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Abstract

The main theorem of this PhD thesis states the following: the genus 0 coefficients of the quantum Witten-
Kontsevich series defined by Buryak, Dubrovin, Guéré, and Rossi are equal to the coefficients of the
polynomials defined by Goulden, Jackson, and Vakil in their study of double Hurwitz numbers. We also
prove several other results on the quantum Witten-Kontsevich series.

The classical Witten-Kontsevich series is a generating series of intersection numbers on the moduli
spaces of stable curves. The Witten conjecture, proved by Kontsevich, asserts that this series is the
logarithm of a tau function of the KdV hierarchy. In 2016, Buryak and Rossi introduced a new way to
construct quantum integrable hierarchies, including a quantum KdV hierarchy. Buryak, Dubrovin, Guéré
and Rossi then defined quantum tau functions, one of which is the quantum Witten-Kontsevich series.
This series depends on two parameters: the genus parameter ¢ and the quantization parameter h. It
reduces to the Witten-Kontsevich series when we plug = 0.

One-part double Hurwitz numbers count non-equivalent holomorphic maps from a Riemann surface of
genus g to P! with a prescribed ramification profile over 0, a complete ramification over oo, and a given
number of simple ramifications elsewhere. Goulden, Jackson and Vakil proved that these numbers are
polynomial in the orders of ramification over 0. We show that the coefficients of these polynomials are
equal to the coeflicients of the quantum Witten-Kontsevich series with ¢ = 0.

In Chapter [I| we present the setting of the classical and quantum integrable hierarchies that we will
use. We also present the construction of classical and quantum tau functions.

In Chapter [2) we present the moduli spaces of curves ﬂg,n and their tautological rings. We briefly
review the Witten conjecture. Then we introduce the double ramification cycle and discuss various methods
for computing it. This cycle is needed to define the Hamiltonians of quantum integrable hierarchies.

In Chapter [3| we present the quantum KdV hierarchy and some of its properties. We then define the
quantum Witten-Kontsevich series as a particular quantum tau function of this hierarchy.

In Chapter [4] we introduce Hurwitz numbers. We first present a remarkable link between the quantum
KdV hierarchy and the cut-and-join equation. Then we introduce the so-called one-part double Hurwitz
numbers. Their relation with the quantum Witten-Kontsevich series is the main result ot this thesis.

In Chapter 5 we present Eulerian numbers. These numbers appear in the computations of the coeffi-
cients of the quantum Witten-Kontsevich series. Their properties are crucial for our proofs.

In Chapter [0} we formulate and prove our main theorem and other results on the quantum Witten-
Kontsevich series.

Keywords: moduli space of curves; classical and quantum integrable systems; deformation quantization;
Hurwitz numbers; Eulerian numbers.



Résumé

Le théoréme principal de cette thése établit le lien suivant : les coefficients de genre 0 de la série de
Witten-Kontsevich quantique définie par Buryak, Dubrovin, Guéré et Rossi sont égaux aux coefficients
des polynomes définis par Goulden, Jackson et Vakil dans leur étude des nombres de Hurwitz doubles.
Nous prouvons aussi d’autres résultats concernant la série de Witten-Kontsevich quantique.

La série de Witten-Kontsevich classique est une série génératrice de nombres d’intersections sur les
espaces de module des courbes. La conjecture de Witten, prouvée par Kontsevich, affirme que cette série
est le logarithme d’une fonction tau de la hiérarchie de KdV. En 2016, Buryak et Rossi ont introduit
une nouvelle fagon de construire des hiérarchies intégrables quantiques, ils ont en particulier construit
une hiérarchie de KdV quantique. Buryak, Dubrovin, Guéré et Rossi ont ensuite défini des fonctions
tau quantiques, I'une d’entre elles est la série de Witten-Kontsevich quantique. Cette série dépend de
deux paramétres : le paramétre de genre € et le paramétre quantique h. Elle se restreint a la série de
Witten-Kontsevich lorsque 1’on substitue A = 0.

Les nombres de Hurwitz double polynomiaux comptent le nombre d’applications holomorphes non
équivalentes d’une surface de Riemann de genre g a P! avec un profil de ramification fixé au dessus de
0, une ramification compléte au dessus de oo, et un nombre donné de ramifications simples au dessus de
PY\ {0,00}. Goulden, Jackson et Vakil ont prouvé que ces nombres sont polynomiaux en les ordres de
ramification au dessus de 0. Nous montrons que les coefficients de ces polyndmes sont égaux aux coeffi-
cients de la série de Witten-Kontsevich quantique avec € = 0.

Dans le Chapitre |1}, nous présentons le cadre des hiérarchies intégrables classiques et quantiques que
nous utiliserons. Nous présentons aussi la construction des fonctions tau classiques et quantiques.

Dans le Chapitre [2, nous présentons les espaces de module des courbes ﬂg,n et leurs anneaux tau-
tologiques. Nous présentons briévement la conjecture de Witten. Ensuite, nous introduisons le cycle de
double ramification et discutons de quelques méthodes pour le calculer. Ce cycle est nécessaire pour définir
les hamiltoniens des hiérarchies intégrables quantiques.

Dans le Chapitre [3] nous présentons la hiérarchie de KdV quantique et quelques-unes de ses pro-
priétés. Nous définissons ensuite la série de Witten-Kontsevich quantique comme une certaine fonction
tau quantique de cette hiérarchie.

Dans le Chapitre 4] nous introduisons les nombres de Hurwitz. Nous présentons d’abord un lien
remarquable entre la hiérarchie de KdV quantique et I’équation de cut-and-join. Ensuite, nous introduisons
les nombres de Hurwitz doubles polynomiaux. Leur relation avec la série de Witten-Kontsevich quantique
est le résultat principal de cette thése.

Dans le Chapitre[5] nous présentons les nombres Eulériens. Ces nombres apparaissent dans le calcul des
coefficients de la série de Witten-Kontsevich quantique. Leurs propriétés sont cruciales pour nos preuves.

Dans le Chapitre [6] nous formulons et prouvons notre théoréme principal ainsi que d’autres résultats
sur la série de Witten-Kontsevich quantique.

Mots-clefs: espace de module des courbes; hiérarchie intégrable classique et quantique; quantification
par déformation; nombres de Hurwitz; nombres Euleriens.
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Chapter 1

Classical and quantum integrable
hierarchies with their tau functions

1.1 Introduction

We first review classical integrable systems on a finite dimensional manifold. We then define some inte-
grable systems on an infinite dimensional space called the loop space. The approach is formal, we define
formal objects that mimic the finite dimensional description of integrable systems. We also define the
tau functions associated to such integrable systems. We then use deformation quantization to define a
quantization of integrable systems on the loop space. By analogy with classical integrable systems, we
introduce quantum tau functions.

1.2 Finite dimensional integrable system

1.2.1 Poisson structure
Definition 1. Let P be a smooth manifold. A Poisson structure on C* (P) is a Lie bracket
{,-}: F(P)x F(P)— F(P)
(f;9) = {f.9}

that satisfies the Leibniz rule {f,gh} = {f, g} h+ g{f, h}.
A manifold P endowed with a Poisson bracket is a Poisson manifold.

Let (xl, ey x") be a system of local coordinates on P. In these coordinates, the Poisson structure
reads af o
- i -
1<ij<n
where 7% satisfies 7% = —7J% (antisymmetry) and Yo, (%7;] ok + %7;]? 7t 4 %T;T 7SI ) =0 (Jacobi iden-
tity).

10



Definition 2. A Poisson structure is non degenerate if 7 (x) is invertible for every = € P.

Example 3. On R?, denote by (q,p) the system of canonical coordinates. Let f, g € C*® (Rz), a Poisson
structure is given by

According to Darboux’s theorem, any non degenerate Poisson structure on R? locally looks like this one.

1.2.2 The Hamilton equation

Definition 4. A Hamiltonian system is the data of a Poisson manifold with the choice of a function
h € C*° (P) . The function h is called the Hamiltonian of the system.

A Poisson bracket defines an morphism

®:C>®(P) =T (TP)
h— Xp, = {-h}

which satisfies [Xp, Xg] = — X3, g3-

Definition 5. Let (P, h) be an Hamiltonian system. The vector field X}, is the Hamiltonian vector field
of the system. It defines a first order differential equation called Hamilton’s equation:

dp - 0
— =X ={z ht —
o = Xn) = {2 (). h} 5,
where (xl, el :z:”) is a system of local coordinates on P and ' (p) is the ith coordinate of p € P.

A Hamiltonian system is used to describe the evolution of a physical system. The points of P represent
the physical states of the system. In the physics terminology, P is called the phase space. The solutions
of the system are given by the flow of X}. Its trajectories describe how the physical system evolves along
time.

Example 6. Consider one particle evolving in R. The physical state of the particle is described by the
its position ¢ and its momentum p. The space of states is then R? and we denote by (g, p) the system of
canonical coordinates. We endow this space with the Poisson bracket of Example |3l Let h: R? — R be a
smooth function, then the equation of motions are

11



A remark towards deformation quantization

Solving Hamilton’s equations is equivalent to solving

Y = Xu(f)=1{f.h}, forany f €C®(P).

Indeed, by applying this equation to f = x?, where 2 is a local coordinate, we recover Hamilton’s equations
in coordinates. Conversely, let (¢,p) — p () be the flow of X} on P. The unique solution f* of % ={f,h}

starting at f is given by f (p (t)).

Hence, the solutions of a Hamiltonian system can be view in two equivalent ways : (i) the flow
(t,p) — p(t) of X} on the manifold P itself ; (ii) the flow (¢, f) — f* on the space F (P) of functions on
P, satisfying f* (p) = f (p(t)) . The first point of view describes the evolution of the states of the system.
The second describes the evolution of quantities (e.g. position, components of the angular momentum...).
Deformation quantization uses the second point of view.

1.2.3 Arnold-Liouville integrable systems

1.2.3.1 Conserved quantities

In physics, a function f € C® (P) corresponds to a measurable physical quantity. For example, the
Hamiltonian function h measures the energy of the Hamiltonian system and the points of h~! (E) are the
physical states of energy E. The time evolution of a physical quantity f is given by

d

if _

Definition 7. A conserved quantity of the Hamiltonian system (P, h) is a function f € F (P) such that

df B

In other words, f is a conserved quantity if it is constant along the trajectories of Xj.

1.2.3.2 Integrable systems

Definition 8. A Hamiltonian system (P, h) on manifold P of dimension 2n with a non degenerate Poisson
bracket is integrable if there exists n conserved quantities hy := h, hs, ..., hy in involution

{hi,hj} =0
such that the their differentials are linearly independent.

In this case, the following theorem shows that the equations of motion are particularly simple.

12



Proposition 9 (Arnold-Liouville, [Arnl3|). Suppose (P,h = hi,...,hy) is an integrable system. Fizx
E = (Ey,...,E,) € R". Suppose Mg = {x € P|h; (z) = E;} is compact and connected. Then Mg is
diffeomorphic to the torus T™ = {(¢1,. .., ¢n) mod 2w}. Moreover, Mg is invariant under the flow of Xp,
and the motion on Mg is given by

do;

dt
for some constants w; (E) € R, with 1 <1i < n.

1.3 Integrable systems on the loop space and their tau functions

1.3.1 A formal poisson structure on the loop space

We define an algebra of formal functions and a Poisson structure used to give a formal Hamiltonian
presentation of partial differential equations such as the Korteweg-de-Vries (KdV) equation

2
?;Z = udyu + %ﬁiu

The intuitive idea behind the following construction is to describe such an equation as a vector field
on the space P of loops u : S' — C. We suppose that these periodic maps have a Fourier transform
u(r) = ez pa€'™®, this gives a system of coordinates {p,,a € Z} on P. We define an algebra of power
series in the coefficients p, and interpret it as the algebra of functions on P. The loop space P is not
properly defined but we only need an algebra of functions and a Poisson structure in order to decribe
partial differential equation such as the KdV equation.

Definition 10. Let F (P) be the algebra C [pso] [[p<o, €]], where the indeterminates pq (resp. p<o) stands
for pe, with a € Z~q (resp. a € Z<y).

The formal parameter € is not necessary to write the equations, however it will be convenient in the
study of tau functions.

As in the finite dimensional case, a Poisson structure on F (P) is a Lie bracket on F (P) that satisfies
the Leibniz rule.

Definition 11. A Poisson structure on F (P) is given by
{Pa: P} = iadats0,
and we extend it to F (P) by the Leibniz rule.
Let f,g € F (P), we obtain the following expression for the Poisson bracket

of 0
(fogp =Y ia 2l %9
a€Z

Opa Op—q ‘

13



Let f € F (P), the Hamilton equation associated to f reads in coordinates %‘1 = {pa, [} ,where a € Z.
To obtain the Hamilton equation on u(z) =) ., pee’®”, we combine these equations

Ou ar
E - {pa,f}e .

In order to write the Hamilton equation as a polynomial in u and its derivatives, as for the KdV
equation, we have to make a particular choice of Hamiltonians. These Hamiltonians are expressed in term
of differential polynomial.

1.3.2 Differential polynomials

We give two equivalent definitions of differential polynomials and explain how to identify them.
Notation 12. From now on, we adopt the notation ugs = d3u with s > 0

Definition 13. A differential polynomial is an element of A := C [ug, uq, .. .] [[¢]].

