on C having a second order pole with
biresidue 1 along the diagonal, and holomorphic elsewhere.

We usually denote by z alocal coordinate of C, and by z; a copy of the coordinate when
we consider multidifferentials. Here, a meromorphic multidifferential is a meromorphic
section of the line bundle 7 (T*C) ®- - -Q@m,; (T*C) onC", where r; : C" — Cisthe jth
projection map [DN]. We often drop the symbol ® when we express multidifferentials.

We denote by R the set of ramification points of x, that is, R consists of zeros of
dx; here we consider x as a branched covering map C — P!, and we call the images of
ramification points by x the branch points. We also assume that all ramification points
of x are simple so that the local conjugate map z +— z near each ramification point is
well-defined. Then, the topological recursion (TR) is formulated as follows.

Definition 4.2 ([EOL, Definition4.2]). The Eynard-Orantin correlator W (21, . . ., Zn)
for g > 0and n > 1 is defined as a meromorphic multidifferential on C by the recursive
relation

Wg,n+1 (ZOa Llyeees Zﬂ) = Z l}_erSKr(ZOa Z)I:Wg—l,ﬂ+2(z7 Za Ly vens Zﬂ)
reR
/

+ Z Wei 1412 20) Wey 11141 (Z, le)i|
g1+g2=¢
Lul={1,2,....,n}
4.1
for 2g + n > 2 with initial conditions given by

Wo,1(z0) := y(z0)dx(z0), Wo,2(z0,21) := B(z0, 21). 4.2)

Here we set W, , = 0 for a negative g, K, denotes the so-called “recursion kernel”
given by

1 ¢=2
Ky (z0,2) := — / B(z0,¢) (4.3)
' 2(y(2) — y@)dx(2) Ji==

defined near a ramification point r € R, U denotes the disjoint union, and the prime '
on the summation symbol in (4.1) means that we exclude terms for (g1, I1) = (0, ¥)
and (g2, I2) = (0, ¥) (so that Wp 1 does not appear) in the sum. We have also used the
multi-index notation: for I = {iy,...,i,} C {1,2,...,n} withi| < ir < ... < iy,
21 = (Zigs v s Zig)-

One of the central objects in Eynard-Orantin’s theory is the genus g free energy F,
(g = 0) associated to the spectral curve:

Definition 4.3 ([EO1, Definition 4.3]). For g > 2, the genus g free energy F is defined
by

1
Fe =35 ;zlzz:ers[mz)wg,] @], (4.4)

where ®(z) is any primitive of y(z)dx(z). The free energies Fj and F; for g = 0 and
1 are also defined, but in a different manner (see [EO1, § 4.2.2 and § 4.2.3] for the
definition).

11 A bidifferential is a multidifferential with n = 2.
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We note that the right-hand side of (4.4) indeed does not depend on the choice of
P (2).

Definition 4.4. The generating series

e¢]

Frr(h) := Z h*~2F, (4.5)
g=0

of Fy is called the free energy of the spectral curve. Its exponential
Z1r(h) = M (4.6)

is called the (topological recursion) partition function of the spectral curve.

The free energy and the partition functions are regarded as a formal series of £. It is
known that usually these formal series are divergent (see [E2] for the growth estimate for
the coefficients). The objects arising in our examples are, nonetheless, Borel summable
in all but finitely many “singular” directions.

4.2. Applying TR to spectral curves of hypergeometric type. In the rest of §4, we denote
by X one of the curves X, for ¢ € {HG, dHG, Kum, Leg, Bes, Whi, Web, dBes, Ai} in
Table 1. To apply TR to X, we should regard them as spectral curves in the sense of
Definition4.1. This was done in [IKoT2, § 2.3], where an explicit rational parametrization
of ¥ was given. That is, for each e in Table 1, there exists a pair of rational functions
(x(2), ¥(2)) = (x4(2), ye(z)) such that we have an isomorphism

C\P — =
w w 4.7)

7 — (x(2), ()

of punctured Riemann surfaces, with the choice C = P! and the set P of poles of x(z)
and y(z). Under the notations fixed in §3.2, the set P is of the form

PI{Ps|S€Pod}U{Ps+,Ps,|S€Pev}CC, 4.8)

where, for each s € P, either x(ps) = s or x(ps,) = s holds depending on the parity
of pole order of ¢ at s. The set P is in bijection with the set f\Z, and hence, (4.7) can
be extended to an isomorphism C = % of compact Riemann surfaces. We often use this
isomorphism to identify the two in what follows.

In the case of Xy, the above construction is realized as follows. (See [IKoT2, § 2.3]
for the others examples).

Example 4.5. A rational parametrization (4.7) of Xy is given by the pair of explicit
rational functions

x(z) = xgG(2) ==

~/ Ang(m) (z . z_l) . Meo? +mo? —m?
4moo? 3.2 2’711002 ’
dmeo>z° (2 — 2
¥(2) = yuo(2) := w2 ( )

"~ VAucm) (z — po,)(z — po )z — p1,)(z—pi1)

4.9)
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where Ayg(m) is given in (3.8) (which is non-zero under Assumption 3.1), and the set
P ={po,, po_. P1,, P1_, Poo,, Poo_} Of poles consists of

(mo £ mo)? —my? (my £ me)? — mo? 0
Poy ‘= — » Ply = , Poo, =00, poo_ =0.
- Agg(m) = Ay (m) * >

(4.10)
The points ps, € C are the two preimages of s € {0, 1, 0o} by xgg(2), and the labels are
chosen so that the residue formula (3.11) hold. The point py_ is mapped to s+ through the
isomorphism C ~ Yyg. The set of ramification points is given by R = {&1} C C, and
these two points are mapped to the turning points by, by € P! by xyg(z). The conjugate
map is given by 7 = 1/z, which corresponds to the covering involution of Lyg.

Together with the canonical choice

dzidzn

Bara) =y

(4.11)

of the bidifferential B when C = P!, we obtain a spectral curve (C, x, y, B) in the
sense of Definition 4.1. We will identify ¥ defined in (3.9) (rather, its compactification
), together with the projection on the first coordinate 77 : ¥ — P!, with the spectral
curve (C, x, y, B) through the isomorphism and the canonical choice of B. Under the
isomorphism, the set R C C of ramification points is mapped tor ! (T') C X bijectively.

4.3. Free energies of spectral curves of hypergeometric type and BPS structure. We
have now introduced all of the notions needed to recall the result of our previous work
[IK]. In [IKoT1,IKoT?2], a relationship between the free energy of the spectral curves
of hypergeometric type and the Voros coefficients of the associated quantum curves
was found (see Remark 5.14 for the precise relation). As a corollary, there are explicit
formulas of gth free energy Fy = Fg, which we can write uniformly in terms of BPS

structures thanks to the results in [IK] for all hypergeometric type examples:

Theorem 4.6 ([IKoT2,IK]). The gth free energy of the spectral curves of hypergeometric
type are given explicitly as follows:

1(Z(y)\? z
Fo= Y Q(y)z(%) 1og(2;”i)), (4.12)
yel
2(y)eH
_ 1 Z(y)
Fi=-— ZE; Q) log(m>, (4.13)
Zlpen
O T Y )(27” )2g_2 (g2 (4.14)
-2 = \Zo) = |
2(y)eH

Here the formula for Fy (resp., F1) is valid up to quadratic polynomials ofm;s (resp.,
additive constants), By is the kth Bernoulli number given by By = By (0), and H is any
half-plane whose boundary rays are not BPS.
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We note that the prefactor in (4.14) given by the Bernoulli number has an interpreta-
tion as the Euler characteristic of the moduli space of Riemann surfaces ([HZ,P]). The
explicit expression in each example can be recovered from the BPS spectrum computed
in [IK], summarized in Table 3 (the Airy and degenerate Bessel cases are excluded since
the free energy is trivial). These expressions are effectively used to compute the Borel
sum of their generating series Ffr = »_ 220 h*8=2 Fg. Below, we will introduce the
Voros coefficients of the corresponding quantum curves, and write an analogous explicit
formula for them.

