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RELATIONS ON M, ., AND THE NEGATIVE r-SPIN WITTEN CONJECTURE

NITIN KUMAR CHIDAMBARAM, ELBA GARCIA-FAILDE, AND ALESSANDRO GIACCHETTO

ABSTRACT. We construct and study various properties of a negative spin version of the Witten r-spin class.
By taking the top Chern class of a certain vector bundle on the moduli space of twisted spin curves that
parametrises r-th roots of the anticanonical bundle, we construct a non-semisimple cohomological field
theory (CohFT) that we call the Theta class ®". This CohFT does not have a flat unit and its associated
Dubrovin-Frobenius manifold is nowhere semisimple. Despite this, we construct a semisimple deformation
of the Theta class, and using the Teleman reconstruction theorem, we obtain tautological relations on ﬁg/n.
We further consider the descendant potential of the Theta class and prove that it is the unique solution to a set
of W-algebra constraints, which implies a recursive formula for the descendant integrals. Using this result
for + = 2, we prove Norbury’s conjecture which states that the descendant potential of ®? coincides with
the Brézin—-Gross—Witten tau function of the KdV hierarchy. Furthermore, we conjecture that the descendant
potential of " is the r-BGW tau function of the r-KdV hierarchy and prove the conjecture for r = 3.
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1. INTRODUCTION AND RESULTS

One of the earliest generalisations of the famous Witten—-Kontsevich theorem [Wit90; Kon92] is the so-
called Witten’s r-spin conjecture [Wit93], which states that the generating function of integrals of the
Witten r-spin class coupled with \-classes on Mg ,, is a tau function for the r-KdV integrable hierarchy.
At the time, the Witten r-spin class was not defined. Witten sketched a construction in genus zero using
the moduli space of r-spin curves, which is the moduli space parametrising r-th roots of the canonical
bundle. The first mathematical construction appeared many years later due to Polischuk and Vaintrob
[PV01] and turned out to be remarkably intricate. Proving the Witten r-spin conjecture required the
joint effort of mathematicians in different fields [AvM92; Giv01; FSZ10].

The Witten r-spin class also encodes a lot of information concerning the cohomology ring of the moduli
space of curves My . By analysing the Dubrovin-Frobenius manifold associated to the Witten r-spin
class, Pandharipande, Pixton and Zvonkine [PPZ15] proved vanishing relations among tautological
classes in the cohomology ring of M », known as Pixton’s relations [Pix13], which explain all presently
known relations in the tautological ring.

In this paper, we are interested in a version of the Witten r-spin class for “negative” spin. More precisely,
the geometric space of interest to us is the moduli space of r-th roots of the anticanonical bundle. For an
integer r > 2, and integers a; > 0 (called primary fields), we consider the moduli space of twisted spin

curves ﬁr’_l which parametrizes the data of a stable curve (C,x1,...,%x,) and a line bundle L on C such

g,a
that
n
187 ~ wlj)é <— Z aixi> ,
i=1

where wi,g is the log canonical bundle of C. Following Chiodo [Chi08b], we take the derived pushfor-

ward of the universal line bundle associated to L from the universal curve to ﬂg’;l, to obtain a vector
bundle Vi ! (defined precisely in equation (2.14)). We consider the top Chern class of V!, push it
forward along the forgetful map to Mg, and rescale it by a factor to obtain the Theta class Oy ,, that

lives in H*(Mg ). A detailed description of the Theta class is in subsection 2.2.

For every (g,n), the cohomology class Oy ,, depends on the primary fields, and hence, we can view it
as a collection of maps
Gg,n: ven 5 H* (Mg,nr Q)

from the vector space V = Q (v, v, ..., vr—_1), where we view the vectors v, as vectors associated to the
primary fields a. For different (g, n), these collections of maps satisfy various properties respecting the
structure of My », and the natural morphisms between them. A convenient notion to keep track of these
properties is the language of cohomological field theories (CohFTs for short) introduced by Kontsevich
and Manin [KM94]. Notice that the vector associated to the primary field a = 0 is excluded from V.
This is fundamental for the CohFT properties to hold (see remark 2.8 for more details).

The structure of a CohFT equips the vector space V with a product known as the quantum product. The
quantum product turns V into a commutative associative algebra, and when this algebra is semisim-
ple, the CohFT is called semisimple. Semisimple CohFTs form a very special class of CohFTs and are
completely understood by results of Teleman [Tel12]. Non-semisimple CohFTs, on the other hand, are
rather poorly understood. Our first main result, proved in Section 2.3, is that the Theta class O ,, satis-
fies the axioms of a CohFT, but is not semisimple. Norbury [Nor22a] proved the following result in the
special case r = 2, and our theorem extends it to all v > 2.
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Theorem A (CohFT properties). The Theta class (O ,,)2g—2+n>0 is a non-semisimple CohFT of rank (r —1)
on (V,n), with the non-degenerate pairing defined as

1:VxV—=Q, N(Va, Vo) = datb,r-
The CohFT does not admit a flat unit. On the other hand, it admits a modified unit v._4, i.e.,
@;,n+1 (Va1 Q- QVq, ® \)-r71) =Py - p*®g,n(va1 K- ® Van)/
where p: Mg ni1 — Mg is the forgetful map that forgets the last marked point.

It is worth noting here that while the Witten r-spin class is also not semisimple, the construction of the
Theta class is significantly easier. While abundant examples of non-semisimple CohFTs can be obtained
from Gromov-Witten theory, the Theta class is the simplest example of a non-semisimple CohFT that
we are aware of.

The Theta class ©F ,, for r = 2 was first considered by Norbury [Nor22a] and has already seen various
applications. For example, it appears in the context of Jackiw—Teitelboim supergravity [SW20], which
in turn is related to the enumerative geometry of super Riemann surfaces [Nor20]. The moduli space of
super hyperbolic Riemann surfaces with geodesic boundaries fftg,n(L) is a symplectic supermanifold
structure and its supervolumes can be calculated as a tautological integral [Nor20]:

~ 1 &
_ nng—1+n 2 2
Vol(Mg,n(L)) = (=129 ngn Oy n eXp <27‘[2K1 + 2 ; Lﬂl’i) .
Other applications include Gromov-Witten theory of P! coupled to the Theta class and the Legendre
ensemble [Nor22b], and integrable hierarchies of BKP type [Ale20; Ale21].

Tautological relations. The analysis of the Witten class in [PPZ15; PPZ19] relies on the key property
that the Dubrovin-Frobenius manifold is generically semisimple. The authors work at a semisim-
ple point, use the Teleman reconstruction theorem to understand the CohFT completely, and prove
tautological relations by taking a limit back to the non-semisimple point. In contrast, the Dubrovin—
Frobenius manifold associated to the Theta class is nowhere semisimple. Thus the above line of attack
fails.

We will exploit one key difference between the Witten class and the Theta class concerning the range of
primary fields, in order to circumvent this issue. The Witten r-spin class satisfies Ramond vanishing:
this means that setting any of the primary fields a = 0 forces the class to be zero. On the other hand,
the Theta class does not vanish upon setting any of the primary fields a = 0 (although they must be
excluded for the CohFT axioms to be satisfied).

Having a non-vanishing cohomology class upon setting the primary fields to zero, allows us to deform
the Theta class along the direction vy:
em
@g’;(\;al ® - ®Vq,) = Z me,*eg',$1+m(va1 R ®Vq, ® Vgam) ,
m2=0 :

where py, : Mg,nHH — ﬁgm is the map that forgets the last m marked points. We stress again that, as vo

is not part of the vector space underlying the Theta class, the above deformation is not a shift along any

direction of the associated Dubrovin—Frobenius manifold. Instead we view the deformed Theta class as

a family of CohFTs parametrised by € € C, which coincides with the Theta class in degree
(r+2)(g—1+n+Y;a

r

and vanishes in all degrees higher than that.

We prove that for any € # 0, the deformed Theta class is semisimple and homogeneous with respect to

an Euler field. Then, we compute all the ingredients of the Teleman reconstruction theorem to find an

expression for ©™¢ in terms of tautological classes. Taking the limit e — 0 back to the Theta class allows
3



us to produce a collection of tautological relations on Mg . We summarize the results of Section 3.2.4
below.

The Givental-Teleman reconstruction recipe for homogeneous CohFTs without a flat unit requires the
data of an R-matrix R(u) = Id + Zm21 Ru™ € End(V)[u], a vacuum vector v(u) € V[u], and the
degree zero part of the CohFT in question, called the topological field theory wg n: VE™ — H)(Mgn, Q).
Using Teleman’s characterisation of the R-matrix and the vacuum vector as solutions to differential
equations [Tel12], we calculate both explicitly. The R-matrix elements for the deformed Theta class are

—1(,\b _ .a=b . u m
R (u)l =€ Z Pm(r,a 1)((1_T)€rr]) .

m=0
b+m=a (mod r—1)

The coefficients Py, (1, a) first found in [PPZ19] and interpreted as coefficients of the asymptotic expan-
sion of the hyper-Airy function and its derivatives in [CCGG22], are computed recursively as

Pn(r,a) = Pp(r,a—1) :r(mf % — %) Pno1(r,a—1), fora=1,...,r—2,
Pm(r,1—1) =Py (r,0).

The vacuum vector for the deformed Theta class is defined as

it u (r—=1)m+r—2—a
v(iu)* =—el-r Z Hm(r, a) <T> .

T
m2>=0 er

The coefficients Hy, (1, a) are interpreted as coefficients of the asymptotic expansion of the hyper-Scorer
functions and defined by

mlrm

Hpn (1, q) = Tmir=la)t fora=0,...,r—2, (L.1)
Hum (1,1 —1) = Hpn (r,0). ’

From the R-matrix and the vacuum, we can define the translation T(u) = u(l —R1? (u)v(u)). Lastly, the
topological field theory wg » is

n (r+2)(g—D)+n+Y; ag

Won(Va, ® - @va,) = (=1)"e T (r—1)9-9,
where § equals 1if3g —3+n+ ) ; a; =0 (mod r — 1) and 0 otherwise.
Theorem B (Tautological relations). The deformed Theta class can be expressed as

@;ﬁl = RTwgn,
and the Theta class is the term of degree d = Dy, q:
O (Ve ® - @Va,) = [(RTwgn)(Va, @ ---vq, )]0

All the terms of degree d > D, vanish and thus produce relations among tautological classes:

[(RTwgn)(va, @ - va, )] =0 € H¥4(Mgn, @),  ford>Dl,.

We remark that our result is not valid in Chow since Teleman'’s result has not been extended to Chow
field theories. However, we expect the above relations to hold in the Chow ring. Moreover, we expect
them to be implied by Pixton’s relations, although we do not have a proof of this statement. In [Jan18],
Janda proves that all tautological relations that one can obtain by taking a limit from a semisimple point
to a point on the discriminant of a Dubrovin-Frobenius manifold are implied by Pixton’s relations.
However, our relations in theorem B do not fall into this class of tautological relations, as we have
emphasised previously.

For r > 3, we provide a description of the deformed Theta class and the relations in theorem B in terms
of weighted stable graphs in proposition 3.23. When r = 2 the statement takes a very simple form,
4



involving k-classes only, and proves a conjecture of Kazarian-Norbury [KN21, conjectures 1 and 4].
More precisely, consider s, for m > 0 defined uniquely via

exp (— Z smum> = Z(—l)k(Zk—i- 1)tk .

m>0 k>0

Corollary C (Kazarian-Norbury conjecture). We have the following vanishing relations among «-classes:

d
[exp(z smeﬂ =0e H*Myn), ford>2g—2+n.

m>0

Moreover, in degree d = 2g — 2 + n, we get Norbury’s Theta class:

2g—2+n
Ogn = [exp(z Sme>‘| € H4gi4+2n(ﬁg,n) .

m>0

Thus, we provide a geometric explanation for the vanishing relations among « classes in Corollary C,
noticed and conjectured by Kazarian and Norbury [KN21].

W-constraints and integrability. Given that the Theta class is a negative spin analogue of the Witten
class, we expect it to satisfy a version of the Witten r-spin conjecture. The original formulation of the
Witten r-spin conjecture states that the descendant potential of the Witten r-spin class is the tau function
of the -KdV hierarchy satisfying the string equation [Wit93]. An equivalent version [AvM92] states that
the descendant potential is a highest weight vector in a certain representation of a W-algebra (which is
a generalisation of the Virasoro algebra), or in other words, that the descendant potential is the unique
solution to a set of W-constraints.

A very useful tool to understand the connections between CohFTs and 'W-constraints is the Eynard-
Orantin topological recursion [EO07]. The topological recursion is a universal formalism that takes as
input an algebraic curve along with some extra data called a spectral curve, and recursively constructs
multidifferentials known as correlators on the underlying curve. From the spectral curve, one can build
a semisimple CohFT such that the multidifferentials can be expressed in terms of descendant integrals
of this CohFT [DOSS14]. Conversely, however, the answer to whether one can (and if so how to) obtain
a global spectral curve from a given semisimple CohFT is unanswered in general. While there is a
partial answer in [Dun+19], we note that our situation where the Dubrovin-Frobenius manifold does
not have a flat unit vector field is not covered by their results.

Nevertheless, in Section 4.2, we find a global spectral curve whose topological recursion correlators
encode the descendant theory of the Theta class.

Theorem D (Topological recursion). The CohFT associated to the 1-parameter family of spectral curves S on
P! given by
4 1 dz:d
x(2) =% —ez,  y@)=-2, Blz1,25) = — 2,
T z (z1 — z2)
is the deformed Theta class ©™¢. More precisely, the correlators corresponding to the spectral curve 8¢ are

r—1 n

wg,n(zlr vy Zn) = Z Jﬁ 61{;,?1 (Val Q- QVa, ) H Z lblfl d‘iki'ai (zi),

aiyan=1"Mgn i=1 ki >0

where the A&*%(z) are certain explicit differentials given in equation (4.34).

In order to prove the theorem, we compute the CohFT associated to this spectral curve using the pre-
scription in [DOSS14]. We find that the R-matrix and the translation T of the corresponding CohFT can
be expressed in terms of the asymptotic expansion of certain solutions of the hyper-Airy differential
equation (and the associated inhomogeneous equation):

fr V() = (1) e f(t),
5



which for r = 3 reduces to the classical Airy ODE. Our computations rely on the calculation of [CCGG22]
in the context of the shifted Witten class. Finally, we match the R-matrix and translation thus obtained
with the ones we computed using Teleman'’s formulae in theorem B, to finish the proof.

The fact that the R-matrix for the deformed Theta class (theorem B) essentially matches the R-matrix
for the e;-shifted Witten class studied in [PPZ19] is intriguing. From the perspective of the topological
recursion, theorem D provides an explanation for this occurrence: the function x(z) for the spectral
curve is exactly the same in both cases [CCGG22]. However, we do not know of a purely algebro-
geometric reason for this phenomenon and this deserves further investigation. On a related note, the
Dubrovin-Frobenius manifold associated to the deformed Theta class has not been studied so far in the
literature to our knowledge. Perhaps a singularity theory understanding of the Dubrovin-Frobenius
manifold could help explain why the R-matrices match.

By taking the parameter ¢ — 0 in the above theorem, we obtain as an immediate corollary that the
descendant integrals of the Theta class are computed by the Bouchard-Eynard topological recursion on
the T-Bessel spectral curve, which is defined on P! by
z" 1 dz1dz,
X(Z):?r H(Z):*Zz B(Zl,lz):m-

The Bouchard-Eynard topological recursion was analysed thoroughly in the context of higher Airy
structures in [Bor+18] and proved to be equivalent to a set of W-constraints in general. The W-algebra
we are interested in here is W*(gl,.) at the self-dual level k = 1 —r. Putting together the identification of
the correlators of the r-Bessel spectral curve with descendant integrals of the Theta class and the results
of [Bor+18], we get one of our main results (Theorem 5.5) which can be viewed as a direct analogue of
the Witten r-spin conjecture to negative spin:

Theorem E (W-constraints). The descendant potential of the Theta class

. T’Lgfl r—1 n
() ki
L7 =exp z ! z J’ﬂ @g,n (Va; ® - ®@Va,,) I I § Py (Tki + ai)!(r)tai-FTki
g=0n=>1 ajy,...,an=1 gm i=1 k; >0

2g—2+n>0
is the unique solution to the following set of W-constraints
HL Z®" =0, forallk > —i+2 and i=1,2,...,7,

where the Hi are differential operators defined in equation (5.8) that form a representation of the W—"1(gl,)
algebra.

The above statement is very powerful as it allows one to calculate any descendant integral by a recursion
on the integer 2g—2+n, i. e. a topological recursion. This theorem answers a question posed in [Bor+18],
and the result was conjectured by the first-named author along with Borot and Bouchard.

It has been observed in many cases in the literature that W-constraints (or Virasoro constraints) and
integrability properties of the corresponding solutions go hand-in-hand — examples include the Witten
T-spin conjecture [DVV91; AvM92], its extensions to singularities of type D and E [FJR13] and open
intersection theory [Alel7]. Motivated by these results, we formulate the following conjecture.

Conjecture F (r-KdV integrability). The descendant potential Z®" is a tau function of the r-KdV integrable
hierarchy. Moreover, it coincides with the r-spin Brézin—Gross—Witten tau function.