Definition 14. Let d be a positive integer. Let (¢o,. .., ¢q) be a list where
ok (a1,...,ar) € Clay,...,ar][[€]] is a symmetric polynomial in its k indeterminates aq,...,a; for 0 <
k < d. The formal Fourier series associated to (o, ..., Pq) is

d
d)(l‘)zz Z Z qbk (al"“7ak)pa1'--pak eixAEJ:(P) [[e_ix,em]].
A€Z \ k>0 ali..,akeZ
a;=A

The set of formal Fourier series associated to any d € N and any (¢, ..., ¢q) is an algebra that we denote

by A.
Lemma 15. The algebras A and A are isomorphic.

Proof. By substituting the formal Fourier series us (z) = Y,z (ia)® pae™™, with s € N, of u and its
derivatives in a differential polynomial, we obtain an element of A. By this application, the differential
monomial ug, ... us, yields the formal Fourier series associated to ¢y, (a1, ..., a,) = % Eo_esn ajl(l) ...a’

o(n)
and ¢; = 0 if § # n.

The element of A and of A will be called differential polynomials. When precision will be needed,
we will refer to the elements of A as Fourier series associated to a differential polynomial. In the rest of
the text, we will mainly use the notation A to refer to differential polynomials and Fourier transform of
differential polynomials.

Definition 16. The derivative J, of a differential polynomial ¢ is the differential polynomial obtained by
multiplying the A-th mode of ¢ by A.

The integration along S* of a differential polynomial ¢ is the 0-th mode of ¢. We denote by [q, ¢ () dz =
¢ this integral.

The primitive of a differential polynomial ¢ is a differential polynomial ¢ such that 0,1 = ¢.

14



Poisson structure and differential polynomials

We deduce from the definition of the Poisson structure the following lemma.

Lemma 17. Let ¢,1 € A, then B
{¢. 90} € A

Moreover, the constant term vanishes

{o0}| _ =0

Remark 18. The Poisson bracket of differential polynomials has the following expression in the variables u:

(07} = 3 (1 g

)
(7 u
r,s>0 0 T 0 s

where 0, = > ;5 ui+1%. The classical integrable hierarchies are mostly presented in the variables w.
However, the variables p offer a direct way to quantize such systems.
1.3.3 The Hamilton equation
From now on, we will only use Hamiltonians that are obtained by integration of a differential polynomial.
Definition 19. Let h € A. The Hamilton equation associated to the Hamiltonian h € F (P) is
ou —

5= S oy

a€Z

The differential polynomial A is called Hamiltonian density.

Lemma [17] ensures that the RHS of Hamilton’s equation is a differential polynomial.

3 2
Example 20. Consider the Hamiltonian density h = 5} + €2 (“‘{52 + ;711) + e*34. The associated Hamil-

tonian is h = &; > atbte—0 PaPbPe + % Y acz (ia)? pap—a and the Hamilton equation is the KAV equation

ou — €2
Tl O;Z {pa, h} e = uug + T3us:

1.3.4 Integrable hierarchies and solutions

In infinite dimension, there is no exact analog of Arnold-Liouville’s theorem. In particular, there are
different notions of integrability.

Definition 21. An integrable hierarchy in (F (P),{-,-}) is an infinite collection of Hamiltonians densities
{hi € A, i > 0} satisfying -
{hi,h;} =0.

15



The corresponding equations of the hierarchy are
o _
au_ {u,hi} , foranyi > 0.
ot;

According to the commutativity of the Hamiltonians, we can solve these equations simultaneously.

Example 22. The KdV hierarchy is an integrable hierarchy containing the KdV equation. The first
Hamiltonian densities of the KAV hierarchy are

2
piav = %o | 282

21 T ¢ 12
3 2
pEdV _ Uy | o [ UoUu2 Uy 4 U4
L st T\ 12 Ty T o

4! 24 240 160 120 6720

In Chapter [3] we will present a formula for these Hamiltonian densities and a recursive way to construct

them from E{(dv

From these Hamiltonian densities, we obtain the first equations of the KdV hierarchy:

4 2 2 2
pleav %o 2 (U0U2 +Uoul) Ll <UOU4 LY U1U3> 4 (6 Yo

Uty = U1,
2U3
Ugy, = UoUl + € 12°
2
U UpUi 2 (U()U3 uluQ> 64 us
to — — —_— —.
? 2 12 6 240

Remark 23. The algebra of functions F (P) and the Poisson structure we defined are sufficient to give
a Hamiltonian presentation of integrable hierarchies such as the KdV hierarchy. However, there exists
a more general definition of the space of functions and various Poisson structures on it, see [DZ05].
These structures are used to define two families of integrable hierachies: the Dubrovin-Zhang hierarchies
[BPS12al, BPST12b, [DZ05] and the double ramification hierarchies [Burl5]. The KdV hierarchy is a
particular element of each of these two families. More generally, the DR/DZ conjecture [BGR19] asserts
that any Dubrovin-Zhang hierarchy is a double ramification hierarchy up to a change of coordinates.

Definition 24. A solution of the integrable hierarchy {h; € A, i > 0} with initial condition v € C [[x]]
is an element u (z,t) € C|[e, z, to, t1, . . .|| satisfying the equations of the hierarchy.

We think of ™%l ¢ C [[z]] as an element of P. We will only consider solutions with initial conditions
in C [[z]].

Lemma 25. The unique solution of the integrable hierarchy {h; € A, © > 0} with initial condition u
Cl[z]] is given by

initial c

u(z,t) = exp Zti{-,ﬁi} u (1.3.1)
i>0 w=yinitial
By this notation, we mean that we evaluate exp (Zizo ti {-, E}) u € Alle, to, t1,...]] atug (x) = )y initial (z).
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Proof. Tt is clear that Eq (1.3.1)) is a solution of the hierarchy. The ith equation of the hierarchy is a first
order derivative in ¢;. Since a solution is a power series, we can construct the solutions by solving degree
by degree the equations of the hierarchy in a unique way. O

We are interested in formal solutions even if they do not converge. For example, the coefficients of
the following formal solution of KdV are related with intersection numbers on the moduli space of curves.
This is the content of the famous Witten conjecture (see Section [2.2)).

Example 26 (The string solution). The first terms of the solution of the KdV hierarchy starting at
u (z) = x are given by

t3
t) = t 222 4.
u(z,t) = (v + o)+624+

to) t to)ts it {2
(x + 0)2+62((m’+ 0)ta 1t3 2)_’_“_

+ (@ 4 to) i+ + =+

24 8 12
+...

This particular solution is called the string solution of the KdV hierarchy. This terminology will be
explained in Section [2.2

A remark towards deformation quantization.

The equations describing the evolution of elements of F (P) are given by

d _
I {f,h;}, withi > 0.
dt;
Definition 27. A solution of these equations is an element of F (P) [[to, t1, . . .]] satisfying the equations.

The unique solution starting at fital ¢ F (P) is given by
ft = exp th‘ {,El} finitial S f(P) Hto,tl, .. H .
i>0

It follow from the Leibniz property of the Poisson bracket that

1t (uiniﬁal (x)) = flu(z,t), (1.3.2)

where (z,t) — wu(z,t) is the solution of the hierarchy starting at «™%2 In particular, as in the finite

dimensional case, the solutions of an integrable system are equivalently given by a flow on P and a flow
on F (P).
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1.3.5 Tau functions

Tau functions were first introduced by the Kyoto school in their study of the Kadomtsev-Petviashvili
(KP) hierarchy, see [DJKMS82 [Sat83] and [MJJDO0] for a more recent introduction to the subject. There
are now various definitions of tau functions depending on the notion of integrability we consider. We
present in this section the definition of tau functions given by Dubrovin and Zhang [DZ05] in the context
of Hamiltonian integrable systems.

Tau functions turn out to be key objects at the interplay between integrable systems, the cohomology
of ﬂgm and Hurwitz theory. In this thesis, we will be particularly interested in these relations, example
will be given in the next sections.

Definition 28. A tau structure is a collection of Hamiltonian densities {h; € A, i > —1} such that

1. the Hamiltonians commute o
{hi,hj} =0, foranyi,j > —1,

2. the Hamiltonian densities are tau symmetric

{hi_l,ﬁj} = {hj_l,ﬁi}, foranyi,j > 0,

3. the evolution given by the Hamiltonian h_; is trivial

a —
atfl = {f,h-1} =0, forany f € F(P),

4. the Hamiltonian hg generates the translations in space

99

TR = {qﬁ,ﬁo} = 0,¢ forany ¢ € A.

Let {h; € A, i > —1} be a tau structure. We present the construction of the tau functions associated to
the hierarchy {hi, 1> —1 } Note that the third condition of the tau structure ensures that the Hamiltonian

h_1 does not play any role in the hierarchy.
First, there exists a unique differential polynomial €2; ;, for any 4,j > 0, such that

0.5 = {hi—1,h;j}
and €Q; ; pam0 = 0. This follows from the commutations of the Hamiltonians and Lemma . We then

define the time dependent two-point function

sz = exp Ztk{vﬁk} Qi,jGA[[ﬁ,to,tl,...H.
k>0
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Lemma 29. Let (z,t) — u(z,t) be the solution of the integrable hierarchy with initial condition u™"! €

Cllz]]. There exists a series F € Clle, to,t1,...]] uniquely defined up to the choice of the constant and
linear terms in t. such that
RT o
_ Qt ( initial -0 )
8tiatj b b (x )

The notation ij (um“ml (x = O)) means that we substitute wy = 9% yinitial (x =0) in the differential
polynomial depending of the times ijj.

Definition 30. The function .# is the logarithm of the tau function (logT function) associated to the
solution (z,t) — u(x,t).

The log 7 function associated to a given solution is not completely determined since we have to specify
the constant and linear terms in t, of .#. We usually fix these terms by imposing additional equations
on % depending on the context. Once this choice is made, the exponent of the log 7 function is the tau
function. However, we will only be interested in the log 7 function.

Proof. We use twice the Poincaré lemma.

1. The 1-forms

oy = Z ta-7jdtj

i>0

are closed. Indeed the commutativity of the Hamiltonians implies that 0, {QM, Ek} =0, {ink, Ej}.
Moreover the differential polynomials {Qm,ﬁk} and {Qi,k,ﬁj} have no constant terms according to
Lemma We deduce that {inj,ﬁk} = {Q@k,ﬁj} and then

o0t ; T h i
gt = (gt = Qe By} = ot

that is the 1-forms are closed. Thus, there exist f; € A[[e, to, t1,...]], with ¢ > 0, such that ?)Tfj =t

- 7:7.7'.
2. The 1-form

Zfiti

>0

is closed. Indeed, the tau symmetry ensures that €; ; = €;; so that g{; = ij = sz = ?)—{j. Thus,

there exists a series .Z € A[[e, to, t1,...]] such that 8(?552 = ta',j'

We obtain the series .# € C [[e, tg,t1,...]] by the evaluation of .Z at the point u™*! e C[[z]] and then
substituting z = 0,
F = j(um“ml (x=0) )
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Remark 31. We deduce from Eq. ([1.3.2) the equality Qf] (umitml (a:)) =Q;; (u (x,t)), where (z,t) —

initial

u (z,t) is the solution starting at u . Thus, we could define the log 7 function by

Oatigi :QM(u(x:O,t)),

that is by evaluating €; ; at the solution (x,t) — wu(x,t) and then substituting + = 0. This was the
original definition of the log 7 function associated to the solution (z,t) — u (z,t) (see [BDGRI1S| [DZ05]).
However, the generalization of the definition of log 7 functions to quantum integrable systems is more
straightforward from our presentation.

Remark 32. The two-point functions with a 0-insertion are closely related to the Hamiltonian densities.
Indeed, according to the fourth condition of the tau structure, we have 0,89 = {hi_l,ﬁo} = Ogh;_1 so
that

Q@O =h;_1+ C, whereC € C.

For example the Hamiltonian densities of the KAV hierarchy (and, more generally, the Hamiltonian densi-
ties of the double ramification hierarchies, see [BDGRIS|) have no constant term in u, so that the constants
vanish.

Remark 33. One may wonder why we forget about the = dependency in the definition of the log 7 func-

tion. Let ¢! be the time-dependent differential polynomial with initial condition given by the differential
t

polynomial ¢. The fourth condition of the tau structure ensures that g% = 0,¢%, hence

¢ (z)=exp | Y tp{~ Hp}+z{ Ho} | ¢(0).

k>0

In particular, the evolutions along = and %y are the same. We can then recover the x dependency in the
log 7 function by substituting ¢y := to + 2. It is then confusing since z € S'. Once again, the space P is
not rigorously defined and only serves as a motivation for the definition of F (P), we chose to take z € S*
in order to make the Fourier transform and the z-integration more natural.

Remark 34. The Hamiltonian densities of the KdV hierarchy together with hV = uy form a tau
structure (see Section|3.1.2)). Let .# be the log 7 function of KdV associated to the solution (x,t) — u (z,t).
We obtain this solution from .# by

0PF to
_ thV) ( initial =0 ) — =0.1).
g = (WSY) (w @ =0) =u(a=0.1)
The 0th KdV equation reads 0y, = 0., thus we can replace 9, by 0y, in every equation of KdV. We deduce
that t — a?ja%o satisfies every equation of the KdV hierarchy except the Oth.

This relation between log 7 functions and solutions of the hierarchy is quite general, for example it is
satisfied by any log 7 function of the double ramification hierarchy (see [BDGR18]).
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Example 35. The log7 function FWE of the KAV hierarchy associated to the string solution is the
Witten-Kontsevich series. Its first terms are
Lttt oti | otota o t3 otdts | otdtits

ﬁWK ‘0 “ovL e U a ~1
6 6 T T o T T g 16

+ ...

Dubrovin and Zhang gave a construction of the Hamiltonian densities of the KdV hierarchy from the only
input of this power series (see [DZ05, BPS12al BPST12b]).
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1.4 Quantum integrable systems and their tau functions

By a deformation quantization procedure we define quantum integrable hierarchies and quantum tau
functions following [BDGRI6].