4.4. Quantum curves of hypergeometric type. It is known since [GS,Z,MS,DM,BoE2]
etc. that the Eynard-Orantin correlators are closely related to the expansion coefficients
of the WKB solution of a certain Schrodinger-type equation, called a quantum curve,
whose classical limit gives the spectral curve. Here we review the statement for the
Gauss hypergeometric spectral curve Zyg (see [IKoT2, § 2.3] for other examples).

First we introduce the following notations for various subsets which exclude turning
and ramification points:

Y =X\7z'(T), T =T \7x NT), C'=C\R, PP=P\R. (4.15)

Let us take a divisor
D(z;v) :=[z]— Y _ v,lp] (4.16)
peP’

on C" which depends on z € C" and a tuple v = (v),) ,epr of complex parameters, which
we call quantization parameters, satisfying

Z vy = 1. (4.17)

peP’

Let We (21, . . ., z,) be the correlator defined by TR from the spectral curve (C, x, y, B)
described in §4.2 and [IKoT2]. Let us define a “primitive” of W, , by12

Fg,n(zlv ey Zn)

dx(¢1) dx (&) )

= Wn ’...’n_(s 57! S —

/;:1€D(z1;v) ./;nED(zn;V)< & ¢ 2 8:00m2 (x(gl)_x(Q))z
(4.18)

Restricting this to a diagonal set z; = --- = z, = z, we have a function on C’. Taking
their generating series, we introduce

1
SRz B) = Y HSa(z):= Y K —Fen(z ,z)} (4.19)

k>—1 k>—1 2g—24n=k
§>0,n>1

12' For a second kind meromorphic differential (z) on C which is holomorphic at p € P’, we shall define
- . L. . _ =z
its integral with the divisor D(z; v) for z € C\{poles of w} by f{ED(z;v) w() = ZpeP’ vp f{=p w(¢). The
condition (4.17) implies that d f{eD(z‘ v) w(¢) = w(z). We also generalize the definition for multidifferentials
in a straightforward way.
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as a formal (Laurent) series in & whose coefficients are functions!? on C'.
Roughly speaking, the framework of quantum curves claims that the exponential of
Str (2, 1) satisfies a Schrodinger-type ODE (after combining this with the inverse map

of the isomorphism C"\ P’ Sy (which is a restriction of (4.7))), which has the original
spectral curve as its classical limit. We will not give a general statement of quantum curves
in [BoE2,IKoT1] here since it requires considerable notational preparation. Instead, we
focus on the main example, the quantization of the Gauss hypergeometric curve Xyg.

Theorem 4.7 ([IKoT2, §2.3.1]). Let S%g’ (z, h) be the formal series defined from Xyg
by (4.19), with the integration divisor

D(z; v) = [z] = vo,[po,] —vo_[po_1—vi,[p1,] = vi_[P1_]1 = voo,[Poo.] = Voo_[Poo_]-

Then, its exponential (for any choice of local inverse z(x))
PO, ) = exp (SHE o), 1) (4.20)
gives a formal solution of the following differential equation:

d? d
Eug : (ﬁzﬁ +q(x, h)ha +r(x, h)) v =0, 4.21)

where q(x, h) = qo(x) + hq1(x), r(x, k) = ro(x) + hri(x) + h2ry(x) and

1—1)0+—\J0_+1—l)1+—l)1_

go(x) =0, qi(x)=

’

x—1
Mog2x? — (moo2 + m02 — m12)x + mo2
rO(-x) = - xz(] — x)2 )
) = — (v0+2— Vo_)myg . (v, —vi_)my . (Voo, — Voo,)moo’
x2(x -1 x(x —1)2 x(x—=1)
Vo, Vo_ VigVio Voo, Voo
r2(-x) = - 2

2x—-1 x&x—-D2 x(x—-1)

The equation Eyg given in (4.21) is a 2nd order linear ODE with three regular
singular points at 0, 1 and oo, and hence, it is equivalent to the Gauss hypergeometric
differential equation (see [IKoT2, § 2.3.1]). We note that the Gauss hypergeometric
curve (3.14) is nothing but the classical limit 2 — 0 of the equation Eqg; that is, Egg
is a quantization of the Gauss curve (3.14). We call Eyg the quantum Gauss curve (for
the divisor D(z; v)).

In [IKoT1,IKoT2], it was proved that this quantization procedure works for all spec-
tral curves ¥ = X, shown in Table 1, and the resulting quantum curves E are members
of the confluent family of hypergeometric type differential equations (there is some
overlap with the results of [BoE2]). We refer to [IKoT2, § 2.3] for explicit descrip-
tions of rational parametrizations of hypergeometric type curves, choice of divisors, and
the associated quantum curves for the other eight cases. We call these equations E the
quantum curves of hypergeometric type (associated to each example).

13 Although the STr need not be meromorphic, the derivative d STR is.
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Remark 4.8. Tt is well-known that a Schrodinger-type ODE with a small parameter -
like (4.21) has a formal solution of the form

YwkB (¥, h) = exp(Swkp(z(x), 1)),  Swks(z(x), k) = Y I Swks i (z(x)),
k>—1

(4.22)
called the WKB solution. For a construction of the WKB solution, we refer [KT, § 2]
for example. The derivative d Swks x (z(x))/dx of the coefficients in the WKB solutions
are meromorphic functions on the compactified classical limit ¥ which are determined
by a certain recursion relation. Theorem 4.7 claims that Swkg coincides with the formal
series STr in (4.19) obtained from the topological recursion, up to additive constants at
each order of h.

4.5. Voros coefficients of quantum curves of hypergeometric type. Here we recall the
definition of the Voros symbols for the quantum curve E constructed above. See [V,
DDP1,IN1,IN2] for the definition for general Schrodinger-type ODEs, and their roles
in the exact WKB analysis.

4.5.1. Definition of Voros coefficients. We define two kinds of Voros coefficients; the
first type are associated with homology classes y € Hl(Z 7)), while the second type
are associated with relative homology classes 8 € H; (T, Doo, 7). Following [IN1], we
refer to these as cycles and paths, respectively. We will keep using notations like y for
cycles in H; (E Z) and B for paths in Hy (X, Do, Z) throughout.

Consider the formal series Str (z h) defined in (4.19), and consider its term-wise
derivative dStr(z, h) = Zk> 1 Bk dStr.k(z) (= dSwks(z, )) with respect to z. We

take its “odd part” dSOdd(z, DI hkS"ddk(z) defined by'

dStr(z, h) — (*dStr (2, F)

Odd h
( ) 2 )

(4.23)

where ¢* means the pullback by the covering involution ¢ of . This is a formal series
whose coefficients are meromorphic on ¥ satisfying

FdS¥(z, h) = —dS¥(z, ). (4.24)

Although the coefficients dS%‘ffk have poles on 7 ~!(T), the residue of dS"ddk at
those points vanish due to the property (4.24). Therefore, the integral of d S%dR‘f  along

acycley e H 1(% Z) is well-defined for any k > —1. On the other hand, among the
coefficients, d S"dCl _,andd S%‘f{}o have poles on 7 ~1(T') U Do, while d S%ffk fork > 1
have poles only at 71_1 (T). This is because the correlators Wy , with2g —2+n > 1have
poles only at the ramification points. Moreover, W, , with2g —2+n > 1 have noresidue

at ramification points, and hence, the integral of d S¢ "dd R« alongapath g € H; (2, Doo, Z)
is well-defined for k > 1. Thus, we define

SR _1(2)
%&@m—wm@m-—7;— dS9%,(2). (4.25)

14 We use the term “odd” although in general there terms of any order in /. d Sy Odd is the anti-invariant part
of dSTR with respect to the covering involution ¢s.
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by subtracting off the k = 0, 1 terms. Then, we define the Voros coefficients for the
quantum curves as follows.