The r-spin Brézin-Gross-Witten (r-BGW) tau function, introduced by Mironov, Morozov and Semenoff
[MMS96] and studied further in the recent work of Alexandrov and Dhara [AD22], is a generalisation
of the Brézin—Gross—Witten tau function [GW80; BG80], and corresponds to the negative spin version
of the r-spin Witten-Kontsevich tau function computing the descendant theory of Witten r-spin classes.
It can be regarded as the second constituent of complex matrix models theory [AMMO09], together with
the r-Witten—Kontsevich model, and conjecture F gives an enumerative-geometric interpretation to it,
generalising a conjecture of Norbury [Nor22a] to higher spin.
6



Another interesting feature of the BGW matrix integral (i.e. for r = 2) is its connection to single mono-
tone Hurwitz numbers [GGN14; Nov20] in the strong coupling limit (the so-called character phase). An
expression for such Hurwitz numbers in terms of intersection theory on the moduli space of curves was
found in [ALS16], and it involves the deformed Theta class ©%*¢€ for € = 1:

< n 21 +k) 1)
NGty e = H( FL)J 821 sz PL)2}1]—1)..

j=1 k; >0

On the other hand, the connection between the BGW integral and the Theta class for e = 0 appearing in
conjecture F is concerned with the weak coupling limit (the Kontsevich phase). Strikingly, our analysis
of the Theta class provides a family of cohomology classes that interpolates between the strong and
weak coupling limits of the BGW integral.

Note that in order to prove the conjecture, we only need to show that the r-BGW tau function is an-
nihilated by the differential operators considered in theorem E. Then the uniqueness statement in the
theorem forces the descendant potential Z€" to coincide with the --BGW tau function. One can often
find 'W-constraints for any KP tau function using the formalism of Kac-Schwarz operators [KS91]. A
Kac-Schwarz operator for a tau function T is an element of the algebra of diffeomorphisms of the circle
011 that stabilizes the point on the Sato Grassmannian corresponding to T. A Kac-Schwarz opera-
tor directly gives an element of a W-algebra that annihilates the tau function. By finding a minimal
set of Kac-Schwarz operators that uniquely determine the tau function, one can hope to find a set of
'W-constraints that uniquely characterise the tau function.

By analysing certain commutation relations of the W-algebra W—""1(g[,), and by studying certain Kac-
Schwarz operators of the --BGW tau function, we are able to reduce the conjecture to the following
equivalent statement: conjecture F holds if and only if r-BGW tau function Z"BSW satisfies the string
equation:

H' ., 2P =0.

Finally, the string equation for r = 2 (and indeed, the full set of Virasoro constraints) is already known
thanks to [GN92], and was derived using the formalism of Kac-Schwarz operators in [Ale18]. Forr = 3,
we prove the string equation using Kac-Schwarz operators. This proves conjecture F in the case of r =2
and r = 3 (Theorem 5.23).

Theorem G. Conjecture F is true for v = 2 (Norbury’s conjecture [Nor22a]) and for v = 3.

Outline of the paper. We provide a brief outline of the paper.

o In section 2, we review the notion of CohFTs, define the (deformed) Theta classes and prove that
they form a CohFT.

o In section 3 we review the notion of Dubrovin-Frobenius manifolds, the Givental group ac-
tion on CohFTs and the Teleman reconstruction theorem. Then, we investigate the Dubrovin-
Frobenius manifold associated to the deformed Theta class, and apply the reconstruction theo-
rem to find an expression for ©" in terms of tautological classes and obtain tautological relations.

o Insection 4, we review the formalism of the topological recursion and find global spectral curves
corresponding to the deformed Theta class. Then by taking the limit e — 0, we show that the
T-Bessel curve computes descendant integrals of the Theta class.

e Lastly, in section 5, we prove that the descendant potential of the Theta class is the unique
solution to W-constraints. Then, we formulate our conjecture concerning the identification of
the r-BGW tau function and the descendant potential Z®", and prove it for r = 2 and 3.
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2. THE THETA CLASS

In this section, we introduce the main characters of our paper — the Theta class ©" and its deformation
0" € — and study their properties in detail.

2.1. Cohomological field theories. In order to make our paper as self-contained as possible, we recall
the notion of cohomological field theories (CohFTs for short), and describe some of their properties.
For an excellent introduction to CohFTs, we refer the reader to the ICM 2018 address of Pandharipande
[Pan19].

Definition 2.1. Let V be a finite dimensional Q-vector space equipped with a non-degenerate symmetric
2-form . A cohomological field theory on (V,m) consists of a collection Q = (Qg n)2g—24n>0 of elements

Qgn € H (Mg n) ® (V¥)&" 2.1)
satisfying the following axioms.
i) SYMMETRY. Each Qg is Sy-invariant, where the action of the symmetric group S, permutes

the marked points of ﬁgm and the copies of (V*)®™ simultaneously.
ii) GLUING AXIOM. With respect to the gluing maps

9 Mgtz = Mon, 2.2)
T Mgy n+1 X Mgynp1 — Mgn, g1+g =g nu+tn=n,
we have
4 Qgmvi ® - ®vn) = Qg 1ni2(v1 @ @V @71,
u 2 2.3)
T Qgn(v1 ® @ vn) = (Qg,mi+1 @ Qgmy) | R vient @ R vn,si |
i=1 j=1

wheren' € V®?2 is the bivector dual to 1.
Often the vector space comes with a distinguished element 1 € V, that satisfies the following axiom:

iii) UNIT AXIOM. Consider the forgetful map
P: Mg,n+1 — ﬁg,n . (24:)

Then
POgnvi® - ®vn) =Qgnii(vi® - @va®1). (2.5)

Moreover, it is compatible with the pairing: Qp3(vi @ va ® 1) =n(v1,Vv2).

In this case, Q) is called a cohomological field theory with the flat unit 1.

Another possibility (cf. [Nor22a]) is to substitute the unit axiom with a modified version. Suppose again
that the vector space comes with a distinguished element v € V. Then we can also ask for:

iii”) MODIFIED UNIT AXIOM. Under the forgetful map,

Uni1 P Qgnvi®- @) =Qgnii(vi® - @V ®V). (2.6)
8



In this case, Q is called a cohomological field theory with a modified unit v.

A CohFT determines a product  on V, called the quantum product: vy e v is defined as the unique vector
in V such that for all v3 € V the following holds:

N(vi e vy, v3) = Qps(vi ® Vo ®Vv3). (2.7)

Commutativity and associativity of e follow from (i) and (ii) respectively, and thus V equipped with the
quantum product carries the structure of a commutative associative Q-algebra. If the CohFT has a flat
unit, the quantum product is unital, with T € V being the identity by (iii). An important class of CohFTs
are the semisimple ones: a CohFT Q on (V,n) is called semisimple if (V, o) is a semisimple algebra, i.e. if
there exists a basis (e;) of idempotents

e| e ej = 51,]' e, (28)
after an extension of the base field to C.

The degree 0 part of a CohFT
Wgn =degy Qgn € H'(Mgn) @ (V)& = (VF)&" (2.9

is also a CohFT and is called a 2d topological field theory (TFT for short). It is uniquely determined by the
values of wg 3 and by the pairing 1 (or equivalently, by the associated quantum product and the pairing
1) by a repeated application of the gluing axiom (ii).

Examples of CohFTs include the virtual fundamental class in Gromov—Witten theory [BF97], the Witten
1-spin class [PV01] and the Hodge class [Mum83].

2.2. Chiodo classes and Theta classes. An important class of CohFTs that generalise the Hodge class
are called Chiodo classes. These are defined using the moduli space of twisted spin curves, and we
refer to [Jar00; Chi0O8a] for details on the construction of this moduli space.

Definition 2.2. For a fixed positive integer r, and integers s, ay, . . ., an satisfying the modular constraint

Z ai=s(2g—2+n) (mod ), (2.10)
i=1

consider the moduli space ﬁ;’fa of objects (C,x1,...,%xn, L), where (C,x1q,...,%n) is a stable curve of
genus g with n marked points, and L is a line bundle on C such that

n
Lo = wpis ( > am> . (2.11)
i=1

Here wjog == w(}_{"; x{) is the log canonical bundle. This moduli space, called the moduli space of twisted

spin curves, is naturally equipped with a universal curve é;’fa and a universal line bundle £75, on the
universal curve:

—T,8

€ (2.12)
By forgetting the extra data of the line bundle L, we also have a forgetful map f: M;/fa — Mg n to the
moduli space of stable curves.

~T,S 1,8 -=T,8
— M Lga — Cga-

a g;a’

Define the Chiodo class as

Cynlar,...,an) =fic(-RmLy%, o )€ H (Mgn). (2.13)
Here R*7,. L5, is the derived pushforward of £§7,, and c is its total Chern class.

We note that in general the derived pushforward R*7. L5, is a complex with multiple cohomology
sheaves. However, in the specific range —r+1 < s < —1, an easy Riemann—Roch calculation (cf. [GLN21])
shows that R7t, £, vanishes, and the derived pushforward is an honest vector bundle on the moduli
space of twisted spin curves. Let us denote this vector bundle as

Vys =Rm LY, (2.14)
9



for —r+1<s<—1.

In [Chi08b], Chiodo computed the Chern characters of R*7, £{5, in terms of tautological classes. From
this formula, one can derive many interesting properties satlsﬁed by the class C{5,. For instance, as long
as 0 < a; < 71, it forms a CohFT [LPSZ17]; it can be expressed as a sum over stable graphs [JPPZ17];
and it enjoys several properties regarding shifts in the parameters, pullback with respect to the forgetful
map, as well as string and dilaton equations [GLN21]. We recall the properties that will be useful in the
text here.

Proposition 2.3 ([LPSZ17; GLN21]). Fix g,n > 0 integers such that 2g —2 +n > 0. Let v and s be integers
with r positive, and ai, . .., ay, integers satisfying the modular constraint a;+- - -+an = (2g—2+n)s (mod 7).
Chiodo’s classes satisfy the following properties.

(1) Let W = spang(vo, ..., Vr—1). Then the collection of maps
Cyn: W — H* (Mg n), Va, @ -+ @Vq, — Ciilay,... an) (2.15)

is a CohFT on W with pairing

1
T]C(Varvb) = ; 5aerEO (mod 1) - (216)

If0 <'s <1, the CohFT admits a flat unit vs.
(2) Shift in a;:

Crs(al, ,ai—l—r,...,an)—(l—k 1|)> la,..an). (2.17)

(3) Pullback property: for0 < ay,...,an <T,

C;;H(al,...,an, s) =p*Cyhnlay,...,an). (2.18)

We note that combining property 2 and then property 3 of proposition 2.3 gives the equation:

3
C;’;H(al,...,an,s—&—r) = (1+;lj)n+1) p*Cynlar, ..., an). (2.19)

In the following, we will focus on the case s = —1. As we have already mentioned, in this case the
Chiodo class is the pushforward of the total Chern class of an honest vector bundle Vg, ! on the moduli
space of twisted curves. Our main interest in this paper is in the top degree of the Chiodo class. Again,
let W = spang, (vo, - .., vr—1), and define the collection of maps

Yg,n : W®n — H*® (Mg,n) ’ (220)

as follows:
YT (Ve @ @ va,) = (-1)%729’“'“‘” fociop(Viiah) € H* Mgn), (2.21)
where we define |a| := }_{" | ai. In other words, Y ,, is (up to the prefactor), the top degree of Cf;, L. By

an easy Riemann—Roch calculation, we conclude that the (complex) degree of the cohomology class is

(r+2)(g—1)+n+]q|

degyg,n(\)ﬂl @ ®v€1n) = T

(2.22)

We consider the restriction of the maps Y7 ,, to the vector subspace spanned by vo for1 < a<r—1.
Definition 2.4. Define V := span, (vi,...,vr_1), and define the Theta class O as the restriction

e, =T} (2.23)

ol
To be precise, the arguments v, of the Theta class are only allowed to take values 1 < a < r —1. The
class @y ,, has pure degree

DT r+2)(g—1)+n+lq
g,a T :

(2.24)
10



The case r = 2 coincides with the Theta class introduced by Norbury [Nor22a]: @é,n (vi@“) =Ogn.

We will prove shortly that the cohomology classes O ,, form a CohFT. However, it is not a semisimple
cohomological field theory. When one encounters a non-semisimple CohFT, a standard trick (see for
example [PPZ15; Jan17; PPZ19]) is to pass to the associated Dubrovin-Frobenius manifold. One can
associate a CohFT to every point on the Dubrovin-Frobenius manifold (see subsection 3.1). When the
associated Dubrovin-Frobenius manifold is generically semisimple, one can shift along a semisimple
direction, to work at a semisimple point instead. Then, one can study the semisimple CohFT at that
point using the Givental-Teleman reconstruction theorem. Finally, by taking the limit back to the non-
semisimple point, one can analyse the non-semisimple CohFT of interest. However, we stress that the
Dubrovin-Frobenius manifold associated to the Theta class Oy ,, is not generically semisimple — see
remark 3.7 for details. Thus, the usual strategy fails.

To bypass this issue, we construct a family of semisimple CohFTs instead, depending on a non-zero
parameter €, such that the limit € — 0 recovers the Theta class O".

2.3. Deformed Theta class. In this section, we define a deformation @™ of the Theta class by shifting
it along the vector vo. We stress that the direction € - vg is not in the vector space V (where the Theta
class is defined), but in the vector space W. Hence, this is different from working at a semisimple point
of the Dubrovin-Frobenius manifold associated to the Theta class ©".

Definition 2.5. We define the deformed Theta class ©g5,

Ogn: VEY — H* (Mg n) (2.25)
as follows: o
€
Oy (Va, @ @Va,) = ) me,ﬂg,ﬁm(val @ @ Ve, @VE™). (2.26)
m=0 :

Before analysing the deformed Theta class, we need to justify that the sum in the above definition is
finite and thus the class Oy, is well-defined. This follows from the degree calculation

(r+2)(g—1)+n+m+|q (r—1)m

; B v
In addition, this implies that the class ©Ff, is equal to the class @ ,, in top degree, with possibly some
correction terms in strictly smaller degree. We also note that this is analogous to the situation studied
in [PPZ15] for the shifts of the Witten r-spin class.

degpm,*Yg,ﬂ-+m(VG1 Q@ Va, ® v(?m) = m = DgFa o

Proposition 2.6. The collection Oy, for 2g —2 +mn > 0 satisfies the axioms of an (v — 1)-dimensional cohomo-
logical field theory on V with pairing
n (Va/Vb) = 6c1+b,1” . (227)

Proof. The first axiom of a CohFT is the S;,-equivariance. This is immediate from the definition of the
deformed Theta class.

For the gluing axiom, letv =v,, @ -+ - ® vq,, be a generic tensor in V®™. We prove the statement for the
gluing map ¢ of non-separating kind, and omit the proof for the gluing maps of separating kind as it is
completely analogous. We recall that the Chiodo classes form a CohFT (see proposition 2.3). Using the
gluing axiom for the Chiodo class and rescaling by the proper minus sign and power of r, we get

2g—2+|al4+n+4+m 2g—2+|al+n+m r—1
T T 4

Q" Chnbm(v @ V™) = (=)™ ™ Crl nrmea(VOVE™ @ ML)
Here 1 is the pairing of the Chiodo CohFT from equation (2.16). Now, we want to take the degree
(Dg;(1 + ™) part of the above equation. This forces us to keep the part of the bivector nTC that is of the
form vy ® v¢ such that b +c = r. Thus, we see that neither b nor ¢ can be 0. We also note that the part of
the bivector /- that survives is indeed r - 1" as we defined above in equation (2.27). Putting all of this
together, we get

(71)n+mr

q*Yg,n—Fm(w ®v8§m) = g—l,n+m+2(w ® V(?m ® T]T) °
11



Applying 3~ € Pm,« to the above equation and base changing yields

qOLs (V) =00, L(ven). O
Notice that the above proof goes through without any modification even if € = 0. Thus, setting € = 0
in proposition 2.6, we see that the Theta class is a cohomological field theory. Moreover, it satisfies the
modified unit axiom.

Theorem 2.7. The Theta class O ,, for 2g—2+n > 0 satisfies the axioms of an (r—1)-dimensional cohomological
field theory on (V,n) and the modified unit axiom with distinguished vector vy_:

Y1 P Ogn(Va, @ @ Va,) =0y ;111 (Va, @ - @ Va, ®Vr_1). (2.28)

Proof. The only additional statement here is the modified unit axiom. Letv := vy, ® -+ ® vq, € V"
denote an arbitrary element. By taking degree D¢, + 1 of equation (2.19) with s = —1 and rescaling by
the proper minus sign and power of r, we get

gmi1(V@Vra) =Uni1-p Og  (v). O

The definition of the pairing in proposition 2.6 shows that the basis (vq)qe(r—1) for the (deformed) Theta
class is the flat basis. In section 4, we will also encounter the canonical basis of this CohFT, which will
be denoted (ei)icfr—1]-

Remark 2.8. The proof of proposition 2.6 shows that the vector vy cannot be added to the vector space
V while still ensuring that the (deformed) Theta class is a CohFT. The reason is that the proof of the
gluing axiom requires the pairing 11 to be such that n(vq, Vo) = 8q4b,+. If a (or b) was zero, the 2-form
would no longer be non-degenerate. Thus, we cannot include v in the underlying vector space.

Remark 2.9. We also note that the argument in the proof of theorem 2.7 shows that in general the
collection of maps V7, ,, defined on the space W®™ satisfies the modified unit axiom (albeit not forming
a CohFT):

YT (V@ V1) = et YT () (2.29)
for an arbitrary element v e W®™. This modified unit property for Y" will be used often in the following
section.