1.4.1 Idea of deformation quantization

Start with a Hamiltonian system: the space of physical states is given by a manifold P, the physical
quantities are given by the commutative algebra of functions F (P) which is endowed with a Poisson
structure, and there is a particular function h giving the equations of motion

df

In quantum mechanics, a physical system is described by a Hilbert space H and the physical states
of the system are the vectors of norm 1 in H. The physical quantities are related to a non commutative
algebra of operators from H to H called observables. The choice of a particular observable H yields the
evolution of the system. There are two “pictures” giving equivalent formulations of the evolution of the
system. In the Schrodinger picture, the equations of motion give the evolution of the physical states on
the Hilbert space. In the Heisenberg picture, the physical states do not evolve but the physical quantities
(i.e. the observables) do. In our context of deformation quantization, the evolution of the system is given
in the Heisenberg picture. The evolution of an observable O; is given by

O~ L0, 1),
where [, -] is the commutator of the operators. The evolution of Oy is then given by O; = exp (% [+, H]) Os—o.

A quantum system is a more accurate version of its classical counterpart. Moreover, the physics that
these systems describe should be the same at a “classical scale”. This scale is parametrized by h. At the
classical limit A — 0, a quantum system should look like its classical counterpart: we recover a Poisson
manifold and the Hamilton equations. Of course there are many quantum systems corresponding to the
same classical system.

An approach to quantize is to find a map p : f — p(f) which maps an element of F (P) to an operator
acting on some Hilbert space. In order to recover the Poisson structure at the classical limit, we add the
constraint

p(£).p (@) = ho ({£.9}) + O ().

If such map is invertible, we can pull-back the the non commutative product on F (P), this defines a star
product

frxg=p"(p(f)r(9)-

This star product is then sufficient to define the dynamics of the observables.
Motivated by this approach, the idea of deformation by quantization is to define a star product on
F (P) [[h]] as power series in h

fxg=>> Cu(f,g)h"
such that
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e the star product is a deformation of the usual product
fxg=Ffg+0O(n),
e we recover the Poisson bracket at the classical limit

[f.9l =nh{f, g} +0O(h),

e the star product is associative.

1.4.2 A star product on F (P)

Definition 36. Let R be a ring and A a commutative associative R-algebra with a unit. A formal
deformation of A is an associative algebra (A [[A]], ) over R [[A]] such that

frg=Ffg+> Culfg)h",

n>1

where f,g € A[[h]] and C,, (+,-) : F x F — F is a bilinear map for every n > 1. Moreover, we require that
the unit 1 € A remains the unit element : 1% f = fx1 = f.

Definition 37. Let A be a commutative associative algebra with a unit and endowed with a Poisson
structure {-,-}. A star product x on A[[h]] is such that (A[[A]],*) is a formal deformation of A satisfying

frxg—gxf=n{f.g}+0(n?).
We say that the formal deformation is in the direction of the poisson bracket.

The following example describes a finite dimensional version of the star product we will define on
F (P).

7

Example 38. Let the algebra C [g, p] endowed with the Poisson structure {f, g} = 1 (%% — %‘q’%). A
star product on C [g, p] is given by
——
h o 0

_ Nt oty ho o
f*g—z o 9gk apk—fexp i 990 g, (1.4.1)

k>0

where f,g € Clg, p].
We can realize this star product in the following way. Let H = {f € C*> (R, C) |supp (f) is compact}
be the Hilbert space endowed with the hermitian product

(f.g) = /R T@a () da.
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Let Diffop,,,, = {ch\;o fr (q) %, fu(g)eC [q]} be the space of observables. The star product can be

realized via

p: C [Q7p] - Diﬁoppoly
8 m
ap —q <Z 0q)

The map p sends ¢q on the operator of multiplication by ¢ and p on the operator iha% so that [p(p),p(q)] =

ho ({p, q}) = ih. We also deduce that [p(f),p(9)] = hp ({f,g})+O (h*) . The choice of defining p (¢"p™)

by the product p (¢") p (p"™) i.e. with p(¢™) on the left and p (p™) on the right is called a normal ordering.
The application p is invertible, we then define the star product on C [g, p| by

frg=p"(p(f)r(9)-

That is we organize the product p (f) p(g) with p(q) on the left and p (p) on the right using the commu-
tation relation [p(p),p(q)] = ih. This organization is a normal ordering of a unique element of C[g, p].
This element is the star product f xg. One can easily check that Eq is an explicit expression of
this star product.

The star product on F (P) is defined using the same idea. Let f,g € F (P)[[h]] organized with the
p<o on the left. Start with the concatenation fg, we commute the p.g of g with the p>o of f using the
commutation relation

[Pa, Pb] = thada+p0

and find an element of F (P) [[h]] with the p~o on the left, this is the star product. Note that this process
is well defined thanks to the polynomiality in the p~¢ of f.
Explicitly, the star product on F (P) have the following form.

Lemma 39. Let f,g € F (P)[[h]]. The star product on F (P) is
o
)

fxg= fexp (Zihkaa

(1.4.2)
= Opi, Op—i;

—
; o _0 _ . of 0 - 3\2 0% f 52
where f exp (Zk>0 Zﬁk@ 8pk> g=fg+ih Zk>0 ﬂﬁpfk + (lh) Zk17k2>0 Ok, OPky Bp,klgp,;@ +

Definition 40. We denote by F” (P) the deformed algebra obtained by endowing F (P)[[h]] with this
star product.

1.4.3 Quantum differential polynomials

We extend the algebra of differential polynomials to the algebra of quantum differential polynomials A" :=
A[[R]]. However, we will also call differential polynomial the elements of A" to simplify the reading.
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Let A" be the algebra of formal Fourier series

d

¢ (x) = E § § : 1 (a1, ) Pay - - Pay, | €74 € FH(P) [, 6],
A€Z \ k>0ay,...,axEZL
>a;=A

where ¢y, (a1, ...,a;) € Clai,...,ax] [[, h]] and is symmetric in the indeterminates ay, ..., ag.
The algebra A" and A" are isomorphic. The derivative with respect to x, the integration along S and
the primitive of a differential polynomial are defined similarly to Definition

Quantum differential polynomials, commutator and Ehrhart polynomials

The commutator of differential polynomials is expressed in term of the following Ehrhart polynomials
studied by Buryak and Rossi.

Lemma 41 ([BR16]). Let r1,...,7, be nonnegative integers. The quantity

Ol (N) _ Z k11"1 o kgq
ky+ethg=N
is a polynomial in the indeterminate N of degree n—1+""" | ;. Moreover, if r1,...,rq > 1 this polynomial

has the parity of n — 1+ 1" | 7.

We explain how these coefficients appear in the commutator of the star product. Consider two differ-
ential polynomials

¢($):Z Z Gm (a1, am) Pay - - - Da,, € ="

m>0ay,...,am€Z

and

¢(y)zz Z (o (bla"'vbn)pln"'pbmeizbjyy

n>0b1,...,bn €7

where ¢, and 1, are symmetric polynomials. We use the expression of the star product given by Eq. (1.4.2))

to get . q q
s =Y IS gy O O

q .
i L Opk; - - Opry OD—ky - - - Op—,
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We then obtain

m+q)! (7 +q)!
- > ooy Eointe

) i(x Z;”zl aj+2?=1 bl)
n

<
vV
o
Rl
vV
=}
S
vV
o
s
=
E
S
m
N
=
=
R
m
N

X D ki kgbm (ar, . am ks k) Y (b1, by =R, =)
k:17...,k’q>0
k1+--+kq=B
— Z ki kgbm (a1, .. am, —ki, ..oy —kg) U (b1, bas ks ky)
k1,....,kg>0

ki+-+kq=—DB

where m = m —q, n =n—q and B = Z?:l b;. Note that the condition imposed by the integration
with respect to y in v translates to the conditions k1 +---+k; = B and k1 +--- + k;, = —B. Since ¢y,
and 1, are polynomials, the polynomials of Buryak and Rossi appear in the first line and in the second
line of the expression in parenthesis. Hence, the first (resp. second) line is a polynomial in the a;’s and
the b;’s defined for B > 0 (resp. B < 0). One can check using the parity property of Buryak and Rossi
polynomials that these two piecewise polynomials combine in one polynomial in the indeterminates a;’s
and b;’s. We deduce the following lemma.

Lemma 42. Let ¢, € A". We have
(6, 9] € A"

and this differential polynomial has no constant term

[6,]

The second point of the lemma, i.e. [gb, @] has no constant term, follows from the fact that Buryak
and Rossi polynomials has no constant term, which is clear from the definition.

= 0.
p«=0

Remark 43. In [BR16], Buryak and Rossi gave an explicit expression of this commutator in term of the
variables u, its derivatives and the polynomials C"'»»" (N). In particular, it is clear from their expression
that [f,g] belongs to A" and has no constant term.

1.4.4 Quantum integrable hierarchy

Definition 44. A quantum integrable hierarchy in F" (P) is an infinite collection of Hamiltonian densities
{Hi c A i > 0} satisfying -
[H;,H;] =0.
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The equations of the quantum integrable hierarchy {Hz c A > 0} are given by
oft 1
ot h

According to the integrability condition, we can solve the equations of the hierarchy simultaneously.
Such a quantum hierarchy is a quantization of the classical hierarchy 37‘2 = {u, H l‘ h:O}’ with ¢ > 0, where

the Poisson structure is defined by {-,-} = 3 [, ] ‘

[f*,H;], foranyi> 0.

h=0
Example 45. The first Hamiltonians densities of the quantum KdV hierarchy are

1
KAV _ pKdV _ e U U2 9
! 1 M ot 12 T 9880 )

HQKdV:hde—ihCL%—|—u%+u0u2—|—e2<uo +£+%>+4 1 >

48 24 12 2880 288 144 “ 120960

In Chapter [3] we will present a formula for these Hamiltonian densities and a recursive way to construct
them from H,

Remark 46. The algebra (.7-" h (P) ,*) is sufficient to define the quantum KdV hierarchy. However, there
exists a bigger algebra (see [BR16|) used to define a family of quantum integrable hierarchies called the

quantum double ramification hierarchies. These hierarchies reduce to the double ramification hierarchies
of Remark 23 when i = 0.

Definition 47. A solution of the quantum integrable hierarchy {HZ e A" i > O} with initial condition

f‘mz‘ai € F"(P) is an element of ft € F"(P)|[[to,t1,...]] satisfying the equations and such that f*=9 =
flnl 1a. .

Lemma 48. The unique solution of the hierarchy with initial condition f™tal ¢ Fh(P) s
t _ .
fr=exp | Y E[H) | o0 e 71 (P) [[to, 1, ...]].

h
k>0

This extends to differential polynomials: ¢* = exp (Zkzo b [,Fd) pitial e AP [[tg, tq,...]] is the
unique solution of the hierarchy associated to the initial condition ¢™ital ¢ A",

Remark 49. Let t — u! = exp (Zkzo % [,Fd) u be the solution of the quantum hierarchy associated

to u € A" (here u is not a point of P, it is an element of A", that is a collection of elements of F" (P)).
We recover the classical solution of the associated classical hierarchy given in Eq. ((1.3.1]) by

u(z,t) =u u=yinitial =0’
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that is we evaluate de element ut € A" [[to,t1,...]] at up = Oyl () and i = 0. We also point out
that u? is not a solution of the quantum hierarchy since a quantum solution is a flow on F" (P)

u=yinitial
or A",

Remark 50. In the quantum setting, the solutions are given by the flow (¢, f) — f* on F" (P). However,
this flow is no more equivalent to a flow on P because

fP# (),

where ut = exp (Zkzo % [,Fd) v and u € A" This quantum behavior is due to the fact that the

bracket [,F] is not a derivation on F" (P) with respect to the usual product. Conceptually, this comes
from the fact that the space P is not the space of states in the quantum setting. Thus, it does not make
sense to think of the solutions as a flow on P.

1.4.5 Quantum tau functions

In [BDGRI16], Buryak, Dubrovin, Guéré and Rossi generalized the definition of tau functions to quantum
integrable systems. We present this definition in this section.

Definition 51. A quantum tau structure is a collection of quantum Hamiltonian densities {hi e Al i> —1}
such that

1. the quantum Hamiltonians commute

[ﬁi,ﬁj] =0, foranyi,j > —1,

2. the quantum Hamiltonian densities are tau symmetric
[Hi_l,ﬁj] = [Hj_l,ﬁi} s foranyi,j > 0,

3. the evolution given by the quantum Hamiltonian H _; is trivial

of _1

5~ h [f,H_1] =0, forany f € Fh(py,

4. the quantum Hamiltonian H generates the translations in space

af 1. —
—L = 2 [¢,Hy| = 0,¢ forany ¢ € A"

The construction of the quantum tau functions from the quantum tau structure is similar the con-
struction of classical tau functions. We point out the differences. The quantum two-point function Qf ;18

the element of A" defined by

83”(22] = [Hi—lij] 5

St =
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with a choice of the constant Qf’ jlu=0. In the classical case, we chose this constant to be 0. As we pointed
out in Remark [32] this choice is justified by the fact that the Hamiltonian densities of interest have no
constant term, we then had €; o = h;—1. In the quantum setting this is no longer true. For example, the
Hamiltonian densities of the quantum KdV hierarchy given in Example [I5] have non constant terms. In
Section [3.2], we give a coherent choice of this constant in the example of quantum KdV, this leads to the
definition of the quantum Witten-Kontsevich series.