Definition 4.9.

e For any cycle y € Hj (S, 7), the (cycle) Voros coefficient of the quantum curve E
for y is a formal series of 7 defined by the term-wise integral:

w@:wmmm:f dSP(z, h). (4.26)
14

e For any B € H{ (X, Dso, Z), the (path) Voros coefficient of the quantum curve E
for B is a formal series of /i defined by the term-wise integral >

szwmmm:/ So (2, B 4.27)
B

e The exponentiated formal series " and e"# are called the Voros symbol of E for
y € I' and B € T'*, respectively. We refer to these as cycle Voros symbols and path
Voros symbols, respectively.

For our purpose, we will be mainly interested in the Voros coefficients for cycles and
paths in our previously chosen sublattices; that is, for y € I" and 8 € I'*. We will recall
the explicit form of the Voros coefficients in these cases.

Remark 4.10. In [IKoT1,IKoT2], the path Voros coefficients were defined by using d STr
instead of d S%%d Since the even part d SYg" 1= d STR —d S} Odd is invariant under the cov-
ering involution ¢, its integral along B € F* vanishes. Hence our path Voros coefficients
(4.27) for B € T'* agree with those computed in [IKoT1,IKoT2].

4.5.2. Cycle Voros coefficients for y € I'. In what follows, we will use the same notation
for cycles and relative cycles on the spectral curve defined in §3.2. Recall that the
homology group Hj (S,7)is generated by the residue cycles around the punctures D
In particular, any element y € I' can be decomposed as a sum of residue cycles around
sy or s_ for s € Pey. Through the residue computation, we have the following.

Proposition 4.11. For any quantum curve of hypergeometric type and any y € I', we
have
Z(y)

V,(h) = — wiv(y) (4.28)
with v : Hy (f), Z) — C the linear map given on generators by v(ys,) = %vs, where
we set Vg 1= Vps, — Vps_-

Proof. It is enough to show the formula for y;, with any s € Pey. Since W, , with
2g —2+n > 1 have poles only at ramification points, we can verify that the residue of
dSTr at s+ only comes from those of dStr,—1 and d Str 0. More explicitly, we have

. dx(2)dx(¢)
Re asme) = Res ore s [ (Whate 0 - 20 ).

(4.29)

15 The Voros coefficients for relative cycles were denoted by Wy in [IN1,IN2].
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The residue of the first term is given by
Res Wy 1(z) = Res/ Q(x)dx = £m; (4.30)
I=Psy X=5+

due to the residue formula (3.11). The integrand in the second term is expressed as

dx(2)dx(¢)
Woo(z, &) — ——220707
/;emz;v)( 020z, &) <x(z>—x(;>)2>

- = dx(2)dx(¢)
=2 /4_ <W°*2(Z’§) T &0 —x(;)>2)

peP’ =r
=Y, (—1"”(”— L, Y@ ) (@31)
) 2x'@ z—p x(@)—x(p)
peP

The summands for p # p;_ in (4.31) are holomorphic at z = p;, , but the summand for
P = Ps; has asimple pole at z = py, . Consequently, we have

dx(2)dx(¢) )
R W ) —— | =V, . 4.32
Z=gssi /;ED(z;v) ( b2(2, &) (x(z) — x(£))? VP (%-32)

Since Res dS%%d(z, h) = %( Res dStr(z, h) — Res dStr(z, h)) holds, we have the
I=DPs4 I=PDsy =

=Psx
desired formula for yy, :

. (M Vs
V,,, () = £27i (7 — 3) . (4.33)
The general formula follows immediately from (4.33). O

In particular, we note V), is just a finite series in i with two terms.

4.5.3. Path Voros coefficients for B € I'*. As we mentioned in §3.4, I'* is generated
by Bs, s € Pey, Which is a class represented by a path from s_ to sy. The path Voros
coefficients of the hypergeometric differential equations for those paths were studied
in [SS,T,KoT,AT,KKT,ATT1,AIT,IKoT1,IKoT2] etc. Let us recall and rewrite the
formula for their explicit expression, following [IKoT2,IK].

Example 4.12 (Weber and Bessel). Let us consider the two fundamental examples:

2
sWeb . 2 (% _ moo> —0, oo 0. (4.34)
, + 4m?
BB sy = 0 =0 my £ 0. (435)

The corresponding quadratic differentials Q,(x)dx? have a unique even order pole s;
thus m = (my), and we have the Voros coefficient

o0
Vg, (h) = thvﬂs,k (4.36)
k=1
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for the canonical relative homology class 8; € I'f associated with s. According to
[IKoT2, Theorem 3.1 (iv)], the coefficients Vg = Vg, i (my, vs) are explicitly given as
follows:

B 1+ 1
k+1( 2 ) for e = Web and s = o0

ve -1 k(k+1) mk 437
Bs -k Bis1(o) + Bis1 (1 +1v0)  —1 37
. for e = Besand s = 0.
k(k+1) (2mo)k

Here By (¢) is the k-th Bernoulli polynomial defined through its generating series

wel? o wk

1= > Bt (4.38)
k=0

These explicit formulas are derived by finding and solving the difference equations (with

respect to the i-shift of parameters m) satisfied by the Voros coefficients (see [[KoT2]

and the above references for details).

These two cases are of fundamental importance, since the Voros coefficients for
other examples are obtained as superpositions. In fact, following our interpretation of
the topological recursion free energies via BPS structures [IK] we may write the Voros
coefficients computed in [IKoT2] uniformly as follows:

Proposition 4.13. For any quantum curve of hypergeometric type, the coefficient of h*
in the Voros coefficient for any relative homology class 8 € T'* is expressed as:

_ Bis1(r) ( 2mi \*
Vi = ; QY T (Tw) , (4.39)
Z(y)eH
h
wnere Bk(1+1)2()/) , Q(y)#_l
Bi(y) =11 ) ) (4.40)
E(Bk( )+ Be(1+49)). 20 =-1

where H is any half-plane whose boundary rays are not BPS.

Proof. Thesymmetry Q(y) = Q(—y) together with the identity By, 1 (x) = (= 1)1 B4y
(1 — x) for Bernoulli polynomials shows the expression (4.39) is independent of the
choice of half-plane. Taking the sign convention (3.29) into account, the claim is proved
immediately by comparing with the expression of Voros coefficients obtained in [IKoT?2,
Theorem 3.1 (iv)] (written explicitly in Appendix A), together with Table 3. O

The expression (4.39) is crucially important for our purpose.

4.6. Borel sum of Voros coefficients. Since the values of Bernoulli polynomials grow
factorially as k tends to infinity, the Voros coefficients for relative homology classes are
divergent series of 7. However, we can see that the Voros coefficients in our examples are
Borel summable as a formal series of 7 along all but finitely many rays. Here we briefly
recall the notion of the Borel sum for our specific examples — for a general theory of
the Borel summation, we refer [C,Sa]. We note that our computations presented here
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were essentially done in previous works [T,KoT,AT,ATT1,AIT] etc. which discussed
the Voros coefficients for hypergeometric-type differential equations in slightly different
presentations (with or without quantization parameters v).