Remark 2.10. In this remark, we discuss an extension of our work to variations of the Theta class.
As mentioned before, the Chiodo class C™* is the (pushforward along the forgetful map of the) total
Chern class of an honest vector bundle for any s satisfying —t +1 < s < —1. In this paper, we are
always working with the case s = —1. However, it makes perfect sense to consider the following
generalisations of the Theta class for any —r + 1 < s < —1. First define

YIS (Vay @ -+ @V, ) = (5 — 1) 72072 p B VTS (2.30)
for 0 < a; < r—1, and then consider its restriction to the vector space where the a; are restricted to be
1 < a; < v —1just as in definition 2.4. Schematically,

Ogn = Yghlaizo- (2.31)
Analogous to the definition of the deformed Theta class, we can define the deformed ©™*-classes which
we denote by @™* €. Then the proof of proposition 2.6 goes through without any modification, and thus

©™%¢ is a CohFT. The proof of theorem 2.7 goes through as well with one minor difference — the ©™*
classes form a (r — 1) dimensional CohFT with the modified unit being vs,.

3. GIVENTAL-TELEMAN RECONSTRUCTION

In this section, we want to study the deformed Theta CohFT further using the techniques of the Givental—
Teleman reconstruction theorem. We will show that the deformed Theta class is semisimple and use the
Givental-Teleman reconstruction theorem in order to find an expression in terms of tautological classes.
In addition, this method will yield vanishing relations in the tautological ring.

12



3.1. Dubrovin-Frobenius manifolds. We start with some generalities on Dubrovin—Frobenius manifolds
and potentials [Dub96]. We stress that our Dubrovin-Frobenius manifolds are not assumed to have a flat
unit vector field. The Dubrovin-Frobenius manifolds we are interested in will have a unit vector field
by construction (as they will come from a CohFT), but this will not be flat with respect to the metric.
This is precisely because the CohFTs that we are interested in do not have a flat unit.

Given a CohFT Qg ,, on V, we can naturally endow a formal neighbourhood of the origin in V with
the structure of a Dubrovin-Frobenius manifold by restricting to genus 0. Under certain convergence
assumptions on the genus zero part of the CohFT Qg r, (see [Jan18] for a related general discussion in the
context of CohFTs with flat unit), we can equip a neighbourhood of V with the structure of a Dubrovin—
Frobenius manifold. To be precise, assume that we have a d-dimensional vector space V with the flat
basis vy, ...,v4 underlying our CohFT Qg . Then, we can define the potential F as

d |
<
Flty,...,ta) = > (J Qo (V1 @ - ®v§kd)> 11 ol 3.1)
kit tka=n Mo,n i—1 v
nz

where we view t; as the dual coordinate to the basis element v;. If the sum in equation (3.1) con-
verges in a domain U C V, U inherits the structure of a Dubrovin—Frobenius manifold with flat coordi-
nates (ti,...,tq). All the information of this Dubrovin—-Frobenius manifold is encoded in the potential

F(tl,...,td).

We can equip the tangent space at every point p on the Dubrovin-Frobenius manifold V with an asso-
ciative algebra structure given by the quantum product,

5 e d d ( O°F )‘ 15
i®p 05 = E A AT Ar " 0¢,
S oty at) oty -

where we introduced the following notation for the vector fields, 0, = % € H(U, TU). Here, we also
see that all terms of total degree < 3 are irrelevant in the potential, and we can drop them. In the sequel,
we will only consider the potential up to these lower degree terms.

We can often equip the Dubrovin-Frobenius manifold U with an additional grading using the notion of
an Euler field. An Euler field on a Dubrovin-Frobenius manifold U with flat coordinates (t;)ic(qj, is an
affine vector field E satisfying the following conditions.

o The vector field E has the form

E=) (oti+Bi)di. (3.2)

1

e The metric n and the quantum product e are eigenfunctions of the Lie derivative L¢ with
weights 2 — 6 and 1 respectively, where ¢ is a rational number called the conformal dimension.

The Euler field E on the Dubrovin—-Frobenius manifold U can be used to define an action of E on the
CohFT Qg , as follows:

(E-—O-)g,n (am - ® aan) = (deg+z 0((11> -O-g,n +p*Q9:n+l (aal X ® aan ® Z Biai> . (3‘3)
1=1 i

Definition 3.1. We say that the CohFT Q) is homogeneous if there exists an Euler field E such that

(EQ)gn=((g—1)84+n)Qqgn. (3.4)

After this brief digression, we return to the CohFT we are interested in — the deformed Theta class ©™¢.

As we have already mentioned, all the information of the associated Dubrovin-Frobenius manifold is

encoded in the potential. Using the definition of the deformed Theta class ©™¢, the potential can be
13



expressed as

r—1 k
Ky e™m t5e
Fe(ty, ... tr 1) = 5 (J Yy VM VIR @ @ v 1)) — Il 69
N m! Ka!
mAky -+ ke =n on a=1
n>3

We note that, for any term in the above sum to be non-zero, the degree of the class has to coincide with
the dimension of the moduli space: n — 3. Equivalently, this can be written as the following degree
condition:
r—1
(r=Dm+ ) (r—1-a)ke=2r—2. (3.6)

a=1

Although we do not have a closed form for the potential for any r, we can show that the potential
converges in the neighbourhood U of 0 in V defined as

U={(t,...,t—1) | tr1l<1}C V. (3.7)

Lemma 3.2. The potential F€(ty,...,tr_1) associated to the deformed Theta class ©™¢ defines a Dubrovin—
Frobenius manifold structure on U.

Proof. The degree condition (3.6) forces every kq with a = 1,...,r — 2 to be bounded by a number
that is independent of n, so that the potential is a polynomial in t;,...,t,—>. Thus, we only need to
understand the convergence properties of the potential in t,_;. Let us consider a term in the potential
(3.5) with fixed (m, ki, ..., kr—») satisfying equation (3.6), and denote v := v? m ®v{®k1 - ®v§l<2* —2 and
n =m+ Z:;zl kq. As the degree condition is independent of k._; we need to analyse the following
series

mrfl ka
T ks 1 € tq
> (J Vs, (v WY >) I
krfl MD’nIJrkrfl : a=1 a

We can now repeatedly apply the modified unit axiom for Y" (cf. remark 2.9) and the projection formula,
together with p,\n 11 = Ko, to find

r—1
. n' 4k —3)e™ 7 tke
(I, ) e
Mo/

ENY ! 1
= (n/—3)! mt - kq!

By applying the ratio test for convergence, we see that the above series is absolutely convergent for
[tr_1] < 1. O

Remark 3.3. We compute the potential explicitly in the case of r = 2 and r = 3, and present the results.
The proofs are completely straightforward calculations. For r = 2, we have

€2
F(ty) = > log(1—1t1)

and for r = 3, we have

t4 et? €2
€ _ 1 _ 1 _
F (tl,tz) = 12(17'@)2 2(17t2) +*2 10g(1 tz).

In addition, we note that the potential for general r always contains the term %2 log(1 — t,_1) as a
summand.

Our next goal is to compute the quantum product of ©™ €. This requires only the terms of degree 3 in
t1,...,tr—1 in the potential and we calculate the required integrals below.
14



Lemma 3.4. Assume that 0 < a,b,c < r — 1. Then, we have the following values for the integrals of Chiodo
classes:

N
Jﬁ Y.(),3(\%1 ®Vy @ V) = *6a+b+c,r71 ’
Mos

L Y04V @ Va ® Vb ®Ve) = —8atbicor—2, (3.8)
Moa

2
Jﬁ 05(v67 ®Va @ Vb @ Ve) = =2 8ab,cr1-
Mo

In addition, any integral for n > 0 with at least 3 insertions of vy vanishes:
| haesien -0 (3.9)
Moz4n

foranyn > 0and any v e W&,

Proof. In all three cases that we consider in equation (3.8), the degree condition (3.6) gives the Kronecker
delta conditions. Thus, we only need to compute the values of the Chiodo classes in those cases. We
can do so using the formula derived in [JPPZ17, corollary 4] from Chiodo’s results [ChiO8a]. For n = 3,
witha+b+c=1—-1, weget
1
CS/’;l(a,b,c) =
Whenn =4, and a + b 4 ¢ = 2r — 2, the value of the Chiodo integral is
1
Cya'(0,a,b,¢) = ——.
JMOA o4 ( ¢ C) r2
When n = 5 with two zero insertions, we get a + b + ¢ = 3r — 3, which implies thata =b=c=1—-1,
and a repeated application of equation (2.19) shows that

2

,—1

Mos

The degree calculation (3.6) shows that as soon as we have at least three insertions of vy, the integral in
equation (3.9) vanishes. O

It is straightforward to see that the terms computed in the above lemma are the only ones that contribute
to triple derivatives of F€(ty, ..., t,_1) at the origin 0 € U. Thus, we can compute @6:36 as

a3Fe
(ataatb atc>

Consequently, the quantum product at the origin of U, and thus for the deformed Theta class ©™¢, is

_1/ C1+b+C=T—1,
=0p5(Va ®Vb ®Ve) ={ —e, a+btc=2r-2, (3.10)

-0
P *62, a=b=c=1r—1.

—Vatb+1, 2<a+b<r—1,
Vq®Vp = —€Vaibioz—r, T—1<a+b<2r—2, (3.11)
—e2vy, a+b=2r—2.

Proposition 3.5. The CohFT ©™¢ is semisimple if and only if € # 0.

Proof. From the expression (3.11) of the quantum product, we can see that for e = 0 we have v2_; = 0.
In particular, the CohFT at € = 0 has nilpotents, hence it is not semisimple.

For € # 0, one can easily check that the following constitutes a basis of normalised idempotents:

—1

1 . k a—+1

_ —k(a+1) . 25 — _

ex = —1 519 €TV, k=1,...,r—1,
a=

27ti

where 0 = ev—1 . O
15




As the Theta class is of pure degree, we expect that the Dubrovin-Frobenius manifold associated to it
admits an Euler field. Indeed, we have the following result for the Dubrovin—Frobenius manifold U
associated to the deformed Theta class.

Proposition 3.6. The vector field

r—1

r—1 a
Ei= 01— > —tada (3.12)

a=1

is an Euler field for the Dubrovin—Frobenius manifold U, with conformal dimension &6 = 3.

Proof. We start by checking that the vector field E is conformal, i.e. the metric 1 is an eigenfunction of
L with eigenvalue 2 — 5. Indeed

('E’En) (aa/ ab) = E(ﬂ(aa/ ab)) - T]([E/ aa]/ ab) - T] (aa/ [E/ ab]) .
The first term vanishes, while the last two terms can be simplified using [E, 9x] = %ak. Thus, we find

a+b

(Len)(0q,0p) = — N(0q,0p) = (94, 0v),

asM(0q,0b) = dq+b,r. In particular, the vector field E is conformal, with conformal dimension 6 = 3.

To check the Euler property, i.e. that the quantum product e is an eigenfunction of L with eigenvalue
1, we can use [Man99, proposition 2.2.2]: E satisfying the Euler property is equivalent to E.F¢ = 0 (up to
terms of degree < 3). For simplicity of notation, let us denote v = vi™ @ v @. . ®v®k‘ ~', and assume
that m+ k| = m+ Zf;ll kq = n. Notice that for fﬁo Y (v) to be non-zero, the degree condition (3.6)
can be equivalently expressed as

r—1

Y akq=(r—1)(n-2).

a=1

r—1

2 %taaa <JM

a=1 omn

r—1

Then, due to the generalised Euler formula for quasi-homogeneous polynomials, we have
“14
m

Ka _
Vi) ST == ([ e )

Thus, in order to prove that E.F¢ = 0, we reduce to proving the following equation:

) J . em Xt the em Xt the
(\/)) = (n—2) J o) | — 4. (3.13)
Z Otr—1 ( Mon on a=1 Ka! 71223 Mon on m! a=1 Ka!

m-+|k|=n m-+|k|=n

1

a=1

Let us start with the left-hand side of the above equation, and calculate the derivative:

d \ e™ 1 L& \ 6‘“ Fa T the
Z oty 4 (J' O,n(w)) m! H Kq! = nZ>3 (J'Mo,n O,n(v)> m! ( 1_1 H ki

m+kl=n [k|=n
kr121

T’L>3 <JM0/n+l
m+/k|=n

> e[ i V)T

n=3 a=1
m+/kl=n

mtrlTZt]éu

m! ky—q! Ka!
a=1

Yone(ve Vrl)>

tka

In the last equality, we applied the modified unit axiom and the projection formula, together with
P+«Wn+1 = (n —2). Thus we have the result. O
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Remark 3.7. In this remark, we note that the calculation above proves that the Dubrovin-Frobenius
manifold U at € = 0 is not generically semisimple. We assume that e = 0 throughout this remark and
claim that at any point p € U, the element vy
r—1
Vil = ) tada — 3,1 € H'(U,TU)
a=1

is nilpotent. When € = 0, equation (3.13) reduces to the following equation

r—1 tka r—1 tka

* (w))  ~ Y (n-2) (J Y3 (w)) a*

= s (o) & - X SR O
\k\ n [k|=nm

wherev =v* @ ... ® v®kr ~'. The right-hand side can be further simplified by using |k| = n and the
degree condltlon equatlon (3 6) (with m = 0) in order to get

T — T ril t]éa
%(ﬂq—m (JM Yo (v ) Zl tada 2)(% (JM Yo,n(\v)> aﬂlka!)

Thus, we finally get

Or_1F0 = (tq0q —2) FO.
By successively differentiating the above equation with respect to ty and t., and then multiplying on
the right by 0,_. and summing overall 1 < c <r—1, we get

Vnil ® 0p =0,

forall 1 < b < r— 1. Consequently, vy ® v = 0.

This Euler field E also makes the deformed Theta class a homogeneous CohFT.

Proposition 3.8. The deformed Theta class ©™¢ is a homogeneous CohFT.

Proof. We need to calculate the action of the Euler field on ©7,. Let us consider a specific summand of
it, say pm«Ygnim(Va @ - @vq, ® vi'™). Again, let us use the notationv =vq, ® -+ ® van in order to

keep the formulas readable. Up to permutation, we can rewrite it as v = v&* @ - .- @ v&* ’ ~'. Then, we
have

E(pm *Y; n+m(v ® v®m))

r—1
(deg Z > P ¥ 9, “+m(v ® V ™)+ T p*pm/*Yg,n+m+l(W ® ng)m ®Vr_1)

[ +2)(g—1D)+n+m+]d a
-( ; Tmo gk
i=1
r—1 T ®m
+ (29 —2+T1+TT1) pm,*Yg,n+m(W ®V0 )

= (39 -3+ n)Pm *Yg n+m(w ® V®m) .

Here we used once again the modified unit axiom and the projection formula. Multiplying by < and
summing over all m > 0, we get the action on the deformed Theta class, which proves the proposmon
O

3.2. Reconstruction and tautological relations. In[Giv01] Givental defined certain actions on Gromov-
Witten potentials by R-matrices and translations, and these actions were lifted to cohomological field
theories in the work of Teleman [Tel12]. A careful proof that the resulting collection of cohomology
classes satisfies the cohomological field theory axioms can be found in [PPZ15]. A description of the
orbit structure was given by Teleman in the specific case of homogeneous semisimple CohFTs. Here we
recall the basic definitions.
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3.2.1. R-matrix action. Fix a vector space V with a symmetric bilinear form n. An R-matrix is an End(V)-
valued power series that is the identity in degree 0

Rw) =Id+ ) Ru*, Ry €End(V), (3.14)
k>1
and satisfying the symplectic condition
R(wRf(—u) =1d. (3.15)

Here RT is the adjoint with respect ton. The inverse matrix R~1(u) also satisfies the symplectic condition.
In particular, we can consider the V®2-valued power series’

Id®@Id—R 1 (u) @ R7(v)

tev®? ) 1
v n' e [w,v] (3.16)

E(u,v)

Definition 3.9. Consider a CohFT Q on (V,n), together with an R-matrix. We define a collection of
cohomology classes

RQgn € H' (Mg n) ® (VF)®™ (3.17)

as follows. Let Gy be the finite set of stable graphs of genus g with n legs (cf. [PPZ15] for the definition
and the notation). For each I' € Gg ., define a contribution Contr € H* (Mp) ® (V*)on by the following
construction:

e place Qg(y)n(v) at each vertex v of T,
e place R!(;) ateach leg i of T,
o atevery edge e = (h, h') of T, place E(Pn, Yn).

Define RQ g ,, to be the sum of contributions of all stable graphs, after pushforward to the moduli space
weighted by automorphism factors:

1
RQgn = —_Er., . 1
o re% | Aut(r)|£“ Contr (3.18)

Proposition 3.10. The data RQ = (RQgn)2g—24n>0 form a CohFT on (V,n). Moreover, the R-matrix action
on CohFTs is a left group action.

3.2.2. Translations. There is also another action on the space of CohFTs: a translation is a V-valued power
series vanishing in degree 0 and 1:

Tu =) Tqau®', TaeV. (3.19)
a>1

Definition 3.11. Consider a CohFT Q on (V, 1), together with a translation T. We define a collection of
cohomology classes

TQgn € H (Mgn) ® (V¥)2" (3.20)
by setting

1
TQg,n(Vl ®--® Vn) = Z ﬁpm,*Qg,nij (Vl (SRR V) T(lbn+1) ®® T(ll)ner)) . (321)

m2>=0

Here pm: Mgnim — Mgn is the map forgetting the last m marked points. Notice that the vanishing
of T in degree 0 and 1 ensures that the above sum is actually finite.