The time dependent quantum two-point functions

Q7 = exp Z%[-,E] Qe A e, hyto, ta,. .. ]]

i>0

satisfies the same symmetries than its classical counterpart: Qf’]t is symmetric with respect to the exchange
. o0t . L . . . . .
1,7 and a7, is symmetric with respect to the exchange of 7, j, k. As in the classical setting, the construction

of quantum tau functions follows from these symmetries by using twice the Poincaré lemma.

Lemma 52. Let u™%el € C[[x]]. There eists a series F" € C[[e, h,to,t1,...]] uniquely defined up to the
constant and linear terms in t,. such that
PF"

at,01; = QZ.J (uinitial (@ = 0) )

Definition 53. The quantum logT function associated to u™tal js FZ"

The construction of quantum log 7 functions is intended to satisfy the following proposition.

Proposition 54. The classical limit of the quantum log T function F" associated to the point u™*al ¢ P
is the classical log T function F associated to the solution starting at u™*! that is
Fh =Z.
hi=0
A quantum log 7 function is associated to a point w2 € C[[z]] and not a solution of the hierarchy

as it is the case classically. This point w2l is not an initial condition of a quantum solution. We only
use this notation in order to match with the classical one.
Remark 55. The Hamiltonian densities of quantum KdV together with H f(ldv = ug form a tau structure
(see Section [3.1.2)). Let u!™tal ¢ C[[z]] and .#" the quantum log 7 function associated to it. We still have
the relation

O>Fh

—_— =1 ,

OtoOto wi=yinitial (z=0)
however the RHS is not a solutign of the quantum hierarchy since we evaluate the solution t — ut at

e ege 2 gh

w8l (2 = 0). The fact that % is not a solution of the hierarchy is a major difference with the classical
case.

The definition of quantum log 7 functions mimics the definition of classical log 7 functions. The goal
of this thesis is to study the first example of quantum log 7 function. Our results suggest that the other
examples deserve a further interest.

29



Chapter 2

The geometry of ﬂg,n

2.1 The moduli space of curves

2.1.1 Definition of the moduli space of curves
2.1.1.1 Introduction

A moduli space M is roughly speaking a geometrical space that classify geometrical objects of the same
type. More precisely, we want that one point represents one object (and all the objects equivalent to it),
such that two objects that are closely related should be nearby. In the good cases, there exists a so-called
universal family 7 : F — M which is such that 7! (p) is a realization of the object p.

Example 56. The moduli space classifying isomorphism classes of finite sets is N. Each point n € N
corresponds to an isomorphism class of sets of cardinality n. Let U = {(n,m) ENY1<m< n}, the
universal family is the projection on the first coordinate 7 : U — N.

Example 57. The moduli space classifying complex vectorial lines in C? is P!. The universal family over
Plis m:O(=1) = P! where O (1) = {(l,z) € P! x C?|z € I} is the tautological bundle.

2.1.1.2 The moduli space of curves

We will be interested in the moduli spaces classifying the following objects.

Definition 58. A curve of genus g with n marked points is a compact Riemann surface with n distinct
points. Two curves of genus g with n marked points (C,z1,...,2,) and (Cl, CEll, e ,x/n) are isomorphic if there

exists a biholomorphism ¢ : C' — c’ respecting the marked points ¢ (z;) = x;, forall 1 <i<n.

We denote by M, ,, the set of isomorphism classes of curves of genus g with n marked points and
endow it with the following geometrical structure.

Proposition 59 (JACGI1I]). Suppose 2g—2+mn > 0. There exists a complex orbifold (or Deligne-Mumford
stack) structure on Mg, of dimension 3g — 3 + n, such that points are isomorphism classes of genus g
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curves with n marked points and the stabilizer of a point is the automorphism group of the corresponding
marked curve.

Remark 60. The condition 2g — 2 + n > 0, called the stability condition excludes four cases
(g,n) = (0,0), (0,1), (0,2) and (1,1).

These four cases correspond to the marked curves with an infinite automorphism group. Thus, their
corresponding moduli spaces can not be endow with a orbifold struture.

Proposition 61 (JACGI11]). There exists a orbifold Cyp, of dimension 3g — 2 4 n, and a morphism of
orbifold 7 : Cgn — Mgy such that 71 ([C,z1,...,2,]) is a genus g curve with n marked points in the
equivalence class [C,x1, ..., xy).

Definition 62. The map 7 : Cy, — Mg, is called the universal curve.

The universal curve 7 : Cy, — Mg, is endowed with n sections o1, ...,0,. The section o; maps the
equivalence class of curves [C, 1, ..., ;] to the marked point x; in 7~ ([C]).

Example 63. We describe the moduli spaces Mg 3 and Mg 4. By the Riemann-Roch theorem, any genus
0 curve is biholomorphic to P!. Moreover, the biholomorphisms from P! to P! are well know: these are the
Moébius transformations. From their explicit form, we see that there exists a unique M6bius transformation
sending any triplet (x1, z2, 23) of points of P! to the triplet (0, 1, 00). Thus, every genus 0 curve with three
marked points is isomorphic to (IP’I, 0,1, oo), the moduli space My 3 is then a point.

Similarly, P! with four marked points (x1, 22,23, 24) is isomorphic to (IP’l,O, 1, oo,w), where x is the
image of x4 by the unique Mobius transformation sending (z1,z2,23) — (0,1,00). We deduce that
Mo.4 ~ P\ {0,1,00}. Note that this space is not compact. We introduce a compactification in the next
section.

2.1.1.3 The Deligne-Mumford compactification

We introduce a compactification of the moduli space of curves. The idea of this compactification is to add
points to the moduli space that correspond to singular curves.

Definition 64. A nodal curve is a singular algebraic curve, with a finite number of nodal singularities,
i.e. a singularity locally given by {(:U,y) € C?loy = O}. The genus of a nodal curve is the genus of the
curve obtained by smoothing the singularities. A nodal curve with n marked points is such that its marked
points are pairwise distinct and distinct of the nodes.

Remark 65. Any Riemann surface is isomorphic to a smooth algebraic curve. In particular, a curve of
genus g with n marked points is a nodal curve (with no nodes).

Definition 66. A stable curve of genus g with n marked points is a nodal curve of genus ¢ with n marked
points satisfying the stability condition
20 -2+n<0.
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Proposition 67 (JACG11]). There exist two compact smooth complex orbifolds Mg,n, ég,n and a map
T égm — Mg,n such that

e Mg, C Mgy and Cyp C Cyp are open dense subsets such that wlc,,, is the universal curve  :
ngn - Mg’n7
o if [C] € My, then n=1 ([C]) is a stable curve, this curve is nodal if and only if [C] € Mg\ Mg,

e cach stable curve is isomorphic to a unique fiber of 7,

e the stabilizer of [C] € ﬂg,n is isomorphic to the automorphism group of C.

Definition 68. The orbifold My, is called the Deligne-Mumford compactification of My, and 7 : Cy, —
Mg,n the universal curve.

Example 69. We describe the Deligne-Mumford compactification MOA. We add three points to Mg 4
corresponding to nodal curves defined by two genus 0 smooth components, each of them containing 2
marked points, intersecting in one node:

These stable curves describe what happen when marked points collide. For example, the leftmost curve
corresponds to the collision of z3 and x4. In this case, these two points “‘jump” on a new genus 0
component.

2.1.2 Natural morphisms between moduli spaces

2.1.2.1 The forgetful map

The forgetful map is the map 7 : My 41 — My, defined in the following way. Start from a curve
([C], 21, .. Tnt1) of Mgni1. We forget the (n + 1)th marked point and obtain a genus g nodal curve with
n marked points. However the stability condition of this curve does not necessary hold. The pathological
cases happen when x,,11 is in a bubble (i.e. a genus 0 component) with 2 other special points (nodes or
marked points). In these cases, we contract the bubble to a point, this restore the stability condition.

o

o

We then obtain a stable curve of genus g with n marked points, that is an element of M, ,.
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2.1.2.2 The glueing maps

We define two glueing maps.

1. The glueing map with one separating node
gll : Mghnﬁrl X M927nz+1 - M{J1+92,nl+nz

attaches a curve of My, »,+1 with a curve of Mg, 5,41 by identifying their lasts marked points

Gk Y —
T

Figure 2.1.1: A glueing map from M174 X mgg to ﬂ374.

2. The glueing map with one non separating node
gly : Mgni2 = Mgiin

identifies the two last points of a curve of genus g with n+ 2 marked points. It gives a curve of genus
g + 1 with n marked points.

(2~ (%

Figure 2.1.2: A glueing map My 4 — Mo

2.1.3 Stable graphs

We associate to a stable curve the following combinatorial data.
Definition 70. A stable graph is the data of
'=(V,H,g:V —Z>0,0:H—V,.: H— H)

such that
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e 1 is the set of vertices equipped with a genus function g : V- — Z>,

H is the set of half-edges equipped with a vertex assignment § : H — V and an involution ¢ : H — H,

the set of edges F is defined by the set of orbits of length 2 of ¢,

the set of legs L is defined by the set of fixed points of ¢,

(V, E) is a connected graph,

on each vertex, the stability condition holds
2 (v) — 24 1(0) > 0,
where n (v) = |H (v)|, where H (v) is the set of half edges assigned to v by the map 6.

The stable graph associated to a stable curve C' is the following. FEach vertex v corresponds to a connected
component of C' and g (v) is the genus of the component. Each edge corresponds to a node and each leg
corresponds to a marked point.

We now describe the inverse operation which associates stable curves to a stable graph. To each graph
I' we associate the product of moduli spaces

Mr = [T My nw)

veV
and a map
& Mr — My nry,
where g (I') = >,y 9 (v) + hy (') is the genus of the graph and n (I') = |L|. We recall that hy (I') =
|E| — [V| + 1. This map associates to a product of curves of Mr the stable curve in M) () obtained
by glueing the curves along the edges of I" by the two glueing maps.

Remark 71. The image &r (ﬂr) is a codimension |E| locus called a boundary stratum. The set of
boundary strata gives a stratification of M, .

2.1.4 The tautological rings

Definition 72. The minimal family of subrings R* (ﬂgm) C H* (ﬂg,n) containing 1 € H° (ﬂg,n) and
stable under push-forwards by the forgetful map and by the two glueing maps is called the family of
tautological rings. A class in a tautological ring is called a tautological class.

Remark 73. The Poincaré duality works on compact orbifolds, so in particular on M,,,. We will
sometimes use the same notation for a cohomology class and its Poincaré dual.

Example 74. The class of a boundary stratum associated to a graph I' is a tautological class. Indeed, it
is the image of [T,y [ﬂg(v),n(v)] by the glueing maps.

The tautological rings contain most of the cohomology classes of M, ,, we are interested in. It is a hard
task to find a non tautological class, see e.g. |[GPO1l [FP11, [PZ18]| for the construction of a non tautological
classes.
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2.1.4.1 The ¥-, k- and A-classes

We give three examples of tautological classes: the 1-classes, the k-classes and the A-classes. We first need
to explain how to extend the cotangent bundle on stable curves.

Definition 75 (JACGI1I]). Let £ be the relative dualizing line bundle of m: Cyp, — Mgp.

This line bundle £ — Cy, is identified with the cotangent line bundle over the smooth part of Cy .
Moreover, let [C] € Mg, be a stable curve, a section of £ over 7! ([C]) is a meromorphic differential
form on the normalization of C with at most simple poles at the preimages of the nodes with opposite
residues.

Let o; : Hg,n — Eg,n be the section of the universal curve at the ith point. Let £; = o] (£) be the
pull back on M, ,, of the restriction at the ith point of relative dualizing line bundle L.

Definition 76. The class ¢; € H? (M) is defined by the first Chern class of the bundle £; — Mg,
i = c1 (07 (£)).
We justify that the 1)-classes are tautological. Let d(;,41) = gly, ([Mg,n] X [ﬂo,g]) € H? (Mg,n+1)

where gl : Mg, % ﬂog, — Mg,nﬂ and such that the points ¢ and n + 1 belong to the curve of Mg .
The class d(; 1) is represented by the curves

where the left component contains the genus g and n — 1 marked points. The self intersection formula
gives (5(2l.7n+1) = (int1) " C1 (J\f ((5(i,n+1))), where N/ (5(i7n+1)) is the normal bundle to the divisor d(; ;4 1)-

Moreover, we have N (8(; ,11)) = p* (L)
Mg,w We deduce that

|5(Z_ 1)’ where £; is the cotangent bundle at the ith point on

Vi = —Px (5(21»7”“)) :
The -classes are then tautological.
Definition 77. Let 7 : M ,41 — Mg, be the forgetful map. The k-class is defined by x; = . (w;ill) €
H? (Mgn).
Since the 1)-classes are tautological, the x-classes are also tautological.

Let E, := m. (L) be the rank g vector bundle over M, ,, whose fiber over C'is H? (C, L|¢). It is called
the Hodge bundle.

Definition 78. The A-classes are the g + 1 Chern classes of the Hodge bundle
A =c; (E) € HY (Mg,).

The Mumford formula [Mum83| expresses the Chern character of the Hodge bundle in term of ¢-classes,
k-classes and push-forwards of stable graphes with one node decorated with -classes. The A-classes are
expressed in term of the Chern character of the Hodge, it follows that the A-classes are tautological.

35



2.1.4.2 Tautological relations

The boundary strata decorated with - and A-classes are known to additively generate the whole tau-
tological ring (see [FP11]). However there are relations between these generators. A relation between
tautological classes is called a tautological relation.

Example 79. In ﬂoA = P!, the cohomology class of the point does not depend of the point. In particular,

we have the following equality in H? (MOA):

This tautological relation is called the WDVV relation. This very simple relation has non trivial conse-
quences, see e.g. [BSSZ15].