First, for the Voros coefficient Vg, (h) = Y, i* Vg, &, let us define its Borel trans-

form f/\,gs (¢) as follows:

~ . Vg
Ve (©) = (kﬁ—“’l‘)!ck—l (4.41)
k=1

Namely, Vﬂs (¢) is the term-wise inverse Laplace transform, where ¢ is the variable
which is Laplace dual to 1/A. Although the Voros coefficient is divergent series of h, Vg,

has a finite radius of convergence. For a given ray of the form £ = ¢/”R., the Voros
coefficient Vg, is said to be Borel summable along £ if the Laplace integral

i

SeVp, (h) = f Ve, (0)e ¢/ dr (4.42)
0

along ¢ converges for i € Hy N {h € C* | || < 1}.1° This requires that f/\ﬁx (¢) has
an analytic continuation to a sectorial neighborhood of the integration contour e/’ R,
and growth at most exponentially when || — oo. The resulting integral (4.42) is called
the Borel sum of the Voros coefficient, if it is well-defined. Watson’s lemma (e.g., [BH,
Chapter4]) implies that the asymptotic expansion of the Borel sum recovers the original
divergent series when 7 approaches 0:

SeVp,(h) ~ Vg (h), h— 0, heH,. (4.43)
For the Borel sum of the Voros coefficients of our examples, the following is known:

Proposition 4.14. For any example of hypergeometric type and any s € Pey, the Voros
coefficient Vg (h) with the expression (4.39) and the corresponding Voros symbol are
Borel summable along any ray which is not BPS in the corresponding BPS structure in
Table 3. Moreover, the Borel sum SgeVes'™ of the Voros symbol can be extended as a
meromorphic function of h on the whole half-plane H.

Proof. The statement was essentially shown (without the language of BPS structures)
in the previous works [T,KoT, AT, KKT,ATT1, AIT], but we include a proof here for the
convenience of reader.

Note that, since the Voros coefficients in our examples are obtained by superposing
Vgg:b and Vﬁ%es, it suffices to prove the statement for the two examples.

For the Weber case, using the expression (4.37) of the coefficients, we have

~ 1 w 1 1
VWebie () = — ( 4 —) (4.44)
; e - 1 w 2 wzmio ’ ZH%
Hence, Vg::b is not Borel summable along the rays =27 im~R>(, which are exactly the

BPS rays for the BPS structure constructed from Zwep, since the Borel transform f/\gieb
16" The rays for the Borel summation is regarded as a half-line on the ¢-plane (Borel plane), and hence, we

should distinguish them from rays in /-plane. However, to save notations, we identify them and use the same
symbol ¢ for both of the rays.
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has a sequence of simple poles on the set 27wimZ-o. The Borel sum is well-defined
for any other ray £ = ¢!’ R, and explicitly computed as follows:

1 —
log A m%, %) , argRmimee) —m < U < arg(mwimeg),
‘Web _
Sevﬂw () = Moo 1+ Vo . .
—log A 5 , arg(mimes) < U < argRmimeo) + 7,

(4.45)
where A (z, ) is the explicit function given in (2.14). The formula (4.45) is derived with
the aid of the following Binet’s integral formula for the logarithm of the I"-function (see
[WW, p. 249] for example):

I I'(z) 1 ) +/°° w 1 1 +l dw R 0)
0g —— = — —)logz — e -t =) — ez > 0).
g«/zn ‘ 2 gz—z 0 e — 1 w 2/ w ‘

Since the Borel summation commutes with taking exponential (c.f., [Sa, § 13]), we have

Vv ‘Web

1—
A (m_oo, UOO) , arg(2mimeo) — 7w < ¥ < arg(2wimeo),
Spe oo ) — h 2

Moo 1+ Voo -1 . .
Al —— , argmimeo) < ¥ < argmimeo) + 7.

o2
(4.46)
Thus we have proved the claim in the Weber case.
We can perform a similar computation in the Bessel case. We can verify that V}%cs is
Borel summable except for the BPS rays +2wimoR~ ¢, and obtain:

A 2my | -1 A 2my -1
— 1= —, =V ,
h 0 ho Y
VBesci) arg(2mimg) —w < U < arg(2mwimyg),
Sye o = (4.47)
A(=20 00) A (=20 s
-V T L V) )
ho h 0
arg(2mimg) < ¥ < arg(Rmimg) + 7.
The other cases follow from the formula (4.39) m|

On the other hand, since the Voros coefficient V,, = V)7 for y € I' is a finite series
of h (c.f., Proposition 4.11), its Borel sum along any ray ¢ is identical to itself in all
examples:

SeVy (W) =V, (k) (yel). (4.48)

4.7. Stokes phenomenon for Voros symbols. The equality (4.48) shows that the cycle
Voros coefficients do not exhibit any jumping behaviour when we vary the ray £ for the
Borel summation. On the other hand, as we have seen in the proof of Proposition 4.14,
the Borel sum of the path Voros coefficients have a discontinuity across the non-Borel
summable directions when we vary £. The jump of the Borel sum can be understood
as the Stokes phenomenon for the divergent series Vg, around & = 0. The discontinuity
follows from the presence of singular points of the Borel transform Vﬂs (¢) in the ¢ -plane.
We have the following behaviour for the two fundamental cases of Weber and Bessel:
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Theorem 4.15 (c.f., [T,AIT]). Let ¢ € {Web, Bes}, and take a BPS ray {gps =
H2ximgR- o of the corresponding BPS structure. We denote by {1 and {; the rays
obtained by perturbing €gps in counter-clockwise and clockwise direction, respectively
(i.e., £ = e'VRog with O = arg(£2mwimy) +8 and ¥, = arg(£2mwimy) — 8 with a suf-
ficiently small 5 > 0). Then, we have the following relation (as meromorphic functions)
between the Borel-resummed Voros symbols on H,, N Hy,:

_ y Web (Voor s Boc)
Sel (ﬁ)<1 +e Vyoou (h)> * for e = Web and s = 0o

s evl%es(h)(l . v%e; 0 (h))(yoi—yo;,ﬂo)

SpeVi® —
for e =Besand s = 0.
(4.49)

Proof. We only give a proof for the Weber case based on the idea of [T] where the case
Voo = 0 was discussed. It follows from the expression (4.44) that the Borel transform
has simple poles only on BPS rays. Through the residue calculus, we have

S, VR (h) — Se, Ve (h)

=2mi Z Res (e hVﬂ eb(g“))

;‘ F2wimoon

_ :l:Z :Fmeocn( 1

Since the overall factor F1 is identical to minus the intersection pairing (3.18), we obtain
(4.49) for the Weber case by taking the exponential. The same method can be applied to
Bessel. m|

)n +Tivecn

=T 1og(1 +e Vmor ) (4.50)

The jump formula (4.49) for the Borel-resummed Voros symbols is closely related to
the one imposed in the BPS Riemann—Hilbert problem in §2.3. Indeed, when voo = 1,

the Borel resumed Voros symbol Sy e V™ for the Weber curve, which is expressed by the
A function (2.14), coincides with the solution of the doubled A; BPS Riemann—Hilbert
problem discussed in [Brl, § 5] after identifying the mass parameter with the central
charge (recall that A(w,0) = A(w, 1) = A(w)). For generic vy, the Voros symbol
also gives the solution to the “meromorphic” BPS Riemann—Hilbert problem discussed
by Barbieri [Ba, § 4]. We will make this more precise in §5.1.

Remark 4.16. In the language of the resurgent analysis (c.f., [Sa]), the Voros coefficients
for our examples are simple resurgent series, and the computation (4.50) in the above
proof is closely related to the so-called alien calculus. See [T,KoT,KKKoT,KKT,AIT]
for more discussion. Note that (4.49) is a consequence of the Euler reflection formula of
the gamma function, as shown in [Brl,Ba]. The above computation gives a resurgence-
theoretic proof of the formula.