Proposition 3.12. The data TQ = (TQgn)2g—2+4n>0 form a CohFT on (V,n). Moreover, translations form an
abelian group action on CohF1s.

*The reason why we use R~ instead of R is that it defines a left action on the set of CohFTs. Beware that some authors use a
different notation.
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3.2.3. Teleman reconstruction theorem. Given a homogeneous semisimple CohFT, we can use Teleman’s
reconstruction theorem [Tel12] to determine the higher genus part starting from the genus zero part (the
topological field theory). More precisely, the theorem states the following.

Theorem 3.13 ([Tel12]). Let Qg be a genus zero homogeneous semisimple CohFT. Then:

o There exists a unique homogeneous CohFT Qg that extends Qg v, in higher genera.

o The extended CohFT is obtained by first applying a translation action followed by an R-matrix action on
the topological field theory wg » (determined by Qg 3).

o The translation and the R-matrix are uniquely specified by the associated Dubrovin—Frobenius manifold
and the Euler field.

Let us give a summary of Teleman’s reconstruction theorem using our notations and conventions. As
Qpn is a CohFT on V, there is a (possibly formal) neighbourhood U of the origin in V that admits a
Dubrovin-Frobenius manifold structure. This Dubrovin-Frobenius manifold admits a (possibly non-
flat) unit vector field, denoted 1. Moreover, we assume that there is an Euler field E. Let v be a tangent
vector at a point p € U on this Dubrovin-Frobenius manifold. Then, we define the Hodge grading
operator p € End(T,U) as

u(v) = [E,v] + (1 — ;) V. (3.22)
We also define the operator ¢ € End(T,U) of quantum multiplication by the Euler field as
d(v) =Ee,v. (3.23)
The matrices Ry, for m > 0 satisfy the following equation
[Rint1, ¢l = (m+ )Ry . (3.24)

At a semisimple point of this Dubrovin-Frobenius manifold U, the above equation determines the R-
matrix uniquely starting with the initial condition Ry = Id. In order to obtain the R-matrix of theo-
rem 3.13, we will work at the origin which is semisimple by assumption.

The other piece of data required for reconstruction is called the vacuum vector of the theory, that is a vec-
tor field-valued formal power series in u denoted v(u). The vacuum satisfies the following differential
.
equation
dv(u +6/2

v B2 - 2 v - 1), (325)

du u w
where 1 is the unit vector field. Again, the above equation determines the vacuum uniquely at a
semisimple point on the Dubrovin-Frobenius manifold. Using the vacuum and the R-matrix computed
at the origin of the Dubrovin-Frobenius manifold U, the translation T(u) in theorem 3.13 is defined as

Tu)=u (1 — Rfl(u)v(u)) . (3.26)
Then, the Teleman reconstruction theorem states that the CohFT Qg ,, is given by
Qgn=RTwgn. (3.27)

3.2.4. Reconstruction of the deformed Theta class. In order to compute the ingredients of the Givental—
Teleman reconstruction procedure for the Dubrovin-Frobenius manifold associated to the deformed
Theta class ©g5,, let us choose a slightly different basis of V:

a—+1

Vg =—€T7v,, Yae [r—1]. (3.28)

Then, the metric and the quantum product at the origin become

0a+b+1r 2<a—|—b<r—1,
r42
NPa, %) = €7 8atbr, VeV =< Vasbior, T—1<a+b<2r—2, (3.29)
V1, a+b=2r—2.

*We remark that the extra sign in equation (3.25) is because our definition of the Euler field has the opposite sign as compared
to [Tell12].
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Now, let us compute the topological field theory

Wgn = deg, Oy, . (3.30)
Lemma 3.14. The topological field theory wg n, of the deformed Theta class is
Won(Da @ ®9q,) =€ 197D (r—1)9.5, (3.31)

where 6 equals 1if3g —3+n+|al =0 (mod r — 1) and 0 otherwise.

Proof. First we compute w3 in the basis V. This gives

a2
Wo,3 (\A)a 29 ob 02y \A)C) =el-r 6a+b+cEO (mod r—1) -

In order to compute the topological field theory, we can restrict to a completely degenerate curve of

type (g,n) — this has 3g — 3 + n nodes and 2g — 2 + n rational components — and then use the gluing

axiom of the CohFT definition 2.1. On this degenerate curve, we need to place insertions 1 < a; <r—1

at every branch of every node such that the following conditions are satisfied:

o The definition of the pairing implies that the sum of the insertions at the two branches of the
node equal r.

o The expression of wy3 implies that the sum of the insertions on every rational component is 0
modulo r —1.

Such a placement is impossible unless
3g—34+n+aj=0 (modr—1).

Let us assume that the above condition is satisfied. Then, choosing an insertion for one branch of one
node for every independent cycle of the dual graph of the curve fixes all the other insertions uniquely.
This choice contributes a factor of (r — 1)9. To conclude, at every rational component we have a factor
of e7=, and at every node the inverse of the pairing contributes a factor of ev—1. Putting all these
contributions together gives the result. O

We can calculate the Hodge grading operator on the basis (Vq)qe(r—1) Of tangent vectors at the origin
(‘tl,.. .,trfl) = (O, ,0) as

—(r—2) 0 0
. 0 —(r—4) 0 0
H=5r : | (3.32)
0 0 r—4 0
0 0 r-2
and the operator of quantum multiplication by the Euler field ¢ as
0 - -~ 0 1
. 10 0 -~ 0
q;:—r; e [0 1 0 - Of, (3.33)
o -~ 0 1 0

Lemma 3.15. The R-matrix elements in the basis (V1,...,9r_1) computed from the Teleman reconstruction
theorem for the deformed Theta class are

(R;f)3 _ Pm(r,ail)
(1—merm)m
and 0 otherwise. Here the coefficients P (v, a) are computed recursively as
Pm(r,a) = Pm(r,a—1)=1(m—3— )Py (r,a—1), fora=1,...,1—2,
PTT'L(T‘/‘r - 1) = Pm(rl O) s

, ifb+m=a (modr-—1), (3.34)

(3.35)

with initial condition Py = 1.
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Proof. The expression for the Hodge grading operator i and the one for the Euler field ¢ match the
ones in [PPZ19, section 4.5], except for a factor of —r in the latter. Thus the proof is identical to the one
presented there. O

It is intriguing that the R-matrix for the deformed Theta class essentially matches the R-matrix for the
e1-shifted Witten class studied in [PPZ19]. We do not know of a good algebro-geometric reason for this
occurrence and this deserves further investigation.

Finally, we need to compute the vacuum vector of the theory. The unit vector field at the origin is
1=9,,forr > 3and 1 =7, for r = 2, as one can easily check from the quantum product. We define
the formal power series H(r, a;u) for a =0, ...,r — 1 as follows. First, define

Hi (1, a) :ZW/ fora=0,...,71—2, (3.36)
Hy(r,v—1) = Hg(r,0).
Then we define the formal power series
u (r—=1)k4+r—2—a
H(r, a;u) ::ZHk(r,a)( . ) , fora=0,...,r—1. (3.37)
€r—1

k>0
For r = 3, the above functions are related to the asymptotic expansion of the Scorer function, which are
solutions of the inhomogeneous Airy ODE.

Lemma 3.16. The vacuum in the Teleman reconstruction theorem for the deformed Theta class is
r—1
viw) =) H(r, qud, (3.38)
a=1
and thus the translation is T(u) = u(1— R (u)v(w)).

Proof. We have the following differential equation for the vacuum:

4 . 0 r+2 0 0
v(u)+7 : : v(u)
du ™ : :
0 0 2r—2 0
0 0 2r—1
0 o0 1
. 1 0 O 0
Ti T
=g [0 10 O (viw -1),
o --- 0 1 0

with the initial condition v(0) = 1 = ¥, for r > 3. This means that we need to check the following
equations

dH(r,q;u) r4a
Jr

du T
for1 < a < r—1, again with the convention H(r,0;u) = H(r,r — 1;u). Let us plug in our formulae for
H(r, a; u) and compute the left-hand side of the above equation:

dH(r,au) | T+a r—1 1 (rk+r—a)!< u >“”“”2“1

1,
Hr @) = S e (Hir 0 — w) — as-2),

H(r,a;u) = —
du rw T T oeva kirk
K>0+80r 2

-

€r—1

>(T—1)k+r—2—(a—1)

T—1 _ (rk—l—r—a)!( u
— €r—1 =
2 Z I+k T
U K04 Bnr 2 klr €71
r—1
= —ge (H(r,a=1Lu) —8ar—2) -
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This proves the lemma for r > 3. For r = 2 the differential equation for the vacuum collapses to

dv(u) N 3v(w  e2v(u) =9
du 2 u 2 uz
which is still solved by v(u) = H(2, 1, u)?;. O

Finally, we obtain an expression for the deformed Theta class 7, in terms of tautological classes using
the Teleman reconstruction theorem. Alternatively, we can express the same class as the translation of
a CohFT (with flat unit) obtained by the action of the unit preserving R-matrix on the topological field
theory wg . Let us consider the following translation

T(w) = u(1—v(w). (3.39)
Theorem 3.17. The deformed Theta class 5, has the following expression in terms of tautological classes:
Oy5 =RTwgn = T(Rwgn), (3.40)

where we computed the topological field theory Wy v, in lemma 3.14, the R-matrix in lemma 3.15 and the transla-
tion T in lemma 3.16.

Proof. The first equality follows directly from the Teleman reconstruction theorem (theorem 3.13). In
order to get the second equality, notice that

RT=T+uR1-1).
Then, by applying [PPZ15, proposition 2.9] and using the fact that translations act as an abelian group
gives
o = (T +u(R1— 1)) Rwgn = T(RWgn).
(]

Remark 3.18. In this remark, we observe that the deformed Theta class can be expressed as a translation
of the shifted Witten class when r = 3. To be precise, [PPZ15] shows that the unit preserving R-matrix
action on the TFT wg , gives the shifted Witten class. Indeed, [PPZ19, section 4], shows that

lg—D+lal—mn
3

Rwgn = (—3) (—e)?9 2 Wiy (3.41)

gmn’
with vy = e(—3)7%/3¢;. Thus, up to an overall factor, the deformed Theta class can be expressed as a
translation of the shifted Witten class for r = 3 using theorem 3.17:

3, _
®g§1 - (_3)

B (o202 TwAY (3.42)
Remark 3.19. One can find an alternative expression in terms of tautological classes using Chiodo’s
Grothendieck-Riemann—Roch formula in [ChiO8a]. It would be interesting to compare this expression
with the one that we find in theorem 3.17.

As we know that the deformed Theta class g5, (va, ® - - ® vq,, ) only has terms in degrees d less than

or equal to Dg,, by construction, we get the following vanishing result in the tautological ring of Mgn:

Corollary 3.20. The terms [(RTwgn)(Va, ® - ®@va, )] 4 € H24 (M ) vanish for any d > Dy, In addition,
we have

T

®g,n(v0-1 Q- ®van) — [(RTWQ,T‘L)(VCH Q- ®V(1“ )}Dg;u . (343)

For an explicit description of the reconstructed deformed Theta class in theorem 3.17 as a sum over dec-
orated stable graphs and consequently the tautological relations in corollary 3.20, see proposition 3.23.

We note that while we expect the above tautological relations to be implied by Pixton’s relations, we

do not have a proof of this result. Janda [Jan18] shows that the tautological relations one obtains by

taking the limit to the discriminant locus of a generically semisimple Dubrovin-Frobenius manifold are

implied by Pixton’s relations. While we see our relations in corollary 3.20 as morally fitting into the
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same class of relations, it is not covered by [Jan18] for the following reasons. First, as we have em-
phasised previously, our e-deformation is not a shift to a semisimple point of a generically semisimple
Dubrovin-Frobenius manifold, but rather a family of Dubrovin-Frobenius manifolds that collapses to
a non-generically semisimple one at € = 0. Second, loc.cit. only treats Dubrovin—-Frobenius manifold
with a flat unit vector field, and our unit vector field is not flat.

As mentioned in the introduction, the construction of the (deformed) Theta class is substantially easier
than the construction of its positive 1 analogue — the Witten r-spin class. Thus, it could be a potentially
interesting line of investigation to ask whether our relations in corollary 3.20 imply Pixton’s relations
[Pix13]. We leave this for future work.

When r = 2, the Teleman reconstruction takes a strikingly simple form, giving tautological relations
between k-classes and a simple expression for the Theta class studied by Norbury [Nor22a]. Both prop-
erties have been recently conjectured by Kazarian-Norbury [KN21, (1) in conjecture 1, conjecture 4].
Consider the rational numbers s, for m > 0 defined uniquely via

exp (‘ > smum> = Y (CDFRK 4 1)k (3.44)

m=>0 k>0

Corollary 3.21 (Kazarian—Norbury conjecture). We have the following vanishing relations among k-classes,

d
lexp<z sme>] =0€H**Myn), ford>2g—2+n. (3.45)
m>0
Moreover, in degree d = 2g — 2 + n, we get the Theta class:
2g—2+n
Ogn = [exp(z sme” € HO *2 Mg ). (3.46)
m>0

Proof. When 1 = 2, the R-matrix computed in lemma 3.15 simplifies to R(u) = 1. The translation is then
given by lemma 3.16 as
T(w) =—) (1) 2k + l(—e?) Fukto, .
k>1
Taking into account the TFT wg, (¥9™) = (—€2)2972 and rescaling to the basis v;, theorem 3.17 spe-
cialised to the case r = 2 gives

B35 = (- 2 exp (1 sm(—e) k),
m>0
where the s, are defined through (3.44). Now, applying corollary 3.20 gives the vanishing result (3.45)
upon setting € = v/—1, and the expression of @, in terms of k-classes (which is independent of €). [J

3.2.5. Deformed Theta class in terms of stable graphs. When r > 3, we can express the relations and the
expression for the @" class as a sum of decorated stable graphs as follows. We refer to [PPZ19, section
4.6] for the analogous statement in the case of Witten classes. We denote the set of stable graphs of
genus g with n 4 k legs by Gg n1«. The first n legs are ordinary legs that carry \-classes, and the last k
legs are dilaton legs which carry -classes that will get pushed forward to k-classes.

Definition 3.22. Fix0 < ay,...,an < 17— 1. Consider a stable graph I' € Gg 1. We define a weighting
of I' with boundary conditions a = (ay, ..., an) as an assignment a to the set of half-edges

H(r) —>{1/'-'/T71}/ h'—> an (347)
that satisfies the following conditions:

e if h and h’ are two half-edges that are connected to form an edge, then an, + ap' =,
e if h corresponds to the ordinary leg marked withi € {1,...,n}, then ap = a;.

We denote by Wr(a) the set of weightings of I' with boundary conditions a.
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Let a € Wr(a). To every vertex v, assign a formal variable y,, such that y~! = 1. Then, we have the
following weights associated to I".

For every edge e = (h,h') € E(T"), assign the edge weight:
1= im0 Pm(r an — DPUr, an — 1) (vi " on) ™ (vy  bne )t
= , (3.48)
Y + bnr

where v and v’ are the vertices paired to h and h' respectively. To the ordinary leg marked with i €
{1,...,n}, assign the ordinary-leg weight:

=y8t Y Pmlrai— Dy, "W)™, (3.49)

m>=0

Ale) = vy yor

where v is the vertex paired to the ordinary leg i. To the dilaton leg marked withj e (n+1,...,n+k},
assign the dilaton-leg weight:

K(G) = lijSi Bllj,sz _ Z P (T, aj — 1)Hy(r, (1]')(1 _ T)(r71)1+r727a]-y;mll);nJr(rfl)lJrerfaj )
m,1>0
(3.50)
where v is the vertex paired to the dilaton leg j.

By {TT }y, we denote the term of degree 0 in IT in the variables v,,.

Proposition 3.23. The deformed Theta class Oy, (Va, ® - - ®@Vq,, ) with € = 1 can be expressed as the following
sum over decorated stable graphs:

1)9e8(r — 1 g—h!(I")—deg B n ‘ n+k ‘
Sy Z =, (| Autgm ird [Tvie o Tae[Tw ] K6)
k>0T€Ggn 1k aEWr(a v e i—1 j=n-+1 Y
(3.51)

In particular, the degree Dy, part of the above mixed degree class is the expression for the class ©y ., and the
classes in degree d > Dy, vanish identically.

Proof. The expression is a rewriting of the R-matrix and translation action of theorem 3.17. The powers
of vy at the vertices v keep track of the conditions (mod r —1). The basis vector v, corresponds to y<,
and the pairing n“»“n’ corresponds to

vshv\‘f)‘/ such that ap+an =7.
—34+n(v)

Adding the weight y
condition

at every vertex v and extracting the coefficient of v enforces the

3g(v) =34+ n(v) + Z apr =0 (modr—1)
hi—v
at every vertex v. The coefficient of the R-matrix R;;! takes v, to a multiple of vy, such thatb = a —m
(mod r — 1). Thus, we need to add a factor of Y™™ everywhere the R-matrix appears. Finally, we have
removed a factor of (—1)™(r — 1)™ in the denominator of the R-matrix and a factor of (r — 1)9() from
the topological field theory at every vertex v. These can be combined together into the factor

(_1)deg(.r _ 1)g—h1(r)—deg

at the cost of rescaling the Hy (1, a;) by (1 —r)(r—DtHr—=2—a:, O

4. TOPOLOGICAL RECURSION AND THE SPECTRAL CURVE

Topological recursion, TR for short, is a universal procedure that associates a collection of symmetric
multidifferentials to a spectral curve, which is a curve with some extra data [EO07]. What makes TR
especially useful is its applications to enumerative geometry: many counting problems are solved by
TR, in the sense that the sought numbers are coefficients of the multidifferentials when expanded in a
specific basis [Eynl14a].
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Definition 4.1. A spectral curve 8§ = (X,x,Y, wop) consists of

e a Riemann surface I (not necessarily compact or connected);

e a function x: L — C such that its differential dx is meromorphic and has finitely many simple
Zeros «, ..., &, called ramification points;

e a meromorphic function y: £ — C such that dy does not vanish at the zeros of dx;

o a symmetric bidifferential wy, on £ x Z, with a double pole on the diagonal with biresidue 1,
and no other poles.