Example 80. As a consequence of Mumford formula, one can deduce (see [Mumg83|) that
Ao =0in H* (My),
for all g, n satisfying 2g — 2 +n > 0.

In [Pix12], Pixton conjectured a collection of tautological relations called the Pixton-Faber-Zagier
relations. He also conjectured that these relations contain all the tautological relations. The Pixton-
Faber-Zagier relations were proved in [PPZ13].

2.1.5 Intersection numbers

A class o € H?(B9—34n) (ﬂg,n) is given by a number (recall that where 3g—3+n is the complex dimension
of Mg ,). By Poincaré duality, this number is given by

|
Mg,n

We call intersection numbers the classes of H2(39—3+n) (ﬂgm). Since we are dealing with numbers, the
ring R2(39—3+n) (Hg’n) is in general the easiest tautological ring to study. Moreover these numbers, whose
properties come from the geometry of the moduli space of curves, are related to many other subjects.
In this thesis, we will be interested in the relations between intersection numbers, integrable systems
and Hurwitz theory. The first and striking example of such relation is given by the Witten conjecture
explained in the next section. More recently, Buryak recognized the coefficients of the KdV Hamiltonians
as intersection numbers. This is the starting point for the quantization of the KdV hierarchy which leads
to the definition of the quantum Witten-Kontsevich series. A direct link between intersection numbers
and Hurwitz numbers is given by the ELSV formula, see Section [£.2]
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Hodge integrals

As an example of intersection numbers, we will briefly discuss Hodge integrals. The Hodge integrals are
the intersection numbers
d
/ Akl"')\k‘m 11... g”,

Mg.n

where g,n,m > 0 satisfy 2g —2+n > 0 and ky,...,kn,d1,...,d, > 0. Using the Mumford formula,
any Hodge integral can be computed from the knowledge of intersection numbers involving only 1-classes.
These numbers can then be computed using the Witten conjecture. However there are few explicit formulas
for Hodge integrals.

In |GP9S8|, Getzler and Pandharipande deduced from the degree 0 of the Virasoro constraints the
so-called Ag-conjecture

2g—-34+n _
on ’ ’ Mg,l
and 1+ 2921 229 fﬂg ) Agp2972 = sh?£?2)' A direct proof can be found in [FP03al [GJV09, [FP9§|. The
dependency in d,... ,7dn of the intersection number of the LHS is contained in a combinatorial factor

and the intersection number f—M ) Ag¢2g_2 only depends of the genus. A similar formula exists for the
9,
intersection number

(29 —3+mn)! (29 — D! / -1
Aghgo1dt ..t = n AoAg-197
/M g7 (29 — DL, (2di — N Mg e

g,n

where fﬂg ) AgAg_19p9 1 = %, see [Fab99]. We denoted by B; the Bernoulli numbers.

Remark 81. The Hodge integrals with one and two A-classes appear as the coefficients of the quantum
Witten-Kontsevich series (see Section for the exact statement). The presence of Hodge integrals with
two A-classes is still unexplained.

2.2 The Witten-Kontsevich series

In [Wit90], by identifying two models of quantum gravity, Witten conjectured that the generating series
of intersection numbers of monomials of i-classes

29
€
yWK (t()vtl,...): Z — Z <Td1"'7—dn>gtd1---tdn,
g,n>0 T dy,...,dn>0
2g—24n>0
where (7q, ... 7a, )g = fﬂgyn Tﬁfl ... s the log 7 function of the KAV hierarchy associated to the string

solution (recall that the string solution is the solution w (z,tg,t1,...) of the KdV hierarchy with initial
condition u (z,0,0,...) = x). This conjecture was then proved by Kontsevich in [Kon92|. The series
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FWE is called the Witten-Kontsevich series. The numbers (14, ...7q, ) are called the correlators of the

Witten-Kontsevich series.

This theorem is the first example of a link between the geometry of Mg,n and integrable hierarchies.
It is the starting point of many beautiful works. For example, Dubrovin and Zhang found a way to
build a Hamiltonian presentation of the KAV hierarchy with the only input of #"W¥. They generalized
this procedure by constructing an integrable hierarchy associated to the generating series of intersection
numbers of ¥-classes with any Cohomological Field Theory (a CohFT is a family of tautological classes on
mg,m for any g and n, compatible with the tautological maps, see [KM94]) that satisfy a certain property
called semi-simplicity. These integrable hierarchies associated to any semi-simple CohFT are called the
Dubrovin-Zhang hierarchies (see [DZ05], [BPS12a, IBPST12b| for their constructions)

Remark 82. Specifying the genus in the notation (74, ... 74, )4 is redundant since this number is non-zero
only if > d; = 3g — 3 + n. We use this notation in view of its quantum generalization.

String and dilaton equations

It follows from the pull-back property of -classes

Vi = p" (Vi) + S(int1)
that intersection numbers of ¥-classes satisfy the two following equations.

Proposition 83 (String equation, [Wit90]). The correlators of the Witten-Kontsevich series satisfy the

string equation
n

(T()le . . -Tdn>g = Z(le c o Tdi—1 - - ~Tdn>0,g-
=1

This equation can be reformulated as an equation on FWE

0

0 t2
—FVE =N "t FVE 4 D
dto 2 o, +

° 2
i>0

The Witten-Kontsevich series is related to the string solution by % ( +to,t1,...) = uStTin8 (2 tg, 1y, . ..

see Remark . As a consequence of the string equation, we get u*™"8 (1,0,0,...) = 2. Thus, the string
solution is the solution of the KdV hierarchy with initial condition given by the string equation. This
explains the terminology.

In [Wit90], Witten explained how to use the KdV hierarchy and the string equation in order to compute
any intersection intersection number of monomial of -classes.

Example 84. As a consequence of the string equation, we find

wn—Q — 1
mO,n

since fﬂo Y2 = fﬂog ¥ and M 3 is a point.
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Proposition 85 (Dilaton equation, [Wit90|). The correlators of the Witten-Kontsevich series satisfy the
dilaton equation

(T1Tdy - Tdp)g = (29 =24 1n) (T4, - .- Td, ) g-

This equation can be reformulated as an equation on FWE

0 0 0
79WK: t-ingK 79WK_2§WK.
ot 2t 7 e

>0

Remark 86. Let a € H* (Mg ,41) and 8 € H* (M,,;,) such that 7* (8) = . We can slightly generalize
the string and dilaton equation by

n
d d d d;i—1 d
/ a¢11...¢nnzz/ Bt T e
Mg,nt1 i=1 /Mg

and

[ el =g —2m) [ pultu
Mg,nt1

Mgn

This is clear from the proof of Witten [Wit90].

Remark 87. These two equations, string and dilaton, are the two first equations of the so-called Virasoro
constraints. In the more general context of Gromow-Witten theory, it is conjectured that the Virasoro
constraints are satisfied by the generating series of Gromov-Witten numbers, see [EHX97, |Get99]. In
particular, the Witten-Kontsevich series satisfy the Virasoro constraints. Moreover, it is proved in [DVV93)|
that being a solution to Virasoro constraints is equivalent to being a solution of the KdV hierarchy and
the string equation.

2.3 The double ramification cycle

2.3.1 Definition of the double ramification cycle

Fix two nonnegative integers g, n such that 2g —2+mn > 0 and a list of integer A = (aq,...,a,) such that
Yoy a; = 0. We define a tautological class depending on g,n and A called the double ramification cycle.
2.3.1.1 The double ramification cycle on M,

Consider the locus in M, ,, defined by

Z = {[C,xl,...,xn] |Oc ~ O¢ <Zaixi> }
i=1

Definition 88. The Poincaré dual of Z is an element of H* (M, ) called the double ramification cycle
and denoted by DRy (a1, ..., ap).
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In order to extend the definition of the double ramification cycle to Mg,n, we first reformulate this
definition. A curve belongs to the locus Z if there exists a nonzero holomorphic map f : C — P! with
div (f) = Y1, a;z;. Moreover two such maps differ by a nonzero constant or equivalently an isomorphism
of the target P! fixing 0 and co. We define the set

{(C’,xl,...,xn,f) ’f :C —>]P>1$.t.div(f) = Zaixl}/w,
=1

where two maps fi : C1 — P! and f5 : Cy — P! are isomorphic if and only if there exist two isomorphisms
a:Cp — Cyand B : P! — P! respecting the markings (the image of a marked point of C by f is a marked
point) and such that So f; = fooa. We then obtain Z from this set by forgetting the maps f and keeping
the source curves.

2.3.1.2 The moduli space of rubber maps

The definition of the double ramification cycle on My, follows the same idea. It is obtained from the
moduli space that parametrize the so-called rubber maps by forgetting the maps and keeping the source
curve.

We define two unordered lists 4 = (a € A, a > 0) and v = (a € A, a < 0). Note that y and —v are
two partitions of the same number. We denote by ng the cardinal of A\ (u U v) which corresponds to the
number of marked points with weight 0.

Definition 89. A prestable rubber map (C,x1,...,xy,) EN (L, x0, o) consists of the following data.

e A connected genus g curve with n marked points (C, x1, . .., ;) possibly nodal such that the marking
are different from the nodes.

e A chain of P! denoted by L. We suppose that each sphere is attached by the point oo to the point
0 of the next sphere by a nodal singularity. We denote by xy the point 0 at one extremity of the
chain and x, the point oo of the other extremity.

e A degree map of degree d = Zaeu a= —3 ., asuch that

— the ramification profile over g is given by pu,
— the ramification profile over z, is given by —v,

— the pre-images of a node of L are nodes of C. Moreover, the ramification orders of f at these
node of C are opposed (kissing condition).

Two maps f : (C,z1,...,2,) = L and f (Cl, xll, e x%) — L' and are isomorphic if there exist two

isomorphisms a : C' — €’ and 8 : L — L' respecting the markings such that 8o f = f o«
The automorphism group of f : (C,zy,...,2,) — L is determined by the curves automorphisms
a:C — Cand §: L — L commuting with f.

Definition 90. A rubber map is prestable rubber map with a finite automorphism group.
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Figure 2.3.1: A rubber map f of degree 6 with = (2,3,1), v =(-2,—-1,-3) and n =T.

We denote by ﬂ;n (IP’l, 1 1/) the moduli space parametrizing isomorphisms classes of rubber maps.
This moduli space, sometimes also called the moduli space of unparameterized relative stable maps to P!
was studied by Jun Li in [LT01] (see also [Li04]).

Proposition 91 (|[L701]|). The moduli space of rubber maps M;n (P, u,v) has a virtual fundamental
class of virtual dimension 2g — 3 + n.

The moduli space M;n (IP’I, 73 1/) is endowed with two maps.

e The map
€: ﬂ;n (]P’l, L, 1/) — Mgm
forgets everything except the marked source curve. If the marked curve have non stable components,
i.e. bubbles with less than 3 special points, we contract them.

e The map
p: M;n (IP’l, i, I/) — LMy 40/ Sy

forgets everything except the target curve. The target space LM, ,, is called the Losev-Manin
space. It parametrize stable chains of P! with r + ng + 2 marked points. These 7 + ng + 2 marked
points are of two types; (i) the two marked points z¢ and z, at the extremities of the chain and (i)
r + ng other marked points. The marked points of type (ii) are allowed to collide with each others.
We refer to [LMO0OQ] for the construction of this space.

The marked points of type (i7) of the curves in the image of p have two origins: there are ng of
them which correspond to the image of the marked points of C' with weight 0 and 7 of them which
correspond to the branching points of the rubber map.

We finally quotient LM, ,, by S, since the branching points are not numbered.
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2.3.1.3 The double ramification cycle on ﬂg,n

Definition 92. The double ramification cycle on ﬂg,n is

DRg (ah .. .,(Zn) = €4 (W;,n (Pl,,u, l/)}virt) '

This cycle has virtual dimension 2g — 3 + n. It is proved in [MWI3] that the restriction to Mg, of
this cycle is the class [Z].

Proposition 93 ([FP03b|). The double ramification cycle is a tautological class.
The double ramification cycle satisfies the following pull-back property.
Proposition 94 ([BHP20], Invariance II). We have
7" (DRy (a1,...,an)) = DRy (a1,...,a,,0),

where ™ : Mg pi1 — Mgy and >0 a; = 0.

2.3.2 Computations of the double ramification cycle

Since the double ramification cycle is tautological, a long standing question was to find an expression of the
double ramification cycle in term of the generators of the tautological ring. This question was answered
in [JPPZ17|. They found a tautological class denoted by Pgd " (A), of cohomological degree 2d, depending
on a parameter r and expressed as a sum of stable graphs decorated with -classes. Pixton proved in
[Pix] that this class depends polynomially of r, when r is large enough. The double ramification cycle is
obtained via the constant term of this polynomial by

DR, (A) = P¢° (A).
This formula simplifies when A = (0,...,0).
Proposition 95 ([JPPZ17]). We have
DRy (0,...,0) = (=1)7 A,.
In a paper to appear, Pixton and Zagier used the class Pg’o (A) to prove the polynomiality of the
double ramification cycle.

Proposition 96 ([PZ]). There exists a polynomial Qg (a1,...,a,) € H?9 (Mg,n) [a1,...,an] of polyno-
mial degree 2g such that
DRy (a1,...,an) = Qgn (a1,...,an)
for all (aq,...,a,) € Z" with ) a; = 0.
The expression of the double ramification cycle obtained by Janda, Pandharipande, Pixton and Zvonk-

ine is hard to use in general. Indeed, you have to sum over many graphs and Pgd " (A) is not explicitly
polynomilal in . We give various ways to compute the double ramification cycle.