4.8. The Voros potential. Since Voros coefficients are integrals over homology classes,
we may consider V. asamap V.; : (' @ T'*) ® C — C, where we complexify
in the obvious way. Recall that we are interested in the variation of BPS structures
(T'p, Zp, 2p),over T* M, which by Corollary 3.7 is in fact miniversal. The miniversality
of the original (T", Z, Q) provides an isomorphism:

D :TuMy > T*®C (=TV®C) (4.51)
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and dually we may identify 7, M and I' ® C. In particular, this means the “interesting
part” (namely, the path Voros symbols) V. : 'V ® C — C (abusing notation) of the
maps V. ; may be interpreted as a one-form on M,.

Fixing generators {y; — t.ys} for I' ® C and taking as local coordinates m; =
Z(ys)/4mi on M, we may write these one-forms as

= Y 2mi Vg admg,  (k=1) (4.52)

SE Pey

It turns out these forms are closed. Thus, there is a formal series in A of functions
G = 41 ¢r1F such that

w = 2mi dy,¢ (4.53)

where dy, denotes the exterior derivative on M, only, and @ := ) 1 a)khk is a formal
series of one-forms. Each term in ¢ is a function on the space M, depending on the
quantization parameters v. More precisely:

Proposition 4.17. The Voros coefficients of quantum curves of hypergeometric type are
generated by a potential 2i¢, where ¢ = ) ;- @ h* is called the Voros potential.
That is, the forms wy, k > 1 are closed, and the Voros potential is given by

2 Y B sz<y>1og( (V)) k=1
yell
Z(y)eH
br = - (4.54)
_1 -
G- Dkt D) Z Bis1(y) - Q(V)<Z( )) , k=2
Z(J/)EH

where H is any half-plane whose boundary rays are not BPS. Whenever € is not a BPS
ray, ¢ is Borel summable along ¢, and 2wi Sp¢ is a potential for Syw.

Proof. To determine closedness and compute ¢, we calculate directly from (4.53), case-
by-case using the explicit formula (4.39) or Appendix A. In the Gauss hypergeometric
and degenerate hypergeometric cases, we use the identity for Bernoulli polynomials
(—1)k+1Bk (x) + Bk(1 — x) = 0, (k = 0). The Borel summability follows from the
known asymptotic expansion (see e.g. [BaBrS]) of the Barnes double gamma function
in a sufficiently large sector. O

We will provide an interpretation of the Voros potential in the next section.

5. Solution to BPS Riemann—-Hilbert Problem and the 7-Function

We may now formulate and prove our main results.
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5.1. BPS indices and the Stokes structure of the Voros coefficients. In the work of
Gaiotto-Moore-Neitzke [GMN2], the BPS indices {€2(y)}, er appeared in a formula
which describes the jump of the Fock—Goncharov cluster coordinate on the moduli space
of the framed local systems. In fact, it is easy to see this jump formula is in fact nothing
but the required property (2.10) in the BPS Riemann-Hilbert problem. The purpose of
this subsection is to solve the BPS Riemann—Hilbert problem, and thus show that our
definition (3.24) of BPS indices proposed in [IK] is consistent with this point of view if
we identify the Fock—Goncharov coordinates with the Borel-resummed Voros symbols
(c.f., [11,Al12,Ku]).

We consider the almost-doubled BPS structure (I'p, Zp, 2p) with the almost-doubled
lattice I'p = "' @ I'*. For convenience, in what follows we take Z¥ = 0 so when we con-
sider the variation of our almost-doubled BPS structures, they are regarded as a family
over M (i.e., the zero section of T*M).

Definition 5.1 Let (I'p, Zp, 2p). denote any of the almost-doubled BPS structures of
hypergeometric type. We define a meromorphic map, the Voros solution,

X" H, - T_»p (5.1)
as follows. For any non-BPS ray ¢, set!’
X% (h) = o (y) - Spe” 7™ (5.2)
for any cycles y € I', and
X)%h) = o (B) - See"* (5.3)

for any paths g € I'*.

Here, o : I'p — {%1} is the quadratic refinement characterized by the following
property:
-1, Q(ysps) # —1

54
+1, Q(ysps) = —1 G5

o(yBps) =

and o (B) = +1 for B € I'*. Observe that some choice of quadratic refinement was
necessary in order to convert the Tp ,-valued (e="r, eV#) into something Tp _-valued.
It is shown in [BrS, Lemma 3.2] that an appropriate subset of BPS cycles generates
the lattice T, and it is not difficult to see that such a quadratic refinement exists. The
collection {XX‘LT} pelp gives a map X}"” from Hy to the almost-doubled twisted torus
T_»p.

We justify the terminology “solution” in the remainder of the section. First we show
the jumping behaviour:

Proposition 5.2 Let (I'p, Zp, 2p). be an almost-doubled BPS structure of hypergeo-
metric type, and A C C* an acute sector whose boundary rays €1, £, taken in the
clockwise order, are non-BPS rays. Then we have the following relation on H,, N Hy,:

Xy =X m [T A =X @men (uerp). (5.5

nelp
ZpmeA

7 Indeed, when pu = (y,0) for acycle y € I', the Borel summation in (5.2) is not necessary because of
(4.48).
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Proof. The BPS cycles and BPS indices for hypergeometric type spectral curves are
summarized in Table 3. Since our BPS structure is finite, it suffices to prove the claim
when A contains only one BPS ray. Also, it is enough to verify (5.5) for the generators
of the almost doubled lattice; that is, for u = (y, 0) with y € T" and for u = (0, ) with
Bel™

We first note that the cycle Voros symbols, for homology classes u© = (y, 0) with
y € T', do not jump as we have seen in §4.7. hence, they automatically satisfy the
formula (5.5) since {y, ') = 0forall y’ € T, but Q(u) = 0 for u = (0, B).

Since I'* is generated by B for s € Pey, the remaining task is to verify (5.5) for
w = (0, By). It is easily see that this follows from the expression (4.39) of the Voros
coefficients for those paths and the jump property (4.49) for the Weber and Bessel case.
Indeed, taking Qweb (Voor) = 1, QBes(Y0,. — y(&) = —1 (c.f., Table 3) and the sign
convention (3.29) into account, the formula (4.49) can be written as

. . _ye Q2 (vBps) (vBPS,Bs)
ngevﬂx(h) = Sglevﬁs (h)<1 +e VmPS(h)) , (5.6)

where ypps is the unique BPS cycles whose central charge lies on gps = +2mimg R. o
(i.e., YBPS = Yooy for ¢ = Web, and ygps = yo,. — Y05 for ¢ = Bes). Thus we have
verified (5.5) for ¢ = Web and Bes. Since the path Voros coefficients in the general case
(4.39) is a superposition of those of Weber and Bessel, we can conclude that (5.5) is
valid for all other cases as well. O

Remark 5.3. From the explicit expressions (4.39) for the Voros coefficients, we have the
explicit formula of their Borel sum for any non-BPS ray ¢ and any u € I'p:

— Q) (w.y)
XPrhy = e WMen ) T A(Z(J/)l U(V))

" 2mih’ 2
yell
Z(y)eiHy
Q%1
{y) {y)
_ Z@) v\ (Z0) v\
o 2wih’ 2 2wih’ 2 '
Z(y)eiHy
Qy)=-1
(5.7)
The factor &p,, € Tp — is defined by
Epy (1) =0 () ™M™ (5.8)

where v(y) was defined in Proposition 4.11 for y € I', and we extend it to an element
in Hom(I'p, C) by setting v(8) = 0 for B € '*.