The topological recursion produces symmetric multidifferentials (also called correlators) wg, on I™, de-
fined recursively on 2g —2 +n > 0 as

T
wg,n(zll e /ZTL) = Z Zlietxs Ki(zllz’) (wgl,nJrZ(Z/ O-i (Z’)IZZ/ R /ZTL)
i=1"

no (0,1) (41)

+ ) w91,1+|11(Z/Zh)w92,1+llzl(61(2)/212)> ,
g1+92=9g
JiuJo={2,..n}

where Kj, called the topological recursion kernels, are locally defined in a neighbourhood U; of «; as
% J‘fv:o‘i (z) wO,Z (Z’ll W)
(y(2) —y(oi(2)))dx(z) ’

and o;: U; — U; is the Galois involution near the ramification point o; € U;. It can be shown that Wgn
is a symmetric meromorphic multidifferential on X™, with poles only at the ramification points.

Ki(z1,2) = “2)

There is an extension of the topological recursion to the case of higher ramification points, meaning that
the zeroes of dx are of higher order, known as the Bouchard-Eynard topological recursion [Bou+14].
While this version of TR will be relevant for us, we do not go into the details of this formalism in this
paper. Instead, we refer the reader to the papers [Bou+14; BE17; Bor+18], where the Bouchard-Eynard
topological recursion is defined and investigated.

4.0.1. Identification with CohFTs. When the Riemann surface underlying the spectral curve is compact,
we can represent the topological recursion correlators on a basis of auxiliary differentials with coef-
ficients given by intersection numbers on the moduli space of curves of a CohFT and 1-classes (see
[DOSS14; Dun+19]). In this section, we will work with CohFTs over C.

We fix a global constant C € C*. Choose local coordinates (; in the neighbourhood U; of the ramifica-

tion point «; such that ¢ (o) = 0and x —x(o;) = —%2". Consider the auxiliary functions &': £ — C and
the associated differentials d&*! defined as

iy [F wonl(d, )

£ifa) = | 02t

We also set At = ;2{ (0) and h' := CA'. We define a unital, semisimple TFT on V := C (ey, ..., e;) by
setting

k
d)kai(z)) . (43)

KA .
, d&t(z) = d(dx(z

Ci=0

,,,,,

Define the R-matrix R € End(V)[u] and the translation T € u?V/[u] in the basis (e;) by setting

T N oL (x—x(a5))
R (u)j = o L,— déte i (4.5)

T(w)'=uht—C iﬁj dy e (xx(o)) (4.6)
Yi
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Here v; is the Lefschetz thimble passing through the saddle point a;, and the equations are intended
as equalities between formal power series in u, where on the right-hand side we take the formal as-
ymptotic expansion as u — 0. Through the Givental action, we can then define a cohomological field
theory

Qgn=RTwgn € H’(ﬁgm) ® (V*)en 4.7)
from the data (w, R, T). We point out that the resulting CohFT does not necessarily have a flat unit. The
link with the topological recursion correlators is given by the following result due to Dunin-Barkowski,

Orantin, Shadrin, and Spitz [DOSS14] (a different version of which, not making the connection to Co-
hFTs directly, appeared in [Eyn14b]).

Theorem 4.2 ([DOSS14]). Assume that we have a compact spectral curve (L,x,y, woy). Then its topological

recursion correlators are given by

T

Wgn(z1,...,z0) = CH92M 3 L Qgnley, @ @e )] D W deob(z). (4.8)

i1mrin=1"Mgn =1 k; >0

4.1. Hyper-Airy functions. Before computing the spectral curve associated to the deformed Theta
class, we take a quick detour to study certain generalisations of Airy functions that will appear. The
well-known Airy function Ai(t) is a solution to the differential equation

u”’(t) = tu(t), 4.9)

and admits an integral representation and an asymptotic formula as t — oo in the region |arg(t)| < 7

_213/2
1

_ Wi e T (6k)! 1\
A = — 3 tw ~ —_— 1/4 — . 4.1
i(t) sze gt é(zk)z(3k)!< 576t3/2> 10

Here C is the path starting at e~ 3 co and ending at e co.

The generalisations of the Airy function for higher r that we are interested in are called hyper-Airy
functions, and are solutions to the differential equation

um V() = (=1)" Ttu(t). (4.11)

for any r > 3. We can define r — 1 (independent) solutions via contour integrals as

r—2

— ok o
Abpi(t) = 27; J e Wy, kK=0,...,1—2, 4.12)

C

where 8 = e+"1 and C, is the Lefschetz thimble passing through the critical point w = t/("~1)g¥, The
hyper-Airy functions were studied in some detail in [CCGG22]. In particular, the reader can find a
careful description of the Lefschetz thimbles in appendix B of loc.cit.

We also consider the derivatives (and anti-derivatives) of the hyperAiry function

r—2

— ok T
ALY (1) = — J (—w)%e ™ ™, (4.13)

C

where we assume that a € Z. The hyper-Airy functions and their (anti-)derivatives admit an asymp-
totic expansion. In order to state this expansion, we need to recall the polynomials P, (r,a) which
were found first in [PPZ19], and that we have already encountered in equation (3.35), and extend
their definition to the case a = —1. Precisely, the polynomials P, (7, a) are defined recursively for
any -1 <a<r—1las

{Pm(r,a) —Pm(ma—1)=r(m—3—-4¢)Pnalra-1), fora=1..r-2, (4.14)

Pm(TIO) = Pm(r/r - 1) 7

with the initial condition Py = 1.
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Proposition 4.3. The asymptotic expansions as t — oo of the hyper-Airy function and its (anti-)derivatives, for
—1 < a < r—2are given by

A gy~ (09 e O ST Y b (1, ) (ekt*rl>m (4.15)
ik 27(r — 1) = m r—1 ' ’

Proof. First we use the steepest descent method to compute the leading behaviour. Then, using the
ODE (4.11), we find the recursion relation (4.14). It is identical to [CCGG22, lemma 3.3, proposition 3.4],
where we only note that the proof given there goes through unchanged for a = —1. O

For later convenience, let us introduce the following notation for the asymptotic expansion of the hyper-
Airy functions and their (anti-)derivatives.

Definition 4.4. Define the formal power series for -1 < a<r—1

Aga)(u);—zpm(na)( u )m, (4.16)

= r(r—1)

so that the asymptotic expansions as t — oo of the hyper-Airy function and its (anti-)derivatives are
written as

—~(a) (—o¥)e ef%lektﬁ _r-—2a2

Al () ~ — t 20 Al (kg va) | 417
T‘,k() 27‘[(1‘—1) T ( ) ( )

4.2. The spectral curve for the deformed Theta class. In this section, we will show that the descen-
dant potential of the deformed Theta class can be constructed by the topological recursion on a certain
spectral curve. To start, let us consider the following one-parameter family of spectral curves on P*:

1 dZ1 de

x(z) =z" —TA"T 'z, ylz) =—=, wop(z1,22) = (

m ’ (4.18)

where A # 0. Now, we will compute all the ingredients of the Eynard—-DOSS formula from theorem 4.2
for this spectral curve as explained in the previous section. The ramification points of the spectral curve
are given by x’(z) = 0, the solutions of which are

o = OFA, k=1,...,r—1, (4.19)
where 0 is a primitive (r — 1)-th root of unity. The value of x at the ramification points is given by
xx = x(og) = —(r — 1)8%AT. We will choose local coordinates (i around the ramification point z = oy,
such that

2
x(z) — xx = ——Ckz(z) , (4.20)

and we choose a branch of the square root such that

Ci(z) = —iy/T(r = 1)(8¥A) = (2 — o) + O((z — o )?) . 4.21)

Using the recipe of subsection 4.0.1, we compute A* = (—iy/r(r—1)(6%A) 2" )~!. We choose a global

T 42
constant C = —i,/TA 2", so that we gethk =9 \/é . Then the vector space, the pairing and the unit are
given by
r—1
1 r
V=Cley,...,er—1), nlex, el) = di1, 1= r—lZe_k ey, (4.22)
k=1

and the TFT in the canonical basis (e;) is given by

.....

Won(ek, @ - ® ek, ) =k, kn (T —1)97 12 gklr2lo=1+3) (4.23)
Let us compute the other ingredients of the Eynard-DOSS formula.

Lemma 4.5. In the canonical basis (ey, ..., er—1), the following holds.
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o The auxiliary functions are given by

-1
) (i r(r—l)(ek?\)r?z)
= 4.24
2(2) — (424)
e The R-matrix elements in the canonical basis (denoted R:') are given by
R-L()) = i L= == A(s) (e*i E) . (4.25)
Tt 14 ’ AT
o The coefficients of the translation in the canonical basis (denoted Tc(u)) are given by
efk(r+2)/2 u u
k_ ek (A2 gk M _ A1) (g
Tl == — (u ATTO (AT (e N) Al (e )\))) . (4.26)

Proof. The calculation of the auxiliary functions and the R-matrix do not depend on y and thus are
identical to the one in [CCGG22, lemma 4.5]. Thus, we only compute the translation here.

We take the definition of the translation (we omit the subscript “C” in the proof) and integrate by parts
to get

With the change of variables z = (¥)'/" w and setting t = A" () + we find

x 1 +42 erl —t o
T(w)* =uh* + ie&ru\/it%ﬂl) J QeT*twdw
27 Cr

w

2)

T+ —~(r— —~ (-1
=uhk — ur\/ZTrG’k(T’Z)/Ze’xk/“tZ(fj) ((—1)r2Ai£,Tk (t) + tAii/k )(t)> .

In the last line, we recognise the integral representations of the (anti-)derivatives of the hyper-Airy

. . . . . . . . ~(a)
functions as discussed in subsection 4.1. We plug in the asymptotic expansion of the functions Alri (1)

for the cases a = —1 and a = r — 2 to simplify T(u) to
AT u u
Kk _ o hk —kr/2 (pA(r=2) (g=k ¥\ _ A(-D) (k%
T = uh* — 0 (Ar (e )\T) Al (e ?\)) .
This completes the proof. O

We have the following changes of basis between the flat one (v1, ..., v+—1) and the canonical one (es, ..., er—1):

Va = o k(i ale,,
r—1 !
) 'r:1 (4.27)
ex = ek(%*a)vu.
K r—1 azzl

In the following, we identify the parameter A in the spectral curve with the deformation parameter e in
the deformed Theta class as

ANl=¢, (4.28)

and carry out the change of basis computations.

Lemma 4.6. In the flat basis (v1,...,vr—1), the following holds.
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o The pairing and the TFT are expressed as

T](Varvb) :6a+b,rr Wg,n(val ® "'®Van) = (T_l)g '6r (429)
where & is equal to 1 if v — 1 divides 39 — 3 +n + |a| and O otherwise. The unit for the TFT is given by
1= Vr_2.

e The R-matrix elements in the flat basis (denoted R;*) are given by
1 u \™
Re'(wg = Pm(r,a—1 ( ) : 4.30
Plw? I el e (430)

a—b=m (mod r—1)
o The translation is given by

r—1

Tr(w) = u(1-R'wv(w), viw=)Y H (r, a f%) Va, (4.31)

a=1

where we recall the formal power series H(r, a) defined in equation (3.37).

Proof. Throughout the proof, we use the parameter A (recall the identification A™~! = €) for convenience.
As the computation of the pairing and the TFT is straightforward, and in any case very similar to the
computations below, we omit it.

Here is a proof for the R-matrix elements:

r2§2

o-i(3-a)gi(5-b)gli-j)

o)

Il

-

3

3

(o)
A
’_T

|

)_\

1 1
- e]abm
> r—lZ

j=1

S R Ny (A
- e r(r—1) A" ’
m2=0
a—b=m (mod r—1)

where we have only used the definition of the formal power series A'®) and standard sum over roots of
unity calculations.
As for the translation, we find that the coefficients of T(u) in the flat basis are given by

r—1

z falg k2 (Aot (A (o7 ALY (9% )))
—1

_ 1 k(a+1) r.ak u " —km
= r_le u—A"ro Z (1,7 —2) — P (r,—1)) N D) 0

k=1 m>1

1 m
= u<5a,r—2 T Z (Pm+1(1‘/r —2)— Pm+1(1‘,—1)) <?\Tr(:‘l—l)> > /

m>=0
m=—a—1 (mod r—1)

where we again plug in the definition of the formal power series A" and carry out standard sum over
roots of unity calculations. The above equation can be recast equivalently as

6(1,1‘—2 - M = ! Z (Pm+1 (T,T’ - 2) - Pm+1(T, _1)) <N(u)> .

u r—1 rir—1
m>=0

m=—a—1 (mod r—1)

The relation (4.31), which we are trying to show, can equivalently be expressed as 1—% =R (uw)v(u).
In order to prove this (in flat coordinates), we plug in the expression for Py, (1, —1) proved in lemma A.1
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into the above equation to get

Te(uw)®
6(1,T—2_ F(u) -
1 ! s (r—1y¢ (T £ D)! u m
— 1—p)bttr—e2 =~ "7"p. - - .
r—1 mZ>0 b;O 1%0 (1=7) (It iv(rc) (?\Tr(r—l)>

m=—a—1 (mod r—1) b+c=r—2 i+(r—1){=m+1

where the ' on the sum indicates that we drop the term ¢ = 0 = b. Now, by using the definition of the
function H(r, a; u), we are able to simplify the above expression to

i-b
u u
y y H <r,r—1—b;—;) Pi—v(r,c) (Nr(r—l)) '

¢,b>0 i>b
c+b=r—2i=—a (mod r—1)
Here, we note that the term that we dropped in the previous expression due to the prime in the sum is
precisely the term that is required to identify H(r,r — 1;u) with H(r, 0; u) in equation (3.37). By making
the change of variablesb - r—2—b,andi —+i+1—2—b, we get

;Z_Z Z H(r,b+1;—%) Pi(r,b) (}\T - >i ZR ek (r,bJrl;_%)‘

i>0
i=b—a+1 (mod r—1)

This proves equation (4.31). O

Finally, we are ready to identify the deformed Theta class as the CohFT associated to a certain family of
global spectral curves. Before stating the result, it is worth remarking here that given a semisimple Co-
hFT, there is a standard procedure to construct a local spectral curve using the equivalence of [DOSS14].
This procedure immediately gives a local spectral curve for the deformed Theta class ©™¢. However,
this is insufficient for us as we need to take the limit as € — 0, and the local TR does not behave well
in families. In general, it is not clear whether one can construct a global spectral curve from any local
spectral curve. There is a partial answer in [Dun+19], but we note that it does not apply to our situation,
where we do not have a Dubrovin-Frobenius manifold with a flat unit vector filed.

Here is the main result of this section.

Theorem 4.7. The CohFT associated to the 1-parameter family of spectral curves 8. on P! given by

z" 1 dz1dz,
) =, ,2p) = —————, 4.32
x(z) ez y(z) . wo2(z1,22) 5P (4.32)

is the deformed Theta class ©™ €. More precisely, the TR correlators corresponding to the spectral curve 8. are

r—1 n
Won(zi,. . zn) = ) L Oy v, ® - @va,) [ D w7deoe (z), (4.33)
ai,...,Qn= Mg,n j=1k;20
where
a Zriail k,a . 1 d . a
£%(z) =T’ d&g™(z) =d ((e—zrl)dz> £%z) |- (4.34)

Proof. First of all, we note that x in the spectral curve 8. is rescaled by 1 as compared to equation (4.18).
This gives an overall rescaling factor of r?9>'™, as one can immediately deduce from the definition of
topological recursion (4.1).

The R-matrix and translation of lemma 4.6 correspond exactly to those computed in lemma 3.15 and
lemma 3.16 using the Teleman reconstruction theorem for the deformed Theta class, up to a scaling of
uby (—r)~'. As uis keeping track of the degrees we get a factor of (—r)~ 9. The TFT computed in
lemma 4.6 differs from the one computed in lemma 3.14 (after base-changing from the ¥, basis to the
v basis) by an overall constant of APs.a.
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Thus, the CohFT associated to the spectral curve 8. is
T2g—2+n)\—Dg,a (_ ) deg . @r € (Vm ®--® Van) )

Now, we need to also write the basis of differentials in the flat basis. Upon changing basis from the e;
to the vy, we get

T

91 z—a) )\af% erafl 17\117§

; FaC( 2) = \ﬁ Zr—1 _pr—1 = \/1*, £%z2).

In addition, in the definition of d§¥%(z) in equation (4.34), we have removed a factor of (—7)~! (in
comparison to the ones obtained from the spectral curve (4.18)), and this contributes an overall factor
of (—r)~I¥!. The global constant C contributes a factor of (—i,/rA"z" )29-2+n,

Putting all these factors together, we see that they cancel:

y—I\ T
129241\ ~Dja (_y)~des (_1}:[2) Al ()Rl (g ma T2 )29 20 —
T

where we impose the constraint deg +/k| = 3g — 3 4 n in order to get a non-vanishing integral over
Mg n. Thus, we get the result. [l

Remark 4.8. Notice that the function x of the spectral curve appearing in theorem 4.7 coincides with
the function x in the spectral curve associated to the e;-shifted Witten class (see [CCGG22, theorem A,
part (2)] or [Dun+19, theorem 7.1]. This explains the fact that the R-matrix for both these CohFTs are the
same, as the R-matrix prescription of [DOSS514] depends only on the function x (and not on y).