Remark 97. There exists a computer program made by Schmidt and van Zelm which computes in some
cases the double ramification cycle in terms of decorated stable graphs, see [SvZ].
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2.3.2.1 The double ramification cycle with v-classes

In [BSSZ15|, the authors studied intersections of 1-classes with the double ramification cycle. By pulling
back a simple tautological relation of the Losev-Manin space (the i-class is equivalent to the divisor
with one separating node) to the moduli space of rubber maps, they obtained various expressions of
intersections of 1-classes with the double ramification cycle. In particular, they obtained an expression
for the intersection number wig‘“”DRg (a1,...,a,), with0 <s<n.

Notation 98. Denote by S (z) the power series

_sh(z/2) 22
SE == = ; 22 (2] 1 1)I°

Proposition 99 (|[BSSZ15]). We have

Hi;és S (azz> .

VI HDR, (o, o) =[] S

(2.3.1)

2.3.2.2 The double ramification cycle with the \,-class

Denote by MS',

vanishes on the complement of ./\/lgfn in ﬂg,n. Indeed, let gly =: ﬂg—l,n+2 — ﬂg,n be the glueing map

C ﬂg,n the moduli space of stable curves with only separating nodes. The class A4

with one non separating node. We have the following exact sequence of vector bundles over ﬂg_l,nwz
0—=Ej1 — gl (Ey) - C—0,

where the first map is the identity and the second is the residue at the non separating node. It follows that
that gl5 (A\y) = 0. We conclude by remarking that the map gl : My_1,-2 — (./\/lgfn)c C Mg, where
(./\/lgfn)c is the complement of Mgfn in Mg, is an isomorphism.

Thus, in order to compute AjJDRy (a1, ...,ay), it is enough to use an expression of the DR cycle
restricted to M;fn Hain obtained the following expression.

Proposition 100 ([Haill]). We have

g9
1 1 ~ o

DRg (al,...,an) M(étn = a _Z Z Za15h y

&> Ic{1,...,n} h=0

- Looyiyen.
where ar := Y ;. a;, 5§Z} = —;, 5; b} = —1; and
1 I°
6f =
genus h genus (g —h)
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18 the class of stable curves with one separating node, the left component is of genus h and contains the
marked points of I, the right component is of genus (g9 — h) and contains the rest of the marked points.

Remark 101. As a consequence of Hain’s formula, we get that A\;\DRy (a1,...,a,) is a homogeneous
polynomial of degree 2¢g in the indeterminates aq, ..., ay,.

Remark 102. Over M,

Pg T (A) ‘ et 18 asum over stables trees and a constant polynomial in 7. Using the intersection theory for
g,n

graphs (see [PPZ13|) in Hain’s formula, we obtain the same expression for the double ramification cycle

restricted on MY,

the formula of [JPPZI7| for the double ramification cycle simplifies since

Example 103. We compute fDR1(a —a) A1. By the Hain formula, we compute DRy (a,—a) =

Mgty
2 2
/ Al =a / MY =a / AL,
DRi(a,—a) Mi 2 Mi

where we used the string equation in the last equality. Finally, using the \,-conjecture, we find

2
/ A=
DR (a,—a) 12

“2—2 (11 + 12). Hence
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Chapter 3

The quantum KdV hierarchy and the
quantum Witten-Kontsevich series

In [Burlb|, Buryak identified the coefficients of the KdV Hamiltonians as intersection numbers on the
double ramification cycle. For example, the first Hamiltonian density of the KdV hierarchy is given as a
formal Fourier series by

Y / o Doy Page’ @007 — 23 / | topac
D

a1 azcz ” PRo(0,a1,a2,—a1—as) acz ” DR1(0

Later, Buryak and Rossi [BR16] used deformation quantization to define a quantum version of the KdV
hierarchy. They found a collection of quantum Hamiltonians which commute with respect to the star
product of F"(P) and which restrict to the KdV Hamiltonians when & = 0. The coefficients of these
quantum Hamiltonians are also given in term of intersection numbers on the double ramification cycle.

The work of Buryak and Rossi is actually more general. They constructed a quantum integrable
hierarchy associated to any CohFT. These are the so-called quantum double ramification hierarchies. The
quantization of the KAV hierarchy we present in this section is the quantum double ramification hierarchy
associated to the trivial CohFT.

In [BDGRI16], the authors proved that the Hamiltonians densities of the quantum KdV hierarchy form
a tau structure. We can then build its quantum tau functions. The quantum Witten-Kontsevich series is
a natural choice of such function which restricts to the Witten-Kontsevich series when i = 0.

In this section, we present the quantum KdV hierarchy and its properties. These properties are deduced
from the geometric properties of the DR cycle. We then present the quantum Witten-Kontsevich series.
The study of this series is the main goal of this thesis.
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3.1 The quantum KdV hierarchy

3.1.1 Hamiltonians and Hamiltonians densities

We define the Hamiltonian densities as a formal Fourier series of differential polynomials. The symmetric
polynomials of these formal Fourier series are defined by an integral of ¥- and A- classes over the double
ramification cycle.

Definition 104. Fix d > —1. The quantum Hamiltonian density Hg of the quantum KdV hierarchy is

_ (Zh)g / d+1 ;62 iy a; h
Hy(z)= > i > P A =) | Par - Pae c A" (3.1.1)

9>0,m>0 al,...,am€Z
2g+m>0
—e2 2 g
WhereA(W) _1+<m )/\1+ +<W) Ag-
The virtual dimension of DRy (0, a1, ..., am, — > a;) is 29 — 1 4+ n, hence the summation over g and n

is finite. According to the polynomiality of the double ramification cycle, the Hamiltonian densities are
indeed elements of A”.

Definition 105. The quantum Hamiltonians of the quantum KdV hierarchy are obtained by the x-
integration of the Hamiltonian densities:

Hy= | Hy(z)dz e F'(P),
Sl
for d > —1.

Notation 106. From now on, we will only use the quantum Hamiltonian densities and quantum Hamil-
tonians of the quantum KdV hierarchy. We then suppress the upper index KdV we used in Chapter 1.

Remark 107. In [BR16|, Buryak and Rossi introduced the Hamiltonian densities of the quantum KdV
hierarchy (i.e. the double ramification hierarchy associated to the trivial CohF'T) by

G- ¥ Oy (] o (5 o
m! DRy(— 5 as,a1,am) ih S

g>0,m>0 ai,....,amEZL
2g—14+m>0

A simple use of the string equation shows that Gy = H yielding to the same hierarchy. However only the
Hamiltonian densities Hy are tau-symmetric.
In [BDGRI16], the authors defined the Hamiltonian density of the quantum KdV hierarchy by H f DGR . —

> es0 (—02)° agd“. One can check the equality > - (—0z)” gf = D acz e‘iax% for any differential
polynomial ¢. We deduce that the two definitions are equivalent:

- 0G
BDGR __ —iax d+1
H: => e e = Hy.
beZ
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Remark 108. When we substitute i1 = 0, we obtain the classical Hamiltonians densities hq(z) =
H;(x) ‘h:o and the classical Hamiltonians hg := ﬁd| 0 of the KAV hierarchy. This is proved in the
original paper of Buryak [Burl5].

Examples of computations of Hamiltonian densities

We first compute H_1 and Hy. We will use these expressions to justify that the Hamiltonian densities of
the quantum KdV hierarchy form a tau structure. Then, we compute H;. In Section we will present
a recursive formula which allows to compute each Hamiltonian density of the quantum KdV hierarchy
from the non constant terms of H; and from H_;.

Example 109. Computation of H_;. We compute

DRg(0,a1,....am,— y_ a;)

for every g, m satisfying the stability condition 2g+m > 0 and such that 0 <[ < g. The virtual dimension
of the double ramification cycle DRy (0, a1, ..., am,— Y a;) is 29 — 1 +m. Thus, the integral vanishes for
dimensional reason unless g + (¢ — ) + m = 1. The only stable solutions are

(g,1,m)=(0,0,0) and (1,1,0).

e The case (g,l,m) = (0,0,0). In genus 0, the double ramification cycle is identified with the funda-
mental class of the moduli space of curves. We get fﬂo ,1=1

e The case (g,1,m) = (1,1,0) vanishes since DR (0,0) = —); and A} = 0.

We then find

ar
H | = E Pa€ = up.
a€Z

We then deduce that H_; = py commutes with any element of F" (P).

Example 110. Computation of Hy. We compute

/ oA
DRg(0,a1,....@m,— 3 a;)

for every g, m satisfying the stability condition 2g +m > 0 and such that 0 <[ < g. The integral vanishes
for dimensional reason unless g + (¢ — [) +m = 1. The only stable solutions are

(9,1,m) = (0,0,2), (1,0,0), (1,1,1) and (2,2,0).

e The case (g,1,m) = (0,0,2). We get fﬂm Y =1.
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e The case (g,1,m) = (1,0,0). We use DR; (0,0) = —\; and the string equation to obtain

/ %I—/ >\1¢0=—/ A1
DR1(0,0) Mi2 Mi

The Ag-conjecture (see Section ) gives fml ) A = 2—14.

e The case (g,l,m) = (1,1,1). We first use the dilaton equation and the pull-back property of the
double ramification cycle (see Proposition to obtain

This last integral was computed in Example [103| using Hain’s formula, we find 2 fDRl( a,—a) AL =

/ oA = 2 / AL
DR (0,a,—a) DRi(a,—a)

S)

[y
[\

e The case (g,1,m) = (2,2,0) vanishes since DRy (0,0) = Ay and (A\y)* = 0.

We obtain

2 .
U, uy  th
Hy= 20 4 24

0=y T T

We then deduce that Hy = 3., 22=2 — i and it follows that + [¢, Ho|] = {¢,Ho} = 0,0, for any

o e A"

a€Z 2 24

Example 111. Computation of H;. We compute

-----

for every g, m satisfying the stability condition 2g +m > 0 and such that 0 <1 < g. The integral vanishes
for dimensional reason unless g + (g — 1) +m = 3. There are only a finite number of solutions

(9,1,m)=(0,0,3), (1,0,1), (1,1,2), (2,1,0), (2,2,1) and (3, 3,0).

e The case (g,1,m) = (0,0,3). We have [g; _ P2 = 1.

e The case (g,l,m) = (1,0,1). We have

1
DR;(0,0,0) Mis Mi 24

e The case (g,l,m) = (1,1,2). We have

/ Amg:/ A1w0=2/ =
DR1(0,a,—a,0) DR (0,a,—a) DRi(a,—a) 12

CL2
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e The case (g,l,m) = (2,1,0). Using the explicit formula for intersection number of 1-classes with
AgAg—1 discussed in the paragraph on Hodge integral, we get

1
Mp? = ———.
/DRQ(O,O) ! 2880

e The case (g,1,m) = (2,2,1) vanishes since (A2)? = 0.
e The case (g,1,m) = (3,3,0) vanishes since (A3)* = 0.

We can then write H; as

_ 3 1
H1=/ @—i @+e2u0u2—ih62— dz.
g1 \ 6 24 24 2880

Of course, this expression is not unique since we can modify the integrand by a 0,-term without modifying
the expression of H1.

3.1.2 Integrability and tau symmetry

We present the integrability and the tau symmetry of the quantum KdV hierarchy. These properties follow
from geometric properties of the double ramification cycle.

Proposition 112 (Quantum integrability, [BR16]). We have
mdlaﬁdg} - O, fOT dl,d2 Z —1.

Idea of the proof. We justify a tautological relation involving the double ramification cycle, the quan-
tum integrability follows from this relation. Recall that the double ramification cycle is defined by

€x ([ﬂ;n (Pl, L, V)]Virt), see Section|2.3.1/for the notations. We also introduced the map p : M;n (]P’l, Ly 1/) —

LM, ,/Sr. Suppose ng > 2. There is a map p : LM, 1, — My 4 which forgets every point except xo, Zoo
and the two first numbered points. We then pull back the WDV'V relation on LM, ,, to obtain the relation

! ’Q B - ) Q’ -

where on each side of the equality, we sum over the ways to distribute the r + ng — 2 marked points on the
two sides of the separating node. Then we pull-back this relation by p : ./\/l;n (IP’l, 1, 1/) — LM, 4n,/Sr
and push it forward by € : M;n (IP’l, 7 1/) — ﬂg,n. We obtain a tautological relation of type
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where we sum on the two sides over the ways to distribute the marked points different from 1 and 2, the
number of bridges between the two components and genera of each component to obtain a curve of genus

g. Each side of the equation is a sum of glueings by the glueing maps of products of double ramification
cycles.

If we add the class 1% on the marked point 1 and a class 1% on the marked point 2, this formula says that

we can exchange the two 1-classes. This is exactly what is required to prove Gy, x Gy, = G4, * G4, (recall .

ki.kg & a__ 8 0
q' Opky "~ Opkg Op—ky T Op—iy

glues a double ramification cycle in G4, and in G4, by ¢ bridges. O

that G4 = Hg). Indeed the gth order expansion of the star product 3 Kt yoos g >0

Remark 113. The substitution & = 0 in % mdl , HdQ] = 0 gives the integrability condition of the classical
KdV hierarchy.

Proposition 114 (Tau symmetry, [BDGRI16|). We have
[Hdlfl ('CC) 7Fd2] = [HdQ*I (QZ‘) Jﬁdl] 9 fOT‘ d17d2 2 _1

Remark 115. The substitution & = 0in 3 [Hg,—1 (), Hg,| = 3 [Ha,—1 (x) , Hg, | gives the tau symmetry
of the KdV hierarchy.