Remark 5.4. When vy = v, —v, =0foralls € Py, §(y) =0o(y) forally €T

This choice & = o| turns out to be exactly the value of the constant term for which
Allegretti [All2] solves the (non-doubled, coupled) BPS Riemann—Hilbert problem, also
using Voros symbols.

Remark 5.5. Although a fractional power appears in the second line of (5.7), we can
verify that (5.7) is indeed a meromorphic function of 7z since the pairing of y5, —ys, € I’
(only such cycles can give —1 as BPS invariant) with u € I'p is always even. This shows



560 K. Iwaki, O. Kidwai

clearly why we had to consider the almost-doubled lattice rather than the (fully) doubled
one. Otherwise, the powers of % appearing in the presence of loop-type BPS cycles give

rise to non-meromorphic X ¥°', since the intersection pairing on the doubled lattice is
not always even.

Having shown that X 2"” satisfies the jump property, we may conclude

Theorem 5.6 . Let (I, Z, 2) denote a BPS structure obtained from any spectral curve
of hypergeometric type. Then Xzfor is a meromorphic solution to the BPS Riemann—
Hilbert problem associated to the almost-doubled BPS structure (I'p, Zp, p), with
the constant term Ep y given by (5.8).

Proof. We have already shown (RH1), and (RH2) follows from the explicit formula
(5.7). The asymptotics at infinity follow from the explicit expression and the properties
of the A function (see, e.g. [Ba, § 3]. a

5.2. Relation to the minimal and holomorphic solutions. We note that while we have
given a solution to the BPS Riemann—Hilbert problem, it does not always agree with
the ones given by [Ba,Br1] which we wrote down in §2. However, we may relate them
explicitly (for simplicity, we restrict Re v(ygps)), noting in each case that the difference
is at worst multiplication by a simple meromorphic function:

Corollary 5.7. Fix a non-BPS ray L. For all BPS cycles ygps € T with Z(ysps) €
iHy, suppose Rev(ysps) € (—1, 1] whenever Q(ygps) # —1, and Rev(ypps) €
(=2, 0] whenever Q2 (ygps) = —1. Then, in the half-plane Hy, the Voros solution (5.7)
and the minimal solution (2.16) to the BPS Riemann—Hilbert problem associated to
(', Zp, 2p) with constant term &p_, are related via

X% = 1-xp yerl (5.9)
X} = pup- X5 Ber* (5.10)

where pg g : Hy — C is meromorphic, and given explicitly by

pep(h) = <1 — h> ) (5.11)
¢ [1 Z(y)
yel
Z(y)eiHy
Qy)=-1

In particular, when vy = 0 for all s € Pey, the Voros solution agrees with the minimal
solution — that is, leor = X;nm holds for any non-BPS .

Remark 5.8. Note, the relation for additional values of v can be obtained by shifting the
second argument in the A function.

Proof. The first line of (5.9) is immediate. In order to prove the second line, we may
restrict our attention to the Weber and Bessel cases thanks to the superposition structure
(4.39). In view of (4.46), we have the following in the Weber case:

, (5.12)

xVorWeb _ o VI Z(y) 1 —v(y) 2oy
e T wih 2
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where y = Yoo, is chosen so that Z(y) € iH. Since 2(y) = 1, our assumption ensures

that Im (riv(—y)+7i) € [0, 277), so that 550;;_7) = 1—;(;/) . Thus the Voros solution
agrees with the minimal solution

yminWeb _ o Z(y) log,, (—7)) Q) (Boo:v)
B = — , )
27Tlh 27‘[1

(5.13)

On the other hand, in the Bessel case, we may rewrite the expression for the Voros
coefficient as follows:

(Bo.7) (Bo.v)
gVorBes _ o (Z) | vOONRYET (ZG) v PO
LB T e e
2mih 2 2mih 2
(Bo.7)
7 Q) (Bo.y) : Qy) =3
—A(Z) ) (1T, L (14
2wih’ 2 Z(y)

where y = 9, — o, is chosen to satisfy Z(y) € i Hg, and we used the property
Alw,n+1)=A(w,n) (1+ %) to obtain the second line (recall the pairing is even on
the almost-doubled lattice, so there is no issue of branching). Under the assumption on
v(—y), the first factor in (5.14) agrees with the minimal solution

yminBes _ Z(y) logw(—7)) Q) (bo.v)
LB T 3 -
27'[15 27[1

, (5.15)

and hence, the second factor in (5.14) is pg g,. By the evennness of the pairing on the
almost-doubled lattice, this is a meromorphic function of .
The general expression follows from the superposition structure, formula (4.39). O

Corollary 5.9. For any spectral curve of hypergeometric type, there exists a choice of
parameter v so that

o, (¥) =1 (5.16)

holds for all active y, and the Voros and holomorphic solutions for the associated BPS
Riemann—Hilbert problem are related, for any non-BPS ray ¢, as:

X% =1-X}%9. vyer (5.17)
V=,

X% = 0p - X%, er* 5.18

CB | yey, 0B A4 B ( )

where 0g = g (h) is either 1 or a simple meromorphic function independent of L.

Proof. We need only check at the level of asymptotic expansions. The asymptotic ex-

pansion of X?"é is given by [Brl, § 5.3]:

Q) (B.y) Bist ( 27i \* 4
logXp% ~ > > < > nt. (5.19)
1 yer k(k+1) Z(y)
Z(y)ei Hy

Comparing this with equation (4.39), and recalling that By4+1(0) = Bi+1(1) = Bi+1,
we can proceed case-by-case. For the Weber and Whittaker cases there is only one term
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in the sum, so choosing vs, = 1 (or voo = —1) gives exact agreement, and for Bessel
Vo = O similarly gives

B, 0)+ B 1
Bin(yy| = B@+Ba@® _p (5.20)
vo=0 2

which also agrees after accounting for the intersection number. In the case of Kummer
we may demand By (ysps) = Br+1 Whenever ypps has Q (ygps) 7# —1 which forces
V0, Voo = 0 or 1 (but not both). Setting vop = 0, voo = 1, we obtain the agreement. It is
not hard to see that this choice satisfies (5.16).

The simplest case in which a discrepancy between X Y°" and X"°! appears is Legendre.
For concreteness, let us write out (4.39) in this case:

1 4By+1 (—V“H) 1
Leg 2 Bir1(Voo) + By 1 (1 + voo)
Vﬂ V k(moo, Voo) = -

k(k+1) mléo (2mso)k

(5.21)
Setting voo = 1 we obtain

VEE (o 4Bk+1 B+ Bit1(2)
Voot (Moo k(k+ D (2meoo)k

( Bk+1 . 2By )_ 1 (5.22)
k(k +1) (2moo)k kQ2meoo)*’ '

where we used the identity Bx(1) = By and Br(v + 1) = Bi(v) + kvk. Through the

Leg
comparison to (5.19), we can see that the Borel sum of eVboo along ¢ differs from X ?Oéoo

by an additional term — log(1 — %), which is independent of £ since the formal series
itself is convergent. Its exponential (1 — %)_1 is meromorphic function of 7 and gives

Leg
the factor g, = 0 foo
The degenerate Gauss and Gauss hypergeometric cases follow similarly, first choos-
ing vy = 0 or 1 in order to obtain agreement from terms with 2(y) # —1, and computing
the resulting discrepancy appearing for terms with Q(y) = —1. In both cases, we may
make an arbitrary choice of one of the second order poles and set the corresponding
vy = 1, with the remaining v; = 0. Thus we obtain a discrepancy of

QMGG _ () h\T! (5.23)
Bs 2ms .