4.3. The spectral curve for the Theta class. In this section, we will prove that the spectral curve ob-
tained by taking the limit e — 0 computes the descendant integrals of the (non-semisimple) CohFT ©".
The spectral curve 8y obtained by taking the limit of the family of spectral curves 8¢ as € — 0 is

z" 1 dz;dz
x(z) = —, ylz) =——, wo,z(ZLZz) = et

. 5 Bk (4.35)

We will refer to this curve as the r-Bessel spectral curve. The r = 2 version is known as the Bessel curve
and was considered in [DN18; CN19].

In order to prove the result, we will use the following proposition that was proved in [CCGG22].

Proposition 4.9 ([(CCGG22, proposition 5.2]). Let 8. be a family of spectral curves indexed by € € C such
that in a neighbourhood of € = 0, they satisfy the following assumptions.

(1) S is defined by an algebraic equation linear in x:
Pe(x,y) = Acly) +xBely) =0, (4.36)
where A¢(y), Be(y) are polynomials in y and e.
(2) For e # 0, 8¢ has v — 1 simple ramification points, while 8y has a single ramification point of degree v —1
and is admissible in the sense of [Bor+18]. Moreover, the branch points are distinct.
(3) The multidifferentials wgyn(€;21,...,2zn) produced by topological recursion admit limits as € — 0:

Wgn(zi,. ., zn) = lig(l) Wgnl€zi,...,zn). (4.37)

Then the multidifferentials wgn(z1, ..., zn ) satisfy the local Bouchard—Eynard topological recursion on the spec-
tral curve 8.

We will use the above proposition to prove the following theorem.

Theorem 4.10. The CohFT associated to the spectral curve 8 is the Theta class ©. More precisely, the correla-
tors computed by the Bouchard—Eynard topological recursion are
r—1 n
otz oz = Y | ey ) [T X wfaeh o), @3
apyan=17Mgn =1 k; >0
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where
(tk 4+ a)!(™)

k, _
agke(z) = ek

dz. (4.39)

Here m!(") = ]_[L(:TB_U/” (m — kr) denotes the r-th factorial.

Proof. Throughout this proof, we add the argument e to the correlators wg, and the basis of differen-
tials d&*%(z) for clarity. The proof of the theorem requires two steps.

First, we need to check that the limit of the correlators constructed by TR on the curve 8. exists, and
coincides with the right-hand side of equation (4.38). This follows immediately upon taking the limit
e — 0 to the correlators computed in theorem 4.7, i.e. equation (4.33). The limit exists by definition of
the deformed Theta class, and we only need to observe that

. Kar.. _ (Tk+ a)! ()
lim d&™%(e;2) = —a
The second step, which is more difficult, is to check that the limit of the correlators computed by TR
on 8. coincides with the correlators computed by TR on the limit curve 8y. For this, we use [CCGG22,
proposition 5.2], which says that the above statement is true under certain assumptions. Thus, we only
need to check the assumptions there.

(1) The first assumption states that the equation defining 8. is linear in x and polynomial iny and e.
This is clearly the case for us, as we have P.(x,y) = rxy" —ery™ ! + (—1)"+1,

(2) The second assumption states that the curve 8. only has simple ramification points, and that 8y
has a single ramification point which is admissible. This is true, as it corresponds to the case
s = r— 1 in the notation of [Bor+18] and thus satisfies the condition r = +1 (mod s). Moreover,
the branch points are given by xy = —(r — 1)0%e+1, which are distinct fork =1,..., v — 1.

(3) The third assumption states that the limit of the correlators exists, and we have just proved it in
the first part of this proof.

This completes the proof. O

5. W-CONSTRAINTS AND INTEGRABILITY

The descendant potential of the Theta class can be expressed as the unique solution to a certain set
of W-constraints. This identification uses the equivalence of the Bouchard-Eynard topological recur-
sion with the higher Airy structures obtained in [Bor+18]. We conjecture that this set of W-constraints
equivalently characterises a certain r-KdV tau function called the r-Brézin—-Gross-Witten (r-BGW) tau
function, first studied in [MMS96]. This conjecture implies that the descendant potential of ©" is an
r-KdV tau function. Finally we prove this conjecture for r = 2 and r = 3, and discuss the case of r > 3
in detail, which we reduce to a single equation known as the string equation.

5.1. W-constraints. Let us start by recalling the notion of W-algebras. In general, we can associate to
any Lie algebra g a family W*(g) of vertex algebras called W-algebras, depending on a parameter k € C
known as the level. For a general construction of W-algebras as the semi-infinite cohomology of an
affine vertex algebra associated to g, see [FF90]. A standard reference to W-algebras and their represen-
tation theory is [Aral7].

Here we are interested in a very specific W-algebra — the algebra W*(gl,.) at the so-called self-dual level
k = —r + 1, and from this point onwards we work only at this level. An equivalent characterisation
of the self-dual level is that the central change ¢ = 1. A well-known presentation of this W-algebra is
constructed using the quantum Miura transformation [FL88] (also see [AM17, corollary 2.2]). The quan-
tum Miura transformation is an explicit embedding of W*(gl,) as a vertex algebra into the Heisenberg
algebra 8y(gl,) of rank r. At the self-dual level, the W-algebra is strongly freely generated by r fields
Ul(z), fori=1,...,7, and a basis of these generators is given by the elementary symmetric polynomials
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in the r generators of the Heisenberg algebra. A detailed study of the OPEs in this basis was carried out
in [Pro15], where it is called the quadratic basis.

In [Bor+18], these W-algebras were analysed thoroughly in the context of higher Airy structures, and the
above presentation was exploited to construct certain explicit representations of W¥(gl..) as differential
operators, and thereby find examples of Airy structures. For the reader’s convenience, we quickly
review some of the modules that were constructed in loc. cit.and refer the reader to [Bor+18, sections
3-4] for a complete discussion of the modules of interest.

The Heisenberg vertex algebra 8y(gl,) is constructed from the Cartan subalgebra h C gl,. of rank r.
As a vertex algebra it is defined to be freely strongly generated by r fields (sometimes called bosons),
denoted by x!(z)* fori =0,..., v —1:

Solgh) = (x°(2),...,.x" " '(2)) - (6.1)

We consider an automorphism o in the Weyl group of the Cartan subalgebra § that acts by cyclic per-
mutation

o’ xl— e e X0 (5.2)

This allows us to define a o-twisted S¢(gl,)-module structure on T := C((h))[t;, t2, t3,...] using the fol-
lowing assignment, where (3 is defined as a primitive r-th root of unity,

r—1 9
i 1 —ia T —K— T h 4 ‘e > O/
x(z=-3 B Y Tz ], T —{ ot (5.3)
a=0

kea/r+7 —et_g, t<0.

Here we are abusing notation to denote the field associated to the representation by x'(z) (which we
originally used to denote the generating fields of the Heisenberg vertex algebra). We will refer to the t;
as times, in anticipation of the relation to the times of the r-KdV hierarchy in the next section.

The quantum Miura transform embeds the W-algebra W¥(gl,.) into the Heisenberg vertex algebra 8 (gl,.)
as follows. As a vertex algebra W¥(gl,.) is strongly freely generated by the following fields

Ut(z) =r""te; (X°(2),...,.x" (=), i=1,...,r, (5.4)

where the e; denotes the elementary symmetric polynomials and the : : denotes the normal ordering of
the fields. The factor r~! is just a convenient rescaling. The above generators are obviously invariant
under the automorphism o and thus the W-algebra W¥ (g, ) is invariant under the action of 0. Thus,
we can restrict 7, which is a o-twisted 8y(gl,)-module, to an honest untwisted module of the W-algebra
Wk (gl,). We also denote this W*(gl,.)-module by T, and the fields U'(z) in the representation T as W'(z).
We assume that the fields W(z) have the mode expansion§

Wiz) =) Wiz %', i=1,...,7, (5.5)
kez

and in particular these W/ are differential operators in the times. Later, in subsection 5.2.2, we will give
a more natural interpretation of this representation from the point of view of the algebra 201 o.

An explicit expression for these modes W as differential operators in the times t; for i > 0 in the rep-
resentation 7 is easy to obtain using the state-field correspondence for twisted modules. We emphasise
that the state-field correspondence for twisted modules is different from the one for ordinary modules,
and one needs to use the so-called product formula to find the explicit expression of the modes. We
refer the reader to [Bor+18; BM13] for a detailed explanation.

The elements (Xi){;é form a basis of h with the bilinear form (x!,x3) = Sy
SThe definition of the modes of a field here differs slightly from the definition of the modes in [Bor+18] where they were
defined as W'(z) = Y ., Wiz ~*~1. Here we adopt the physics convention of shifting by the conformal weight. Notice that
this difference introduces some shifts in the conditions on the sums appearing in the explicit expression of the modes in the
sequel.
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Proposition 5.1 ([Bor+18, corollary 4.7]). The modes W, have the explicit form

[i/2] . i
: 1 : i! : ~
Wi D Voo 2 Y mapse el 1T T o)
im0 SIUTAS hez 12j+1

When j = 1/2, the condition ) | p\ = vk on the sum is interpreted as the condition &y . Moreover, the function
\y(j)(a2]‘+1, ..., 0q) is defined for every i > 1,0 <j < |i/2] and azj11,..., a3 € Z as the following sums over
r-th roots of unity:

4) 15 L ey T aimia
. . [ - 1d1
YO (agyin,.a) =5 ) [ (B pra )2 [] 8 , (5.7)
my,..mi=0 \l'=1 1=2j+1
myF#Emy s

where (3 is a primitive v-th root of unity as before.

For some examples of functions yi) (azj+1,...,ai) and some of their properties, we refer the reader to
[Bor+18, appendix A].

We do not recall the notion of Airy structures here for brevity (see [KS18; ABCO17; Bor+18]). We merely
note that in order to get an Airy structure, and thus the W-constraints associated to the r-Bessel spectral
curve that we studied in the last section, we need to perform a dilaton shift. The dilaton shift that we are
interested in here! is the following conjugation of the differential operators W:

Hi = exp <_(r]:_1l)h> L exp ((rli_ll)h> . (5.8)

Applying the Baker-Campbell-Hausdorff formula, this amounts to a shift T,rH — T,rH —1, and thus
we define

Tk = Tk — 5k,7r+1 . (59)
We write the differential operators H]ﬁ explicitly for i = 1, 2,3, 4. First of all, we have for any r > 2
H]1< = Trk ’
1 ~ o~ (r2—1)
Hi 2 Z (Y‘Srlpupz - 6T|P1+Pz) I hT‘Sk,O- (5.10)
P1,P2€Z
p1+p2=rk

In the above equation, we denoted with 8,4, 4, the function taking value one if r divides all a;, and
zero otherwise. When r > 3, the mode H; is given by

1 JORP (r—2)(1r2—1)~
H = I3 Z (TZ‘STIm,pzps =T Bripypaips + ) F2) Tp Jpafpat — hT]rk . (5.11)

P1,P2,P3EZ
P1+p2+p3=rk

The dots indicate other terms necessary to enforce symmetry under permutation. Finally for v > 4, we
have

4 _ 3 _ 2
Hy = Z (r Oripypapsps — T (5r|p1+pz,p3,p4 + )

P1,P2,P3,P4€Z
P1t+pP2+pst+pa=rk

+ r(‘sr\erpz,szrm +- ) + Zr(f’r\pﬁpzﬂvs,m +- ) - 6):]101]1)2]103]?4:

1 /(2 —1)(r—4 —6)(r* 1 7T
—h Z g <T(T1;(r)5r|p1,‘pz - ((r)l(zr) + <p1> <p2>>> :]‘PlI‘Pz:

P1,P2€Z
p1+p2=rk

(r=2)(r=3)(r*=1)(5r+7)

h2
* 5760

dro. (5.12)
Here (a) is the reminder of the Euclidean division of a by .

TIn the context of the higher Airy structures of [Bor+18, section 4.1], we are dealing with the case s = r — 1 in this paper.
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Using the formalism of higher Airy structures, it was proved in [Bor+18] that one can recast the Bouchard-
Eynard topological recursion as the unique solution to a set of W-algebra constraints. Let us make this
precise in our situation.

Theorem 5.2 ([Bor+18, theorem 5.27]). The following set of W-constraints
HLZ =0, forall k> —-1+2,1i=1,...,7, (5.13)

forms an Airy structure, and thus there exists a unique solution Z(h; t) of the form

ho—!
Z(h;t) =exp E .y E Fonlai, ... an] to, - - ta, |- (5.14)
g=0n=>1 " oape,an>0
2g—2+n>0

with the scalars Fgnlay, ..., an] symmetric in the entries a;. In addition, the scalars Fy  coincide with the ex-
pansion coefficients of the Bouchard—Eynard topological recursion correlators computed from the r-Bessel spectral

curve 8y:
n

dz;
Wonlzi,.ozn) = ) Fgnla,...,anl [[ 5 (5.15)
-zt
ai,...,an >0 i=1"
Notice that the scalars Fgn[ai, ..., an] vanish identically as soon as one of the a; = 0 (mod r) (as one
can see immediately from the identification in theorem 4.10). This is consistent with the constraint
HLZ = %MZ =0 for all k > 1, which implies that the 0 (mod r) times do not appear in Z.

We remark that the above result is a special case of theorem 5.27 of loc.cit. where, in the notations there,
wesets =1—1,® =1and Foi[—a]l = —84,r—1. Combining this result with theorem 4.10, we get the
main theorem of this section. First, let us define the descendant potential of the Theta class.

Definition 5.3. The descendant potential Z®" (h;t) of the CohFT @ is defined as

-1 n
T hgil B k;
or _
L° =exp E y E Jﬁ @\gln(v,11 ® @V, ) | I E ij T (ks + aj)!(r)taj+rkj
g=>0n>1 ag,..,an=1 gmn j=1%k; =0

2g—2+n>0
(5.16)

Remark 5.4. If we extend the definition of the O class to take values not only between1 < a; <1 —1,
but instead extend it to all a; > 1, we can express the descendant potential in a slightly cleaner form as

_ n
or h9 ! T
Z° =exp Z n! Z 05,V ® - ®Vva,,) H , (5.17)
2923,11210 ai,...,an >0 gmn j=1
g—2+n>

where again (a;) is again the reminder of the Euclidean division of a; by r. This is easy to deduce using
item 2 in proposition 2.3, and shows that the factors of (tk; + a;)!(") appear naturally. We would like to
thank A. Chiodo for pointing this out to us.

Theorem 5.5. The descendant potential Z®" is the unique solution to the following set of W-algebra constraints
Hi 79" =0, forall k> —i+2,i=1,...,1, (5.18)

where we recall that the differential operators Hi, were defined in equation (5.8).

Proof. The identification of the Bouchard-Eynard topological recursion on the r-Bessel spectral curve
in theorem 5.2 shows that the unique solution to the W-constraints is the Fy . of equation (5.15). In
theorem 4.10, we proved that the topological recursion correlators on the r-Bessel spectral curve are the
descendant integrals of ©". Thus, we have the identification,

n
FQ,TL [alr cecy an] = J’ ®£,T1 (Va1 ® Van H

ﬁg,n j=1

where all the a; > 0, and we are using the observation in remark 5.4. O
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Our goal is to interpret the above set of W-constraints as characterising a tau function of the r-KdV
hierarchy. To this end, we will consider a specific r-KdV tau function in subsection 5.3.1, and study its
Kac-Schwarz operators, which in turn will give us W-constraints that act by a constant on the associated
tau function. Before discussing integrability, we show that it suffices to find a very small subset of the
'W-constraints appearing in theorem 5.5: the r-th reduction condition and the string equation.

Proposition 5.6. Let Z(h;t) be a function of the form

h91
Z(h;t) =exp E o E Ognlay, ..., an] te, - ta, (5.19)
g=>0mn>1 " oage,an>0
2g—2+n>0

satisfying the following conditions.

i) SYMMETRY. The scalars ® g lay, ..., an] are symmetric in the entries a;.
ii) T-TH REDUCTION. There exist constants vy such that

HLZ=vZ, forallk > 1. (5.20)
iii) STRING EQUATION. There exists a constant y such that
H  ,Z=nZ. (5.21)

Then Z coincides with the descendant potential of the @ CohFT: Z = Z®".

Proof. We will prove that if a function satisfying the conditions of the lemma exists, it must satisfy the
full set of W-constraints appearing in theorem 5.2:

HizZ=0, forall k> —-i+2,i=1,...,7.

Once we establish this statement, the uniqueness part of theorem 5.5 implies the equivalence with the
descendant potential Z®".

Now, we assume that a function Z satisfying the conditions of the proposition exists. We can determine
the constants vy using the commutation relations of the W—"+1(gl,.) algebra. The following commuta-
tion relations can be derived using the OPEs found in [Pro15] or by direct computation. For any £ > 1,
we have

1 .
[Hon HR ] = —(r = 0+ DHI,
Applying the above operator to Z and choosing { =1, m =k > land n = —r + 2, we get

1 r—1

O:[Hl,HZHZ}Z:;H z for —r+2+k>—1+3.