3.1.3 String equation for the Hamiltonian densities

From the pull-back property of the 1-classes, we deduce the following property of the Hamiltonian densities.

Proposition 116. Fiz a nonnegative integer d. The Hamiltonian density Hy satisfies the string equation
0
—H;=Hy ;.
dpo

The proof is analogous to the one of Lemma 2.7 in [BRI6].
Proof. We have

in _ Z (Zh)g Z / derlA <_62> Pay D eimzai'
Ipo m! DRy (0,a1,...,am,0,— Y a;) 0 ih ' "

9>0,m>0 ai,....,am€Z
2g+m+1>0
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Let 7 : Mg m+3 — My mt2 be the map defined when (g,m) # (0,0) that forgets the (m + 1)-th marked
point (we start the numbering at 0). We use that 7* DRy (0, a1, ..., am, — Y a;) = DRy (0,a1,...,am,0,—>" a;),

* (A (_7512)) =A (_1—52) and 1,/1d+1 (¢d+1> + (i)™ (wo) where d(; ,,11) is the divisor with a bub-
ble containing the marked points 0 and (m + 1), to obtain

ai1y €2 JoR, 001, am 3 ar) YOA (%22) if 2g+m>0andd>0
/DR(O - )1/1 <zh>: 0 if2g+m>0andd=0
g(0,a1,...,am,0 a;

04,0 ifg=0,m=0and d=0.

This proves the lemma. ]

3.1.4 A recursive construction of the Hamiltonian densities

In [BR16], Buryak and Rossi explained how to recursively construct the differential polynomials G4 in-
troduced in Remark from the non constant terms of G; = H7 and with initial condition H_1 = uy.

—iax 0Gdat1

acz € T We construct

Moreover, the Hamiltonian densities Hy are obtained from G441 by Hg = >
in this way the Hamiltonian densities Hy. Let us recall their construction.

Proposition 117 ([BR16]). Let d > —1. We have

Lieaal, (3.1.2)

8x (D - 1) Gd+1 = h

where D =" 2 + 215 +Zaezpaap and G_1 = H_;.

Recursive construction. Suppose we know G4. We use Eq. to construct G411 up to a constant
term. Moreover, the constants commute with any element of " (P). We then use this expression to
construct G412 up to a constant. We can recover the constant term of G441 using a string equation
8%0Gd+2 = G441 (see Lemma 2.7 in [BR16]). However we do not need them since H; is obtained as a

derivative of Ggy1.

3.2 The quantum Witten-Kontsevich series

The Hamiltonian densities of the quantum KdV hierarchy form a tau structure. Indeed, the integrability
and tau symmetry are presented in Section [3.1.2] The two last conditions of the tau structure are verified
in Examples & We can then build the quantum tau functions and in particular the quantum
Witten-Kontsevich. To define this quantum tau function, we have to specify our choice of constant terms
for the two-point functions and our choice of constant and linear terms in the log 7 function.

Let dq,ds > 0. The two-point function is defined by

Oy le ds * Hdl—laHdQ] ’

h[
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) ) onh
where we fix the constant using the recursive formula 5710@2 =0

px=0
= QZO) = Hd,llp _o> with d > 0. This convention differs from the
7 pe=0 T

h .
+Q 1 with
0 dy,d2 »

h
di—1.ds Px= «=0

the initial conditions Qg d‘
7 pe=0

one used in [BDGRI16]. We made this choice so that the quantum Witten-Kontsevich series satisfies the
string equation.

Definition 118. The quantum Witten-Kontsevich series FIWK is the log T function of quantum KdV

associated to the point u (x) = x of P. Moreover we impose that the coefficient of €2/A97!t, is the coefficient
of 2'h9 gty for any 0 <1 < g and d > 0. We also impose that the constant coefficient of e2/797! is
given by 29%2 times the coefficient of e2h9~!t;.

Let k, g be two non negative integers, and a list (dy,...,d,) of non negative integers. The quantum
correlators (Tq, .. .Ta,)1,g—1 is the coefficient of the quantum Witten-Kontsevich series written as

WK (Tdy - Tdn)lg—1 21 1r\g-1
FWK =" a P (i) g, -t € Clle Byto,t )
Remark 119. We made the choice of the linear terms (resp. constant term) of .Z4WX so that the series
satisfies the string equation (resp. the dilaton equation).

Proposition 120. The classical limit of the quantum Witten-Kontsevich series is the classical Witten-

Kontsevich series
quK _ fWK

h=0

L(}‘qWK

Indeed, the series is the log 7 function of the classical KdV hierarchy associated to the

h=0
string solution (i.e. the solution of the KdV hierarchy starting at u (z) = x). It is then Witten-Kontsevich
series according to the Witten-Kontsevich theorem (see Section [2.2]).
By definition, the correlator (74, ... 74, )1,4—1 is obtained from

—20h,t
m EA[[E)hat07t17"’H
atd3 ... 0tg,
t.=0
by evaluating at u (x) = x, then substituting z = 0 and finally extracting the coefficient of € (—ih)gfl.
This is equivalent to evaluate this expression at ug = 0, u; = 1, uo = 0, ug = 0... and then extracting

the coefficient of ¢ (—ih)? -1 By definition of QZ’It 4, We obtain the following expression for the quantum
correlators.

Lemma 121. The quantum correlators are given by

(Tay - Ta, g1 =" [Elhgfmkz} [ . [QZM,F@} ""’Hd"]

)]
u;=01 5

where the notation [elhg_H‘"_Q] means that we extract the coefficient of e RI~H=2,
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3.2.1 First terms of .ZIWK

We give the first terms of the quantum Witten-Kontsevich series. These terms are stored in an array in
order to emphasize their structure. This structure will be explained in Section In the box of line [
and column k are stored some coefficients of €% (—ih)k of the quantum Witten-Kontsevich series.

In the first column are stored some terms of the classical Witten-Kontsevich series. The box of line [
corresponds to the genus [ intersection numbers of 1-classes on the moduli space of curves.

Starting from the second column, that is in the purely quantum part of .Z#9VK  the boxes are di-
vided into levels. This division is realized by dashed lines. This level structure will be explained in the
Section

The reader used to intersection number on the moduli space of curves will recognize typical intersection
numbers on the moduli space of genus g curves in the boxes of the diagonal | + k = g of the array.

Ko Rl h2
1 1
oy fels 4 bt o206 T Toalolr +
=titg + ...
‘*’tzf"‘tOtQ"‘ ,,,,1,,45?,,,1 ,,,,,,,,
60 ﬁ_i_tgl_‘_tob_i_‘“ 777777777777777777 %tﬁﬁ—%t(ﬂ%—’—
6 6 @tlt;l + .« e
+ totl ,,,,,,,,,,,,,,,,,,
to + tots +
t tot 5760 5760
LR Tomtite +-
720t5 + 720t0t6 + 240t1t5 +
2 t1 tot2 t% 777777777777777777
€ s 4 22 4 L+ tt
s 576t3 + 576t0t4 it
2880t1 + 3880 2880 tol2+ 1955 1920 t..
1152 + 384t1t4
!
+: B tots + . ..
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Chapter 4

Hurwitz numbers

In Section we give two equivalent definitions of Hurwitz numbers. Then, we present the so-called
cut-and-join equations which allows to recursively compute Hurwitz numbers. We explain how to relate
this equation to the restriction at € = 0 of the quantum KdV hierarchy. In the following sections, we
present two special cases of Hurwitz numbers. In Section we present simple Hurwitz numbers and the
ELSV formula. This formula expresses simple Hurwitz numbers in term of intersection numbers on Mg,w
In Section we present one-part double Hurwitz numbers. These numbers are closely related to the
quantum Witten-Kontsevich series restricted at ¢ = 0. We introduce the material to precisely state this
relation. We also give an explicit formula for one-part double Hurwitz numbers.

4.1 Definitions, the cut-and-join operators and quantum KdV

4.1.1 Definitions of Hurwitz numbers

Definition 122. Two maps of Riemann surfaces f: X — Y and f : X — Y are isomorphic if there is a
biholomorphism between Riemann surfaces a : X — X such that f= f o .

An automorphism of f is a biholomorphism £ : X — X such that f = fo 3. The automorphism group
of f will be denoted by Aut (f). Its cardinal will be denoted by |Aut (f)|.

Definition 123. Fix two nonnegative integers g, m, a positive integer d and m partitions u',..., ™ of
d. We denote by [ (/ﬂ) the length of the partition u’ and we set r = 2d 4+ 2g — 2 — md + Yol (/ﬂ) The
Hurwitz number Hzl pm is defined by

1
HY =Y
o = 2 TR (7]

where the summation is over isomorphism classes of degree d holomorphic maps f : C' — (]P’l, bi,...,b;m,x1, ...

such that

e (' is a connected Riemann surface of genus g,
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e the target curve P! has m + r fixed and pairwise distinct marked points b1, ..., bm, 1, ..., Ty,

e f is a ramified covering, its ramification profile over b; is given by p', it has only one simple ramifi-
cation over each x; and no ramification elsewhere..

The map f is called a Hurwitz cover of type (g,ul, R um).

Remark 124. From the input of the genus g and the m partitions p!, ..., 4™, we obtain the number of
simple ramifications r of the Hurwitz cover of type (g, wh, um) by the Riemann-Hurwitz formula.

Example 125. We compute the Hurwitz number H(Od) ()" In the target P!, we fix by = 0 and by = oo.

It follows from the Riemann-Roch theorem that any genus 0 curve is isomorphic to P!. The Riemann-
Hurwitz formula gives » = 0. Moreover, a holomorphic map from P! to P! completely ramified over 0 and
oo and with no ramification elsewhere is isomorphic to z — 2%. The cardinal of the automorphism group
of this map is d. Thus, we find H(Od%(d) = é.

We now give a combinatorial definition of Hurwitz numbers.

Definition 126. Fix two nonnegative integers g, m, a positive integer d and m partitions u',..., ™ of
d. We denote by l(ui) the length of the partition p’ and we set r = 2d + 29 — 2 — md + Yol (;ﬂ)
Moreover, we denote by (2) the partition of d given by (2,1,...,1). The list (61,...,0m,71,...,7) iS a
factorization of type (Ml, ey 1™ (2), . (2)) if

N————

M
e 0; is permutation of Sz and its cycle decomposition has [ (/ﬂ) cycles of lengths given by pi, ..., uf(m—),
e 7; is a transposition of Sy,

® T,...TOm...01 = Id,

e the group generated by (o1,...,0m,71,...,7:) acts transitively on {1,...,d}.

We denote by F9 (ul, ce 1™(2) (2)) the number of factorization of type (,ul, e 1™ (2), . (2))
In this notation, the number of partitions of type (2) is not specified since we can obtain it from g and
and the partitions p!, ..., u™.

Proposition 127. The Hurwitz number Hzl o 15 given by

5o _‘Fg(ul,...,um,(Q),...,(Q))‘
o™ d! ‘

A proof can be found in [CM16|. It is clear from the combinatorial definition of Hurwitz numbers that
these numbers are finite.
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4.1.2 The cut-and-join operators and the quantum KdV hierarchy

Fix m > 1. The generating series of Hurwitz numbers is

g (m) u’ —g.d
B = S HG g e,
where the summation is over the d,g,r and the partitions u',..., u™ of d. If p* = (/ﬂi, . ,,u;'w)) is
a partition of d, then the notation ql(ji) stands for q/(ji) . "q;(ji) . The generating series of disconnected
1 l(,ui)
Hurwitz numbers, i.e. Hurwitz numbers where the covering curve is not necessarily connected, is given by

. =exp (Hm) -

A disconnected Hurwitz number can be computed from disconnected Hurwitz numbers with a smaller
number of simple ramifications. This is the content of the cut-and-join equations.

Proposition 128. Fix an integer ¢ between 1 and m. The ith cut-and-join operator is

N1 0? NORK.
MO == E abq( P — (a+0b) q(’)q(z) ,
a+b i i a b i ’
2\ g, )861,5 ) 8q§lb

The generating series 9y, satisfies the ith cut-and-join equation
0 )
o 9t =MDgp,

A proof can be found in [CMI16]. These equations determine any Hurwitz number from Hurwitz
numbers with no simple ramifications by

9 = exp (uM D) 55, luzo.

Example 129. Suppose m = 1, we then suppress the the upper index of the ¢ variables. We deduce from
the Riemann-Hurwitz formula that $1|y=0 = ¢i1zs. Thus 9} = exp (uM ) e?**.

We explain how to relate the Hamiltonian Hl‘ . of the quantum KdV hierarchy with a cut-and-join
€=
operator. Let the map p from F (P) [[h]] to the operators acting on C [[gs]] defined by

p(po) =0, p(P-a) = qa, p(pa)ziahaqa,

for any a > 0 and f (¢) € C[[gs]], moreover we use a normal ordering procedure: we first write a monomial
in the p variables with the p.g on the left and then replace the variable p,, for any a € Z, by the operator

P (Pa)-

56



Proposition 130. We have

5:0) - (m)% > ((m) abgats a; + (a +b) qaqs 0 > :

ap>1 8Qa+b

p (Fl

That is the image of ﬁl‘ . by p is a cut-and-join operator multiplied by th, with z := ih.
e=

Proof. In Example we computed the expression of Hy. Its restriction at e = 0 is

— Z palpazpag N tho
6
a1+az2+a3=0

Remark 131. Let f,g € F (P)[[A]], we have

p(fxg)=p(f)prg),

hence the commutator [p(f),p(g)] is given by p (f xg — g = f). In particular, the image by p of the quan-
tum Hamiltonians of the quantum KdV hierarchy commute. We then obtain an alternative quantization
of the KAV hierarchy. It is not a deformation quantization procedure, we quantize here in the Schrédinger
picture.