For the other poles 5, we have gg. = 1. Again, we can verify that (5.16) is satisfied even
in the cases where there is a non-trivial discrepancy og. O

5.3. BPS t-function and the Voros potential. Having established the Voros solution to
the almost-doubled BPS Riemann—Hilbert problem, we can ask for a corresponding BPS
t-function. Such a function exists, and it turns out there is a very natural interpretation
on the TR side in terms of the Voros potential:
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Theorem 5.10. For any non-BPS ray £, the Borel-resummed Voros potential provides a
BPS t-function for the Voros solution as:

Taps.¢ = e See” M. (5.24)

Here, the prefactor cy = c¢(h) is independent of m and chosen explicitly as follows:

camy = [ B0, (5.25)

yell
Z(y)ei H,

Proof. Using the definition of the t-function for the almost-doubled problem, it is not
hard to see the condition for being a t-function is exactly the same as the condition
(rightmost in (3.39)) for being a potential for —dp log Y. ¢, where Y. 4 is the untwisted
part of the solution and - is valued in I'*. For the Voros solution, this is the equation
(4.53) for the Voros potential (up to the sign). Then from the explicit formulas, it is easy
to check the equation holds at the level of asymptotic expansions, and since both sides
are Borel summable, the relation holds analytically. The constant prefactor ¢, is chosen
so that rggg is invariant under the rescaling (my, h) — (Amg, L) forany L € C*. O

As in the previous section, we can also obtain the relation between rggg and rén]i’s‘

(which together with the explicit formula for ré“P"S’ in Proposition 2.8 may be used to
compute the Voros potential explicitly). We have:

Corollary 5.11. Fix a non-BPS ray €. Under the same assumptions on v as Corollary
5.7, the BPS t function r];’gfs is related to the t-function tgpg (2.27) for the minimal
solution by

Vor __ min
TBpS,¢ = K¢ * TRpS, ¢ (5.26)

where iy is a simple explicit function given by

v Q)

Z(y) v(y) 4
ke=rem) =[] (zmh 5 (5.27)
yel
Z(y)eiH,
Qy)=-1
Proof. From equation (3.39) and (5.10), x; must satisfy
logk, = o (logt];]}?g , — logrmun 4) S log e, - (5.28)
amy omy ’ ’ oh o

Using (5.11), we can solve the relation in an elementary computation and obtain «; up
to multiplicative constant which is independent of m. To determine the constant, let us
look at the leading terms of asymptotic expansion of the BPS t-functions when 7 — 0
in H:

. 1 log &, (— Z
oeefit, ~ -5 X a0 B(EE ) g (20) 529

2 27ih
yel
Z(y)eiH,
1 Z(y)
log Tgps , ~ — 3 > Q) Bay) log <ﬁ> (5.30)
yel

Z(y)eil,
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Here (5.29) follows from the asymptotic property (2.29) of Y-function, and (5.30) is
given by the leading term of A-derivative of the Voros potential (together with log cy;
see Theorem 5.10). As we have seen in the proof of Corollary 5.7,

1—v(y)
logén(—y) | =% — S #-L 53D
£ T B Yo '
2

holds under the same assumptions on v. Therefore, using the properties B>(x) = By (1 —
x) and By (1 + x) — By(x) = 2x of the Bernoulli polynomial, we have

logsv<—y>) _Jo o em#E-L

5’2()/)—32( i v(y) )= (5.32)

This fixes the overall constant factor in k¢, and thus we have (5.27). O

In particular, we see that the -functions do not agree for the Voros and minimal solutions,

but differ only by a very simple factor coming from BPS cycles with Q(ygps) = —1.
Finally, thanks to Corollary 5.9 we may relate the original BPS t-function of Bridge-

land 11}3“1;15 to tglgg at a special parameter value:

Corollary 5.12. For any of the families of spectral curves of hypergeometric type, the

BPS t-functions Tglgg’ ¢ Jor the Voros solution and r}}glgls for the holomorphic solution are

related, as functions of h defined on Hy for any non-BPS ray £ € C*, by

Vor hol
TBPS. | _ T % TBPS.; (5.33)

—Vx
where  is either 1 or a simple explicit function independent of £.

Proof. Replacing p with o in the previous proof, we obtain s = 1 for the Weber,
Whittaker, Bessel, and Kummer cases. For Legendre, degenerate Gauss, and Gauss, we

obtain 1

2 —_—
() = ( ’;’S — 1) 2 (5.34)
where s € Pey is a pole chosen as in the proof of Corollary 5.9. O

5.4. Borel-resummed TR partition function as a BPS t-function. Let us finally show that
the Borel-resummed topological recursion partition function essentially agrees with the
BPS 7-function which we have constructed so far — this provides the “Borel-resummed
version” of our previous result in [IK].

Theorem 5.13. For any spectral curve of hypergeometric type, let FTr and Z1R denote
the topological recursion free energy and partition function. Then, Ftr and ZTRr are
Borel summable along any non-BPS ray € for the corresponding BPS structure. In
particular, if we take the following normalization

__ L 2
Fi=-3 VZE; Q) 1og<2m,h> (5.35)

Z(y)eiH,
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of F1, then the Borel sum

T"l?RO,Z = Sg exp Z hzging (536)
g>0
agrees with the BPS t-function r]ggls 0
tllslgls = TT>}?e (5:37)

Proof. Using the asymptotic property (2.29) of Y-function, we can verify that 7:]}31?,18, ‘

has the following asymptotic expansion when 7 — 0 in Hy:

z
log tBPS ¢ = Z Q(y)logYT (%)

yel
Z(y)eiHy
B ¥)
~_2 Q)1
2 Y ame(20)
yell
Z(y)eiHy
e »  Bog 2mi \ %7
+Zhg72 o Z Q(y)(z ) : (5.38)
= 82¢ -2 = )
Z(y)eiH,

We can verify that the right hand side is nothing but P h2872F, ¢ by using Theorem
4.6. Since the asymptotic expansion of the Y-function is valid in a sufficiently large
sector, this asymptotic property ensures that Frr and its exponential Ztr are Borel
summable along ¢, and the relation (5.37) holds tautologically. O

Together with Corollary 5.11, the above formula tells us that the TR partition function
is realized as the specialization of the BPS r-function associated with the Voros solution.

Remark 5.14. We note that the specialization to the special value of v is necessary,
since the BPS t-function in general clearly depends on v, but tTr depends only on free
energies (and thus not on the quantization parameter v ). We may offer a middle ground
as follows. In [IKoT1,IKoT?2], it was shown that the Voros coefficient can be recovered
as the so-called “difference value” of the free energies. To simplify the notation, let us
focus only on the Weber case, and refer to [IKoT2] for the others. It was found that

V¥ (g, Voo, 1)

h h Vel R 1 9F 18°F
= PV (g — BT 2 ) Ve (g - 22 ) - Z 2T . (539
<m°° 2 Moo= T T Fame t2amz, ©3Y

Essentially, this relation is due to the variational formula ([EO1])

" FWeb
. / f Wl (z1, ... zn) (5.40)

n
am2,

(see [IKoT2]). The last two terms in (5.39) may be removed by a suitable redefinition of

the Voros coefficient. Thus, at the level of asymptotic expansions, the difference value

of tg‘lils gives the Voros coefficient, i.e. the solutions to the Riemann—Hilbert problem
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for arbitrary choices of v are encoded in the topological recursion t-function 7R (the
BPS t-function at v = v,). This should be related to the observation of [BaBrS], who
obtained a similar difference equation for the minimal solution (see also [A1,A2,AS]
where closely related difference equations are discussed). Since it nonetheless encodes
the solution for the full family of v, one may consider this as an alternative way to define
8PS, depending on which properties (geometric characterization, independence of v)
one desires the most.