—r+2+k =7

Thus, we see that H ! acts by 0 on Z for k > —r+3. Now, by applying the same procedure successively
(in decreasing order) to{ =1 —1,r—2,...,2, we see that

Hiz =0, forall k>—-i+2,i=1,...,r—1. (5.22)

Notice that the calculation for { = 2 forces the constants vy, = 0 for k > 1.

Finally, the only operators whose action we need to study are the Hj, for k > —r + 2. For this purpose,
we use the following commutation relations

1 —L+2)(r—0+1
[HZ, HY] = (m+n—tm)HS ,, + (m;_ >(r ki 2)(; - )Hf{in
T
(r—¢+1) gl f—1.
+f Z (m—l).HiHj :

itj=m+n
Applying the above operator to Z, choosing { = r, m = k > 0 and n = —r + 2, together with the
constraints (5.22), we find

0=[HLH o] Z=(k(1—7)—T+2)H  ,,, Z,  for —T1+2+k>-1+2.
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This proves the statement. 0

Thus, our goal is now to find a candidate KP tau function, study its associated symmetries using the
Kac-Schwarz formalism, and obtain the r-th reduction constraints H}, for k > 1 (i.e.r-KdV) as well
as the string equation H” . ,. This would prove that the descendant potential Z€ coincides with the

candidate r-KdV tau function. In the next section, we explain these concepts in detail.

5.2. KP and its symmetries. The Kadomtsev—-Petviashvili (KP) hierarchy is an infinite set of evolution-
ary differential equations in infinitely many variables. From the works of the Kyoto school [JM83],
the space of solutions of the KP hierarchy is an infinite-dimensional Grassmannian, which is usually
Pliicker embedded in a wedge-space. The Hirota equations, equivalent to the KP hierarchy, are then the
Pliicker relations defining the Grassmannian inside the wedge-space.

In this section we review the basic facts about the KP hierarchy from the Sato Grassmannian point-of-
view, and introduce the concept of Kac-Schwarz operators to describe symmetries of the tau functions.
We refer to [Alel5] for further details.

5.2.1. Fock space, free fermions and tau functions. Let V = z.Clz] & C[z!] be the infinite-dimensional
vector space of formal Laurent series in z~!, which comes with the natural decomposition V=V, &V_.
We define the fermionic Fock space §, or semi-infinite wedge space, to be the span of all one-sided
infinite wedge products

ZMNZRNANZBN L (5.23)
such that there exists a constant ¢ € Z, called the charge, for which k; — i = c for i sufficiently large,
modulo the usual relations

N ANZRAZR A = AL AR AR AL (5.24)

We call [0) =z Az! Az2 A--- the vacuum. Similarly, we call its dual vector in §* the covacuum, and
denote it by (0|. The charge defines a grading § = .., §c, and we call Fy the charge-zero sector of the
Fock space. In the following, we will be only interested in the charge zero sector.

Definition 5.7. Define the (big cell of the) Sato Grassmannian Gr as the set of all linear subspaces H C V
such that the projection p: H — V. is a linear isomorphism. The Pliicker embedding Gr — P is the
standard map sending a space H to the wedge product of a basis of H.

From the above definition, we see that a point in the Sato Grassmannian corresponds to a semi-infinite
wedge representative as

O NP, AND3N---, D eV=zClzleC[z ], (5.25)
where @;(z) = z\7!1 4+ O(z'72).
As in the finite-dimensional case, the Pliicker embedding is given by quadratic equations. In order to

express such relations in a compact form, let us introduce the free fermionic operators 1y, II)L, ke”Z
satisfying the usual anti-commutation relations and generating an infinite dimensional Clifford algebra:

{bi, b} =81, {bi, b} = {0, i} =o0. (5.26)

The operators _y and 1]);2 for k > 0 are called annihilation operators, while {_y and tb,t for k < 0 are
called creation operators. We can collect them in generating series, called fermionic fields:

P(z) =) iz, Wiz) =) vz~ (5.27)
kez kez
Define the action of the Clifford algebra on the Fock space by setting
i 0
ko0zkT

Ibk :Zik/\/ 11)
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Dually, we define the action of the Clifford algebra on §*. With respect to the vacuum |0), the operators
VP with k < 0 and 1]);2 with k > 0 are annihilation operators, while the operators ll)Tk with k < 0 and V¥
with k > 0 are creation operators.

For any element A of the Clifford algebra, we can define its vacuum expectation value (A) as (0|A|0).
Since the (right) action on the dual Fock space is the adjoint of the (left) action on the Fock space, there is
no ambiguity in the notation. The vacuum expectation value of a quadratic expression in the fermions
is given by

(b)) = B0, (W) = (bib}) =0. (5.29)

The quadratic equations for the Sato Grassmannian, also known as Hirota bilinear relations, can be stated
as follows.

Theorem 5.8. An element |w) € PFo belongs to the image of the Pliicker embedding of the Sato Grassmannian
if and only if

3€ P(z) |w) @ PT(z) |w)dz=0. (5.30)

Another important property of finite-dimensional Grassmannians is that the general linear group acts
transitively on them by changing the basis, making them into homogeneous spaces. A similar phenom-
enon occurs for the Sato Grassmannian.

The Lie algebra associated to such a group action is a central extension of the bi-infinite general linear
algebra, denoted gl(co). This algebra can be realised by considering normally ordered bilinear combi-
nations of fermions, sometimes referred to as bosons:

gl(00) = { Z ak,lilbkl';{:

klez

ax,1 # 0 for only finitely many values of k — 1 } , (5.31)

where :1|)k1,bJ{ :is defined as d)kll,)]{ — <1bk1bi>. Examples of elements in gA[(oo) are the bosonic currents,
which span a Heisenberg subalgebra:

Jn =hY2) bl i Jn] =AM 8mino. (5.32)
kez

Here we add a formal parameter h!/2 which can be viewed as an additional grading parameter, and
work over the field C((h!/2))."

By exponentiating elements of gl(00), we obtain the corresponding Lie group
GL(o0) = { eX ’ X € gi(oo) } (5.33)
with a natural action on §j.

Lemma 5.9. The GL(co)-orbit of the vacuum |0) is (the cone over) the image of the Pliicker embedding of the
Sato Grassmannian.

A bosonic description of the above theory is expressed in terms of tau functions. The bosonic coun-
terpart of § is the space C[t] of functions depending on an infinite set of auxiliary parameters t =
(t1,ty,...) called the times.

Definition 5.10. Define the boson-fermion correspondence as the linear isomorphism
So—CH,  lw)— (0l V]w). (5.34)
Here ], (t) = X o h ' ta]n.
' There are a couple of different conventions for the use of h as a grading parameter. Here we stick to the use of h as used in
the formalism of Airy structures [Bor+18; KS18; ABCO17]; one could replace h by 12, which would replace the ho-l by h29—2

in the descendant potential Z©".
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In this picture, a tau function of the KP hierarchy is defined as the image of an element of the Sato
Grassmannian under the boson-fermion correspondence. As such, it is well-defined up to a multiplica-
tion constant. The Hirota bilinear relations can be recast as bilinear relations satisfied by tau functions,
or alternatively as a collection of non-linear PDEs.

5.2.2. Symmetries and the 21, algebra. The boson-fermion correspondence allows us to translate the
infinitesimal symmetries of the Sato Grassmannian described in terms of bosonic operators of gl(co)
into differential operators that act as infinitesimal symmetries of the KP hierarchy on C[t].

Indeed, from the commutation relations of the bosonic currents we have

i) + :
<0| €]+(t)]n = {hat“ <O| e] (t)’ 1fTL>0,

—nt_, 0+, ifn<0.
As a consequence, for any operator W which is a combination of bosonic currents, there exists an oper-
ator W acting on C[t] such that

(5.35)

W (0] e)+®) = (0] ]+ Vw . (5.36)

For the bosonic currents, we have

(5.37)

5 _{hafn, ifn>0,
=

-—nt_,, ifn<o,
as was defined earlier in equation (5.3). With this identification, we can represent the transformation

given by the group multiplication in GL(00) in terms of the operators acting on the space of functions of
the times: if we denote by t¢ the tau function corresponding to the element G |0) via the boson-fermion
correspondence and W is an operator in gl(co) which is a combination of bosonic currents, then

Towg = eV (5.38)
An important subalgebra of 3 [(00), denoted 201, is the algebra generated by the elements
W™ = (M2 Res (271 (2) 2™ 0MD(2):) dz, mnezZ, m=0. (5.39)
z

More generally, we can associate to any element of the algebra of diffeomorphisms of the circle

d B
101400 = P <h1/2>
0z

a bosonic operator in 2014, by the following assignment: for a € 101,

a— Wq =h!? Rgg (271: P(z)apt(z): ) dz. (5.41)

oc,(sez,[s>0}, (5.40)

With this notation, W]((mﬂ) = W_pm/2,mingm. Moreover, the commutation relations of the operators
W, with the fermionic fields reads

Wa, ()] = —hZap(z),  [Wed'(2)] = —h12a i (2), (5.42)
where a* is the formal adjoint with respect to the inner product on C[z] defined by
(f,g) = Res (z~'f(z)g(z)) dz. (5.43)

In particular, one can check that 207, is a central extension of 11, i.e.
Wa, Wo | =Wiap) + Cap, (5.44)

where Cg 1 is an operator in the centre of 201 . In particular, we can see the existence of the Virasoro
subalgebra of 2014, of central charge 1. Consider the operators

1
L, = sz"(zhl/zaer“TH) = E Z :]a]b:/ nez. (545)

at+b=n
It is easy to see that they satisfy the commutation relations

2

h
(L L] = Rn = )Ly 35 (07 = )8y, (5.46)
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of the Virasoro algebra of central charge ¢ = 1.

Definition 5.11. Let H = span{®;, ®,,...} be a point in the Sato Grassmannian, and denote by T
the corresponding tau function. An operator a € w1, is called a Kac-Schwarz operator for T if the
corresponding point of the Sato Grassmannian is stabilised by a:

aH c H. (5.47)

The fundamental property of Kac-Schwarz operators is that they act as constants on the associated tau
functions [ASvM95; Alel5].

Proposition 5.12. If a € 01 is a Kac—Schwarz operator for T, then

Wyt =Cr, (5.48)
for some constant C.
Example 5.13 (r-KdV hierarchy). Consider a = z'; the corresponding operator W, acting on functions
of times is simply

0

ot,
The above proposition states that, if a point H in the Sato Grassmannian satisfies z"H C H, then the
associated tau function satisfies h->-t = Cr, or equivalently

/J\T:h

(5.49)

oty
i 9 log(t) =C (5.50)
ot g(1) =C. .
Since H is invariant under all powers of a, we obtain that the T function is of the form
T=en Tk @ktir /) (5.51)

for some constants ay and with 1’ independent of ty.. It is easy to check that T’ is still a KP tau function.
A tau function satisfying the above property is called a tau function of the r-KdV hierarchy (or r-th
Gel’fand-Dickey hierarchy).

5.3. r-KdV for the Theta CohFT. In this section, we first consider a specific T-KdV tau function called
the r-Brézin-Gross—Witten tau function and study the Kac-Schwarz operators associated to it. We then
study the associated W-constraints and compare them with the W-constraints characterising the descen-
dant potential of the Theta class. For r = 2 and 3, we obtain a complete match and thereby conclude
that the descendant potential Z®" is an r-KdV tau function.

5.3.1. The r-BGW tau function. The Brézin—-Gross—Witten (BGW) matrix model was introduced in the
’80s in the context of lattice gauge theory [BG80; GWS80]. Originally defined as an integral over the
space of unitary matrices, it can also be described as an integral™ over the space of N x N Hermitian
matrices. In this paper, we are interested in the following generalisation of the BGW matrix model first
studied by Mironov-Morozov-Semenoff [MMS96], depending on a integer parameter v > 2:

1 ml—r

ZmBGW(A) = = J e_hfl/z Tr(r(lfr) +/\M+h1/leog(M)) [dM]. (5.52)
N Jaty

We call the above model the r-BGW matrix model. Here Cy is an irrelevant normalisation factor, A is a
Hermitian matrix called the external field, and [dM] is the standard Lebesgue measure on Hn given by

NN
_~n [(N) ? ~
[dM] =22 (n) EdMl,lEd%(Ml,j) dI(Myj) . (5.53)
Notice that the r-BGW model is very similar to the matrix integral solution to two-dimensional W;,-
gravity [AvMO92] corresponding to the r-Witten-Kontsevich tau function for the r-KdV hierarchy. In-
deed, the m-BGW matrix model can be obtained by replacing r in the matrix model considered in
[AvM92] by —, together with the addition of the log factor.

“*We remark that the matrix models considered here are formal. That is, the matrix integrals are computed by Taylor expand-
ing the exponential of cubic and higher terms, then subsequently exchanging summation and integration.
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The r-BGW model is an instance of matrix models with an external field, which are known to define KP
tau functions for N — +o0 in the times given by the Miwa parametrisation

1
toi= TrA. (5.54)
See for instance [Alel5] and references therein. The tau function can be described as a point in the Sato
Grassmannian H = span{ @;, ®», ...}, where the formal power series ®; are the asymptotic expansions
of some integrals defined from the matrix model. In the case of the --BGW matrix model, we obtain the
following @;s.

Definition 5.14. Define the formal power series ®; as

Di(z) =e Sy (2, fori>1, (5.55)
where S(z) = —h~V/ 2% — 1log(z""), and the ¥; are defined via the integral representation
_ R
Wi(x) = hi/z—l/‘lij (R o) AW (5.56)
21t Jr wt

where I' is the Hankel contour.

In lemma 5.17, we prove that the ®; are formal power series that admit the right asymptotic behaviour
asz — oo:

®i(z) ~z" 1+ 0(z172). (5.57)
Thus, for the purposes of this article, we will take the tau function determined by H as the definition of
ZT—BGW.

Definition 5.15. Define the -BGW tau function Z"BSW(h;t) as the KP tau function associated to the
point H = span{ @1, @, ...} in the Sato Grassmannian.

Before studying the Kac-Schwarz operators associated to this KP solution, let us characterise the func-
tions ¥ as a solution of the following differential equation.

Definition 5.16. We define the r-Bessel quantum curve as the r-th order differential equation given by

d\"" d
(=1)"r (RY/2— xh!/2— —1|W¥(x)=0. (5.58)
dx dx
Lemma 5.17. For any v > 2, the r-Bessel quantum curve is solved by the function
_ wl—Tr
v —n A | ) (5.59)
2 Jr w

where T is the Hankel contour. Moreover, the function Y(x) and its (anti-)derivatives ¥; = (—h~1/2)i-1y(l—=1),
i € Z, admit the following asymptotic expansions as x — +00:

- wl—T . :
Yi(x) = h’l/‘lij e 2Rt —xw) d—w ~eSt?) (z‘fl + O(z“r)> , (5.60)
2m Jr wt
where x(z) = 2 and S(z) = —h~ /222 — Llog(z"1). The solution admitting the above asymptotic expansion

is unique.
Proof. Observe that

r—1
((—1)TT (hl/z(fx> Xhl/zd%c — 1) Y(x)

T
= (w/z(—l)frxd +RA =) (r = 1) —
dx”

— h—1/4\/TJ (war—l _ hl/zr(r _ 1)Wr—2 o 1) ehfl/z(rv(vll:r) _xw) dw
27 r w

= —hl/4r %J' di (wr_lehl/z(rv(v:; _XW)> dw=0.
r aw
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Hence, V¥ solves the ODE. The asymptotic behaviour of ¥; can be computed using the steepest descent
method (see for instance analogous computations in [CCGG22]). Uniqueness of the solution follows
from the fact that the ODE uniquely determines the coefficients of the asymptotic expansion. O

Observe that for r = 2, the above equation reduces to the modified Bessel equation of order zero after

the identification x = 272:

<hz2d2 + L z2> Y =0 (5.61)
dz? dz - ’

In particular, the functions W; (x)|y_,2 , coincide with the modified Bessel functions of the second kind,

up to a normalisation factor:
2 .
v, (;) L AT =La (h’l/zz) . (5.62)

In line with the above remark, the ODE from lemma 5.17 for general r can be thought of as a higher
Bessel equation, and the functions ¥; as higher Bessel functions.

5.3.2. Kac-Schwarz operators for the --BGW tau function. We would like to understand the Kac-Schwarz
operators that uniquely characterise the tau function. We start using the analysis done in [MMS96],
but the operators found there do not uniquely specify the tau function. While we are unable to find
Kac-Schwarz operators that uniquely specify the tau function and produce the W-constraints we are
looking for for general r, we do so for the cases 1 = 2 and r = 3. For r = 2, these were already derived
in [Alel8].

Recalling the identification x = x(z) = %, consider the following operators in 101 o,

d d d
A= B :=xh!'/2— C=h—x— 5.63
X x dx’ dx dx (5.63)
and the following conjugated forms of them
a=¢e SAeS = z ,
T
_ 1 d e r—1
b:=eSBeS = . (zh1/2dZ —z 1—h1/22) , (5.64)

& p2ord
z'=2 dz? zr-1 dz dz 4 =z
Theorem 5.18. Let Z"BSW pe the -BGW tau function. The following holds.

1 1 2 2— _121
c=e%Ce® = - ( nein _onrd +z*2+h(r)> :

e T-TH REDUCTION. The operator a is Kac-Schwarz for Z™BW. In particular, Z"BSW is a tau function
of the r-KdV hierarchy.

e CONSTRAINTS. The operators b and ¢ are Kac-Schwarz for Z™BW.

o UNIQUENESS. When r = 2 or 3 the operators a, b and c determine the tau function uniquely.

Proof. Let us prove first that H is stabilised by the operators a, b and c. Up to conjugation by e > and

the identification x = x(z), we can work with the operators A = x, B =xh'/?& and C = h&xL, and
the functions ¥;. This said, we find
\.l].
AY; = —T _{h¥; ;€ H,
T
using the relation

_ wl—r _ wl—T 71/2 1
di (eh l/z(r(llfr)ixw) 1) — eh 1/2(7'(1171')7)“/\)) <h _ v _hl/zx>
W

Wi ]«Wi+r Wi+1 wt

and then integrating by parts. This proves that a is Kac-Schwarz for T. For b, it follows from h'/2 L y; =

that
lyi—O—T—l

BY; = —AV; | = — +(i—1hY; € H. (5.65)
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The operator C acts as
lyi+r—2 - (
T

v, = i— DAY, (5.66)

and thus c is also Kac-Schwarz.
For the r-KdV statement, it follows from example 5.13.

Lastly, let us prove uniqueness for r = 2 and r = 3. For r = 2, we have
2C-1)v¥; =0,

and thus the operator C determines ¥; uniquely. The other ¥; for i > 2 are determined by applying
B to ¥; thanks to equation (5.65). Thus all the ®@; for 1 > 1 are uniquely determined. As for r = 3, we
instead use

(-3BC—-A)¥; =0,
which determines ¥; uniquely. Now applying C repeatedly to ¥; determines all the other ¥; for i > 2
due to equation (5.66), and hence all the @; for i > 1 are uniquely determined.

Note that in both cases the equation determining ¥; uniquely is the quantum curve. O

5.3.3. From 21+ to W TH1(gl,). The Kac-Schwarz operators obtained in theorem 5.18 translate im-
mediately to W-constraints on the r-BGW tau function, and we would like to compare them with the
W-constraints characterising the descendant potential Z®" of theorem 5.5. The former W-constraints are
obtained from a representation of the W, algebra, while the latter are obtained from a representation
of the W—""1(gl,)-algebra. Thus, we need to understand the relation between the two.

The algebra 20, which is the central extension of the Lie algebra of diffeomorphisms of the circle,
admits the structure of a vertex algebra with Virasoro field of central charge ¢ = 1 [FKRW95]. We have
already observed the existence of this Virasoro subalgebra in equation (5.46). Moreover, loc.cit. proves
the following isomorphisms as vertex algebras

Wiioo =W(gl) = 8p(gh). (5.67)

In general however, we can consider different central extensions of tv1, with correspondingly different
central charges ¢ € C, which we denote by 207, . When c is an integer r > 1, [FKRW95] proves the
following isomorphism of vertex algebras

oo =W (gl,), (5.68)

where we recall that W—"+1(gl,.) also has central charge ¢ = r. For more details on this isomorphism
(and an extension to arbitrary central charge ¢ € C) we also refer the reader to [KL19].

Our main focus is not on the central extension 20, ., we considered so far, but rather on the central
extension 27,  for v > 2. We are interested in a specific representation of this central extension 207, .
The best way to present this representation of 27,  seems to be the following [FKN92]. Consider the

Lie subalgebra of w1, generated by the following elements,

d B
T { o ("("‘)“ (v 5) ) ez b0 } o
where we recall the notation
_z “12% 1 1
x(z) = o S(z) =—h —1 "3 log(z"1). (5.70)

Then consider the Lie subalgebra of 201, generated by the associated elements using the map (5.41).
More precisely, define

Mt = Walaemi, ). (5.71)
Then M7 is a representation of 207, _, and using the isomorphism (5.68) we obtain an induced rep-
resentation of W~""1(gl,). It is proved in [FKN92] that this induced representation of W~"+1(gl,.) coin-
cides with the one that we considered in subsection 5.1 using the twisted representation of the Heisen-
berg algebra 8y (gl,) in the context of higher Airy structures [Bor+18].
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Let us describe the isomorphism (5.68) in more detail:

T — W (gL,

1+k (3,1/2 1 k+1 1/2 i (5.72)
—z" (!0 ) — g Re Res z Z +h!/29 ) tz2):].
The fields appearing in the right-hand side of the above equation
1+1 1/2 . —
U - le ( 2)+h a) i2):, o0<l<r—1, (5.73)

form a set of strong generators for the W—+1(gl,.) vertex algebra. Let us compare them to the generating
fields U'*!(z) which are defined as elementary symmetric polynomials (5.4). For the first few generating
fields we get

U'(z) = U'(2),
~ 1 ~ 1~ ~
U2 (z) = —U2(z) + E’nl/zaul(z) + E:ulu1 (z), (5.74)
~ ~r 1.~ ~i~ 1~~~ 1~ ~
U3 (z) = U3(z) — h!/20U? + gha2u1(z) —u'u?:(z) + g:ulululz(z) + Ezulhl/zaulz(z) .
Using this, we can express the operators W of equation (5.6) in the representation M,  (or equiv-

alently appearing in the higher Airy structure based on the representation T) as W-algebra operators
corresponding to Kac-Schwarz operators.

1

—T—kHl =Wy,
I o _w 1 —~ =
rkﬁHk = Wak(b+%) + E Z 'Waklwakz .
ki+ko=k
1 3 oS —~ ~ (5.75)
_@Hk = Wakticq (ki 1)akbt L (k42) (kt1)ak T Z Waa W 4, (b+#>:
ki+ko=k
1 —_ o~ —~
+ = Z :Waklwakz Wak3 .
ki+ko+ks=k

As a sanity check, it is straightforward to see that the modes W« (y, 11 generate a Virasoro subalgebra
of central charge ¢ = r. We have also verified equation (5.75) by direct computations of the required %
operators and comparison with the H}, (5.8).

Remark 5.19. We note that the conjugation by the summand —h /22— " of S(z) of the Kac-Schwarz
operators corresponds precisely to the dilaton shift in the definition of the H} in equation (5.8).

5.3.4. Equivalence between r-BGW tau function and the descendant potential Z®". We are ready to formulate
the following conjecture that can be viewed as a “negative spin” version of the Witten r-spin conjecture.

Conjecture 5.20. The descendant potential Z®" of the O class coincides with the -BGW tau function, and thus
is a tau function for the r-KdV integrable hierarchy.

To recap, let us discuss the necessary steps to prove this conjecture. We know that Z®" satisfies a set of
'W-constraints that characterise it uniquely. What we do not know yet is the existence of a r-KdV tau
function that also satisfies the exact same constraints. Our conjecture is that the --BGW tau function
does satisfy these constraints.

Proposition 5.21. Conjecture 5.20 is equivalent to showing that the string equation holds, i.e.,
H:r+2 ZT-BGW — LLZT_BGW , (576)

for some constant p € C.
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Remark 5.22. We can view the above equation as specifying the initial condition for the time evolution
of the integrable hierarchy, and in this sense can be considered as a string equation in analogy with
the r-Kontsevich-Witten tau function. This is a consequence of the form of the operator H” _,. In the
grading of Airy structures, we have

0
T =h_— 2 77
2 =g +00), 577)

and thus H” __, controls the dependence on the time t; of the solution.

Proof. First, we note that Z™8SW admits a genus expansion of the form (5.19). Indeed, from the full
asymptotic expansion of the basis vectors @;(z) derived in [AD22, Section 4.1], we deduce that taking
h — 0 gives us the point z° A z! A z2 A - on the Sato Grassmannian. This point is the origin of the
Sato Grassmannian and the tau function at this point is identically 1. Taking into account the additional
rescaling of the times in our definition of the boson-fermion correspondence by h~!/2 in Definition 5.10,
this implies that Z™BSW admits a genus expansion:

o1
Z(h;t) =exp E E Ognlar,...,an] te - - ta,
n!
g=>0n>1 ai,...,an >0
2g—2+n>0

Then, thanks to proposition 5.6, we know that showing
Hi z7BOW — , ZzmBOW, forallk >1, and H,, ZTPOW = | 7 BeW) (5.78)

for some constants vy, it € C immediately implies that Z™BSW satisfies all the required W-constraints.

The first condition that H} acts by a constant follows directly, as Hi. = —r*Wi from equation (5.75)
and a¥, for k > 1, is a Kac-Schwarz operator. [l

For r = 2, the full Virasoro constraints including the string equation were proved by [GN92; Alel18].
Alexandrov’s proof in [Alel8] uses the formalism of Kac-Schwarz operators and thus the following
proof is identical to his. While we are unable to prove this string equation for any r > 3'', we prove it
in this paper for r = 3 to obtain one of our main results.

Theorem 5.23. When v = 2 or 3, the descendant potential of the © class coincides with the v-BGW tau function
of the r-KdV integrable hierarchy.

Proof. Proposition 5.21 shows that we only need to prove the string equation.

For r = 2, the string equation is given by
H% ZZ-BGW — ]JZZ-BGW .

In theorem 5.18, we showed that a and b are Kac-Schwarz operators. Thus the associated W-algebra
operators act by a constant on the tau function. By equation (5.75), we see that Hj also acts by a constant.

For r = 3, the string equation is given by
H3 | Z3BGW — |, 73BGW |

Again from theorem 5.18 we know that a, b and c are Kac-Schwarz operators. Thus, the form of H3 1 in
equation (5.75) immediately gives the string equation. O

The statement of the theorem above for r = 2 was conjectured by Norbury [Nor22a] where it is verified
up to O(R7).

HWe also note that while [MMS96] sketches an argument to prove the string equation is true for any r, there is a gap in the
proof there that we were unable to resolve.
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We leave the proof of the string equation in general, equivalently the r-KdV conjecture 5.20, to future
work. Instead of finding a Kac-Schwarz operator that corresponds to the operator H”  ,, an alternative
approach to proving the string equation is to use the Ward identities for the --BGW matrix model.

6. FUTURE WORK

In this section, we discuss a few of the many research directions that naturally arise as a consequence
of our work. We have discussed a few of these already in the text.

o GENERAL s. There is an obvious extension of our work to the case of general s. As we have
already discussed in remark 2.10, we can construct a CohFT ©™° for —r + 1 < s < —1 with the
modified unit v, 5, by taking the top Chern class of the vector bundle V{5, up to a normalisation
factor. We can also construct analogous deformations ©™*¢ that form CohFTs. We expect that
we can also apply the Teleman reconstruction theorem in order to obtain an expression for the
deformed class ©™* € in the tautological ring, and that the topological recursion on the following
spectral curve on P! computes the descendant integrals:

le, de
(z1 —22)?°

x(z) =z" —rez, y(z) =—2°%, woplz1,22) =

We have already computed all the necessary ingredients for this identification in this paper.
However, the limit € — 0 does not commute with the topological recursion in this case (for a
detailed discussion, see [Bor+]). Thus, we do not know if the descendant potential of @™* is
the unique solution to a set of W-constraints, and/or if it coincides with a tau function for the
1-KdV hierarchy. Complementarily, this means that the question posed in [Bor+18] regarding
the CohFT interpretation of the correlators of the admissible (r, s)-spectral curve for r = +1
(mod (s+71))and —r+1 < s < —1,

z" s le ’ de

x(z) = T U(Z) =—-z, wO,Z(ZLZz) = m/

is still wide open for any s # —1. We have checked that the descendant integrals of @™ do
not coincide with the expansion of the correlators for low (g,n). The partition function of the
topological recursion for this curve on the other hand is the unique solution to a set of W-
constraints. We find both of these to be very interesting questions and we will return to them in
the future. We remark that, for s = —r + 1, the equivalence between W-constraints and r-KdV
was recently proved by Yang and Zhou [YZ22]. However, no enumerative description of the
associated tau function is known yet.

o INTEGRABILITY CONJECTURE. We have reduced conjecture 5.20 to a string equation for the r-
BGW tau function

-BGW -BGW
H:T+2 Zr =K ZT 7

and proved it for r = 2 and 3. For general r > 4, one approach is to find a Kac-Schwarz operator
s such that

W, = H1r+2 .
We hope to address this question in future work.

o COMPARISON TO PIXTON’S RELATIONS. The relations that we have derived by our analysis of
the deformed Theta class in corollary 3.20 deserve further investigation. It is an interesting ques-
tion to ask whether these tautological relations are implied by, or even equivalent to, Pixton’s
relations [Pix13; PPZ15].

e GENERALISED KONTSEVICH GRAPHS. In [BCEG21], a proof of topological recursion for the
Witten r-spin intersection numbers was presented in terms of a Tutte recursion for generalised
Kontsevich graphs, which in turn can be interpreted as Feynman graphs for r-Witten—Kontsevich
matrix integral. It would be interesting to get an analogous description for the r-BGW integral.
Additionally, this could lead to another approach to prove conjecture 5.20.
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e A COMBINATORIAL MIRZAKHANI IDENTITY. For the special case v = 2, the aforementioned
Feynman graphs are nothing but metric ribbon graphs. The associated moduli space is isomor-
phic to the moduli space of curves and it carries a natural symplectic form which corresponds
to a specific combination of \-classes. In [And+20], a proof of the Witten—-Kontsevich recur-
sion is derived from integrating a combinatorial analogue of Mirzakhani’s identity. Is there a
similar combinatorial description for the moduli space of super Riemann surfaces in terms of
super metric ribbon graphs? If yes, is it possible to give a new proof of the topological recursion
obtained in Theorem 5.5 for the descendant integrals of the Theta class by integrating a super
combinatorial Mirzakhani identity?

APPENDIX A. INTEGRALS OF AIRY FUNCTIONS AND SCORER FUNCTIONS

In this appendix, we consider the coefficients P, (v, —1) and Hy(r, a) that we encountered in the calcu-

lation of the translation in section 4. The polynomials P, (r,—1) appear in the asymptotic expansion

of an integral of the hyper-Airy function (4.13), while the coefficients for the case r = 3 appear in the

asymptotic expansion of the Scorer functions. The following lemma generalises to higher r the relations
t

Ai(s)ds + Ai(t) J Bi(s)ds,

0

. . (A1)

Hi(t) = Bi(t)J Ai(s)ds — Ai(t)J Bi(s)ds,

—00

+oo

Gi(t) = Bi(t) J

t

between the Airy functions Ai and Bi, and the Scorer functions Gi and Hi. We do not study the above
relation directly, but merely the one appearing by taking the asymptotic expansion on both sides.

Lemma A.1. The following relation holds:

O D D M R e D ke R E) (A2)

eirt
a,b>0 1,620
a+b=r—-2 i+ (r—1){=m

with the convention that P;j(r,a) =0 for j < 0.

Proof. Denote the right hand side of equation (A.2) by Qm(r,—1). In order to prove Py (r,—1) =
Qm(r,—1) for all m, let us proceed by induction. The base case Py(r,—1) = Qo(r,—1) = 1 is easy to
verify. Assume now P,_i(r,—1) = Qm_1(1,—1). Recall that the coefficients P;(r, a) are defined recur-
sively by

Pi(r,a)—Pj(r,a—=1)=r(j—3—2)Pj_a(r,a—1), fora=0,...,7—2,

P)(TIO) = P]‘(T',T— 1)/
with initial condition Py = 1. We can now expand the definition of Qu (1, —1) by using the recursion

relations:

::S a,b

Quin—1)= 5 5 gl )

ot
a,b>0 1,020
a+b=r—21i+(r—1)=m

_ Z Z (1 _ ‘r)b+(r_1)eMT ('L —b— % — ajl) Pi*b*l (T, (1) .

et
a,b>0 1,20
a+b=r—21i4(r—1){=m

:STa'b

We can now combine the terms S,_1 v+1 with T, ,, with the convention that the indices are considered
modulo (r — 2). We start by considering the extreme case (a, b) = (0,7 — 2). We have
0)!
Seao= Y a—nrep ),

gt
1,00
i (ro1)t=m
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and on the other hand

oy (T =201
= 3 0= - P (0
00 :
'+(r171]€:m
— 1 —2+4(r—1)¢ (T€+T—2)' )
=r(m—3) i%@ (1—=m)r Tt P (r,0)

it+(r—1)t=m

B 41 —2)!
T Z (1— T)(T 1)(e+1) (K'#) (r({Z +1) — 1)Pi—r+1 (r,0).
= '
i+(rlfl>)%:m

By performing the shift (i,£) — (i + (r —1),{ — 1) in the second sum, we obtain S,_, expect for the
term corresponding to (i,£) = (m,0), that is Py, (r,0):

Toa=rm—3 Y w2 0T 0) 45, 00— Puir,0).
o De=m
All together, we find
Sr20—Tor2=Pm(r,0)—r(m—-1%) Y  (1- T)FZHFWWPi—rH (r,0).
o De=m

The computation for (a, b) # (0, r — 2) is simpler, as one can simplify the expression to
1y (P€+Db)!
Sa—1b+1— Tap = —T(m—3) Z (1—r)°rlr WTB)

1,00
it (r—1)e=m

Pi_pii(r,a).

All together, we find
r—1)¢ (Te + b)'
Qm(r,—1) =P (1,0) —1(m — 1) Z Z (1—r)b+(=D L

a,b>0 1,020
a+b=r—21i+(r—1){=m

Pi_pia(r,a).

To conclude, by shifting i — i — 1, we recognise Qm—_1(r, —1) which equals Pr,_;(r, —1) by induction
hypothesis:

Qm(r,—1) =Py (r,0) = 7(m — %)mel(r/ —1) =P (1, 1),
where in the last equality we used the recursion relation defining P, (1, —1). O
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