Remark 5.15. By looking at the asymptotic expansion of the both sides of (5.24) evalu-
ated at v = v,, we have

(~ong+loger)| =D WETF, +log (5.41)

T el

where we use the same normalization (5.35) of Fj on the right-hand side. Thus, we
see there are two different relations between the solution to the BPS Riemann—Hilbert
problem (or the Voros coefficients) and the BPS r-function (or the TR partition function);
that is, the difference equation discussed (5.39) and the relation (5.41) with the Voros
potential. From the view point of special functions, this reflects the fact that the I function
and Barnes G-functions are related in two different ways (i.e., difference relation and
integro-differential relation) as:

logG(w + 1) =log G(w) +logI'(w)
_ w(l —w)

w
3 + %log%r +wlog'(w) — / logI'(z)dz.
0

5.5. Higher degree spectral curves. We have so far only discussed variations of BPS
structure arising from quadratic differentials. However, due to the work [GMN3] by
Gaiotto—Moore—Neitzke, it is natural to expect that a tuple of higher differentials (or
a higher degree spectral curve) also defines a BPS structure. Although many examples
have been studied in e.g. [GMN3], there is still no mathematically rigorous description
of the corresponding BPS structures in these cases, so such a picture remains conjectural.

On the other hand, TR is applicable to higher degree spectral curves [BHLMR,
BoE1], and its relationship to WKB analysis is also discussed in [BoE2] (under a certain
admissibility assumption on spectral curves). The Borel summability and resurgence
structure for the WKB solutions / Voros symbols of the associated quantum curve is not
fully established, but it is natural to expect that they are controlled by an (appropriately
generalized) spectral network (Stokes graph) as in the rank 2 cases (c.f., [BNR,AKTI,
AKT2]).

Thus it is reasonable to ask if the results in this paper generalize to higher degree
curves. Rather than formulate a precise conjecture, we will simply recall two higher
degree examples considered numerically in Part I, and observe that (thanks to results of
Y.M. Takei [Ta]) they behave as expected based on the results we have obtained so far.

Example: (1,4) curve Let us consider the spectral curve arising as the classical limit
of the 3rd order hypergeometric differential equation of type (1, 4), studied in [OK, Hi],
which is explicitly given as follows:

Ty ¢ 3y 42097 +xy —moo = 0. (5.42)
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Here m«, is a parameter assumed to be non-zero, and we regard ¢ as a constant. The
curve X(j4) is a genus O curve with two punctures at oo, and we can verify that
Res ydx = +mqo.

X=004
A crude numerical experiment performed in our previous work [IK] suggested a
single degeneration occurs, the so-called “three-string web” also observed in [GMN3].
According to their result, the associated BPS cycle is simply the residue cycles yoo,
and the BPS index is assigned so that Q (yso,) = 1.
According to [IKo] and [Ta, Theorem 4.6], the explicit expression for the Voros
coefficient of the quantum curve for the path from co_ to oo, is given as follows:

e¢]

o Biveo) (B
Ve =) Sy ( ) . (5.43)

m
k=1 ©

Since the formula is identical to that of the Weber curve, we have an explicit descrip-
tion via (4.46) of the jump property after taking the Borel sum. Taking an appropriate
lattice, one may check that this Voros symbol solves the corresponding almost-doubled
BPS Riemann-Hilbert problem.

Example: (2, 3) curve. We consider the spectral curve arising as the classical limit of
the 3rd order hypergeometric differential equation of type (2, 3), which was also studied
in [OK]. The curve is explicitly given as follows:

Y03 ¢ 4y° —2xy? +2maey —1 = 0. (5.44)

Again, it is a genus 0 curve with two punctures at ooy, and Res ydx = £mo.
X=004+

Numerical experiment [IK] together with the general rules for spectral networks and
BPS states predicted from physics (e.g. [GMN3]) suggests that 2 (y) = 0 for all classes

y. [Ta, Theorem 4.6] computed the Voros coefficient explicitly, which is simply
Ve, =0, (5.45)

After taking the Borel sum, the Voros symbol does not jump, and provides a solution in
accordance with the vanishing of the BPS indices 2(y).
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Appendix A. Explicit Expression for Voros Coefficients

To make formula (4.39) for the Voros coefficient more concrete, and to make the BPS
structure in each example more evident, we give their explicit expressions that were
obtained in [[KoT2, Theorem 3.1]. The Voros coefficients arising from our examples are
explicitly given by

o0
Vg, (h) =Y WVg i (s € Pey), (A1)
k=1

where the coefficients Vg, i for k > 1 are given as follows (several of these expressions
or special cases thereof were obtained in [SS,T,KoT,ATT1,ATT2,AIT]).

e For the quantum Gauss curve:

HG 1 {Bk+1(l+vo+;1+voo) . Bk+1(1+vo—2u1+voo)

V =
Pok ™ kk+ 1) | mo+my +meo)k  (mo — my +meo)k

+ Biy1 (m) + Biy1 (W) _ Bii1(vo) + Bis1(1 + vg)
(mo+my —meo)*  (mo —my — moo)* (2mg)k ’
HG _ 1 Bk+1(l+U0+;l+v°°) ~ Bk+l(l+uo—2v1+voo)
BUE ™ kk+ 1) | (mo +my + moo)k  (mo — my + moo)k

. By (120t h1=v0) B By (1R0p1=2e0) B () + B (1+ 1)
(mo+my —moo)k  (mo —my —moo)* (2my)k ’

V =
Book ™ ke + 1)

1+vp+v1+v, 1+vp—v1+v
HG 1 Bk+1( 2 OO) + Bk+1( 2 OO)
(mo+myi+mo)k  (mo —my +meo)*

B (MReimte) gy (M) B (0e) + Bra (1 +voo>}

(mo +my —mog)k  (mg —my —meo)k (2moo)*
We note that these Voros coefficients are related by permutions of the parameters:

VHG — VHG |
B1.k Bok 1 (mo,m1,moo,v0,v1,v00)=(m1,mo, Moo, V1,10, V0)’
yHG, — yHG|
Boosk Bosk 1 (mg,m1,moo,v0,v1,V00)=Moo,m 1,10, Vo0, V1,V0) "

e For the quantum degenerate Gauss curve:

aG _ 1 2Bjat (F52) 2Bt (FU2)  Braa (1) + Bran (1+ v1)
PRl g+ 1) | (my +meo)* (M1 — Mmog)k Qmy)k ’

anG _ L [2Ben () 2Bia (FUE) B (veo) + Bran (14 voo)
Pook = jk+1) | (m1 +moo)k (m1 — meo)k (2mog)F '
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We note that these Voros coefficients are related by permutions of the parameters:

VdHG _ VdHG}
0.k T B,k (m1,Moo,V1,Voo)=(Moo,M1,Vo0,V1) "

e For the quantum Kummer curve:

K _ 1 [ Bt (MU5) | B (PU2)  Brai(v) + Brar (1+ 1)
Pk = ke + 1) | (mo+mog)t 7 (mo — moo)k Qmo)* ’
Kum _ 1 Bk+1(1+v02+voo) - Bk+l(1+v02—voo)

Pook = k(k+ 1) | (mo +moo) (Mo — Mog)k

For the quantum Legendre curve:

Leg _ 1 4B (=) _ Biy1(veo) + Bir1 (1 + v0)
Poork ™ k(k + 1) mk (2m o)k

e For the quantum Bessel curve:

Bes _ Bi+1(vo) + Bi1 (1 +vp)
fok = k(k + 1) 2mo)k

For quantum Whittaker curve:

Whi _ 23k+1(1+;°°
Book ™ ek + 1ymk,

For quantum Weber curve:

Web Bk+1(l+;oo)

Pook ™ ke + ymk,”

e The Voros coefficients are not defined for the quantum Airy curve and quantum
degenerate Bessel curve, since they have trivial BPS structure (i.e., I' = 0).
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