Remark 132. This relation between Hi|.—o and a cut-and-join operator could explain the presence of
Hurwitz numbers in the quantum Witten-Kontsevich series (see Theorem . A further investigation of
this remark will be carry out in a future work.

4.2 Simple Hurwitz numbers

Definition 133. Fix two nonnegative integer g,d and a partition p of d. A simple Hurwitz number is a
Hurwitz number with only one ramification profile prescribed pu. We denote them by

Y.

In [ELSV00], Ekedahl, Lando, Shapiro and Vainshtein proved a remarkable formula expressing simple
Hurwitz numbers in term of Hodge integrals with one A-class.

Proposition 134 (ELSV formula). Fiz two nonnegative integers g and n such that 29 — 2 +n > 0. Fix
a positive integer d and let p = (u1,. .., un) be a partition of d. We have

T—A 4+ (=19
H:@g_2+n+d( m)/M e
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Remark 135. This formula also proves the polynomiality of the Hurwitz number Hj, in the ramifications
M1 .oy n-

As a consequence of the ELSV formula, we give two results.
e In [KLO7|, Kazarian and Lando deduced a proof of Witten’s conjecture from the ELSV formula.

e In [Kaz09], Kazarian deduced from the ELSV formula that the generating series of Hodge inte-
grals satisfy the KP hierarchy up to a change of variables. This gives another proof of the Witten
conjecture. He also deduced another proof of the Virasoro constraints for the Witten-Kontsevich
series.

4.3 One-part double Hurwitz numbers

Definition 136. Fix a nonnegative integer g a positive integer d and a partition u = (u1, ..., ty,) of d.
The one-part double Hurwitz numbers are Hurwitz numbers with two ramification profiles prescribed. One
profile of ramification is given by (d) and the other one by u, we denote such a number by

(d),p”

These numbers were studied by Goulden, Jackson and Vakil in [GJV05]. They proved the polynomiality
of HY 5, 0 the ramifications f1, ..., pn. Moreover, using the expression of Hurwitz numbers in term of
characters of the symmetric group, they obtained the following expression for the one-part double Hurwitz
numbers.

Proposition 137 (Goulden-Jackson-Vakil [GJV05]). We have

= rld" ! [2%] [1isy S (piz)

a S(z)

(@),

where d = p1 + - + pp, is the degree of the ramified covering, r = 2g — 1 + n is the number of simple

ramifications and S (z) = %

Remark 138. Comparing this formula with Eq (2.3.1]), we obtain

Hfd),# R ¢f9—2+nDRg (— Zui,,ul, o ,,un) .

This link between one-part double Hurwitz numbers and intersection of v-class on the double ramification
cycle is the starting point of the proof of Theorem [I| relating the coefficients of one-part double Hurwitz
numbers with the coefficients of the quantum Witten-Kontsevich series.

Goulden, Jackson and Vakil also conjectured an ELSV-type formula for one-part double Hurwitz
numbers.
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Conjecture 1 (|GJV05|). Fiz two nonnegative integers g and n such that 2g — 2 +n > 0. Fiz a positive
integer d and let p = (,ul, ..y ) be a partition of d. There exists a space Xy, of dimension 49 — 3 +n,
with n classes 1; € H* (X,p) and g + 1 classes \; € H* (X,,,) such that

v Ro—Jit o (<174,
S N (Y

where r = 2g — 1 + n counts the number of simple ramifications of Hurwitz covers.

g
He

This conjecture is still open.

Remark 139. In a paper recently appeared [DL20], Do and Lewanski gave three formulas expressing
one-part double Hurwitz numbers in term of intersection numbers on certain moduli spaces. None of these
formulas answer the Goulden, Jackson and Vakil conjecture but each of them share some properties with
their formula.

Remark 140. A natural question is: can we generalize this conjecture and look for an ELSV type
formula for double Hurwitz numbers (i.e. Hurwitz numbers with two ramification profiles prescribed) ?
The answer is negative. Indeed, double Hurwitz numbers are not polynomial in their ramifications (see
[GJV05]). Thus, we can not hope to get an ELSV type formula for double Hurwitz numbers.

To justify this conjecture, Goulden, Jackson and Vakil studied the coefficients of the polynomial H? ()

in the indeterminates y1, . . ., iy, and proved that they behave as the simple hodge integrals [+ M, )\kw e
appearing as the coefficients of the ELSV formula. We introduce the following notation for these coefﬁ—
cients.

Definition 141. Fix two nonnegative integers g and n such that 2g — 2 +n > 0. Let (dy,...,d,) be a
list of non negative integers. The number

49—3+n—>d; Hgd
<wm.nnm»g=<—m2@%.nu#}< ;g“> (4.3.)
is called a Hurwitz correlator.
Remark 142. The conjectural formula of Goulden, Jackson and Vakil would imply

«mp-ﬂmﬁg=iéf S g, (4.3.2)

g,n
where 2k =49 —3+n — > d,.

Remark 143. Fix the nonnegative integers g and n. Form Proposition [137] it is clear that Hurwitz
correlators ((7q, .. .74,)), vanishes if ) d; is outside the interval

29 —3+mn,49g — 3+ n]
or if ) d; has the parity of n. Hence the Hurwitz correlators can be non zero only if > d; only takes one
-»

of these g + 1 values, this corresponds to the g + 1 conjectural classes A in Eq. (4.3.2
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Proposition 144 ([GJV05|). The Hurwitz correlators satisfy the string equation

n

(T07dy - Ta))g = D Ty - Tadyo1 - Tay)) g

=1

The Hurwitz correlators satisfy the dilaton equation
(T17ay - Tan))y = (29 =2+ 1) (T - Ta,)), -

The Hurwitz correlators corresponding to the conjectural intersection with A, are expressed in term of
intersection numbers on M, .

Proposition 145. Fiz two nonnegative integers g and n such that 29 —2+n > 0. The Hurwitz correlators
satisfying Y i, di = 29 — 3 + n are given by

R / AU g

g,n

In particular, we can compute these numbers using the Aj-conjecture see Section m

Remark 146. In [Sha08|, Shadrin used an approach similar to Kazarian in [Kaz09] to prove that the
generating series of Hurwitz correlators properly arranged satisfies the KP hierarchy.
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Chapter 5

Fulerian numbers

One of the difficulties to obtain an expression for the quantum Witten-Kontsevich series is to compute
the commutator of the star product. In the first chapter, we explained that this amounts to study Buryak
and Rossi’s polynomials

q
crot (N = 3 Rk = YT Do)
ki+-+kq=N =1 \k>1
where r1,...,74 and N are nonnegative integers numbers. In this section, we explain how to obtain an

expression for ), -, k"t* in term of the so-called Eulerian numbers. These numbers enjoy many properties.
They will particularly simplify our computation of the commutator of the star product.

In the first section, we present Eulerian numbers and some of their properties. In the second section,
we deduce from these properties a combinatorial formula. This formula is a key ingredient of the proof of
the main theorem (Theorem .

5.1 Generalities on Eulerian numbers

We present Eulerian numbers and prove some of their properties following [Pet15].

Definition 147. Fix two nonnegative integers k,n and a permutation o € S,,. A descent of the permuta-
n
tion o is a pair (i,7 4+ 1) such that o (i) > o (i + 1), where ¢ € {1,...,n — 1}. The Eulerian number < L >

is the number of permutation of S,, with k£ descents.

Example 148. 0 = ( % g 515 i > € 54 has one desent.
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4 o(4)
3 o(2)
2e a(1)
1 o(3)
1 2 3 .

Figure 5.1.1: A descent of ¢ corresponds to an actual descent in the graph of o.

Eulerian numbers satisfy the following recursive property.

Proposition 149. We have

<z>:<n_k>< -l >+<k+1>< ol >

Proof. Let o be a permutation of S, written as a list (¢ (1),...,0(n)) and suppose o has k descents.
If we delete n from this list, we obtain a permutation of S,_1 with k or £ — 1 descents. We prove the
recursive formula in the other way : start from a permutation of S,_1 with k& or k — 1 desents, we count
the number of possiblilities to add n in order to obtain a permutation of S,, with k descents.

e Let o be a permutation of S,,_; written as a list (¢ (1),...,0 (n — 1)) and suppose ¢ has k descents.
In order to get a permutation of S,, with k descents, you can add n at the end of the list or at the
middle of any of the k descents. Thus, there are k£ 4+ 1 choices.

e Let 0 be a permutation of S,,_; written as a list (¢ (1),...,0(n—1)) and suppose ¢ has k — 1
descents. In order to get a permutation of .S,, with k descents, you can add n at the begining of the
list or at the middle of any of the n — k — 1 ascents. Thus there are n — k choices.

O]

Definition 150. The Fulerian polynomial E, (t) is the generating polynomial of Eulerian numbers

B, (t):= > 1) = §< " >tk.

oESy k=0
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The recursive property of Fulerian numbers translates to the following identity of the generating
polynomial.

Corollary 151. We have
Ei(t)=1+nt)E,(t)+t(1—1t)E, (t). (5.1.1)

Proposition 152 (Carlitz identity). Let n be a nonnegative integer. Let t be a formal variable. We have

nyk n(t)
>kt = T

k>1

)t D k1 k"tk=1. This series satisfies Eq and eg (t) = 1 = Ey (t), we

Proof. Define e, (t) = (1 —
= E, (t) for any n > 0. [

then deduce ey, (t)

Remark 153. Eulerian numbers have the nice symmetry < Z > = < H_Z _1 > Indeed, let 0 =

(6(1),...,0(n)) be a permutation of S, with k descents. We associate to o the permutation & =
(c(n),...,0(1)), i.e. we simply read o in the opposite direction. The descents of & correspond to the
ascents of o : there are n — k — 1 of them. This map is obviously a bijection.

We deduce from this symmetry of Eulerian numbers that they are palindromic: t"~1E, (1/t) = E, (t).
We re-prove from this symmetry, the parity property of the polynomials C"'»+"¢ (N). The proof is moslty
inspired by the one of [BR16]. We introduce the coefficients of the polynomial

Cr1rTa (N) — Z C;l""’Tqu.

Jj=0

The LHS is given by [¢"]]]L, (Ek>1 k”tk> and the RHS by [¢V] >i>0 C;l""’rq (1 + D k>t kjtk), S0

that we have the equality of series
q .
[T ) - Sep (1w
i=1 \k>1 §>0 E>1
Using the Carlitz identity, we get
ﬁ( tE” ) Syt ( tE; (t) )
— |-
i1 \(1— J20 (1=1ty
tE(t) (_1)r+l tE(t)

. (1—t)" -
equation and extracting the coefficient of tV, we find

The polindromicity of E, implies that Using this property in the preceeding

(=12 HICT T (N) = (<1) CT T ().

Thus, C™»"a (N) has the parity of Y r; + ¢ — 1.
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The exponential generating series of Eulerian polynomials has the following explicit form.

Proposition 154. Let t and z be two formal variables. We have

En,(t) , t—1
S Eal)

n! t —ezx(t=1)"

n>0

Proof. We construct a permutation ¢ = (o (1), ...,0 (n)) with k descent in the following way. First choose
the position of n in the list. If n is at the last position, their are < n; > ways to construct such a
permutation. If n is at the ith position , where 1 < ¢ < n — 1, we choose the ¢ — 1 integers on the left
of n in the list (and then the n — i on the right), there are < 7;__11 > possibilities. Since n is at the

position i, the pair (i,7 + 1) is a descent. We then have to distribute the & — 1 remaining desents : there
are [t*~1] E;_1 (t) E,—; (t) possibilities. We then find

E, () = +tz<?__11> i1 () En_y (1)

This equation translates to the following equation on E (t,2) =}, 5 En(t )z”,

P
dE (t
AE2) g2 ) 4 (1= 1) E(21).
dz
Solving this differential equation with the initial condition E (¢,0) = 1 gives the result. O

5.2 A combinatorial formula

We deduce from the explicit form of the generating function of Eulerian numbers a combinatorial formula.
Recall Notation 98] we have

_sh(z/2) 22
SE == = ; 22 (2] 1 1)I"

Proposition 155. Let A, B,t and z be some formal variables. We have

exp (ZABZ%S (kAz) S (kBz) tk> () (e i)

k>0 (1 —teAJEB ) (l—te 3 Z)

A

_ h(5z)sh(52) A+ B \ i

_1—1-43 sh(A+B) Sh<k; 5 z)t.
>0

The proof of this proposition is divided in two lemmas.
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Lemma 156. Let A, B,t and z be some formal variables. We have
(1 — teAEBZ> (1 — te_Ang)

ABZ2%kS (kAz) S (kB2)tF =1
R AP S BN = | (T ()

Proof. We start from the LHS. Use the developed expression of S (see Notation to obtain
A2l1+132l2+122(l1+12)+2

2 k — 2(11+12)+1 k

D ABZKS (kA2) S (kB =, D, sury (201 + 1)! (21 + 1)! r

k>011,l2>0

k>0
Then, we use the Carlitz identity (Proposition [152)) to compute the sum running over k. We obtain

AZi 1 g2lat1 20 H2) 42 tFy g s (8)
o 220412 (20 + 1)1 (21 + 1)! (1 — )2+ +2

l1,l2>

Simplifying this expression using

Z A211+1B2l2+1 B E(A + B)2l+2 - (A - B)2l+2
li+o=l @+ 2+ 1) 2 (204 2)! ’
we obtain s i
3 (A+B)"" — (A= B)* 5\, tEys (1)
221+1 (2[ + 2)' (1 _ t)21+2 .

1>0
Denote by F'(z,t) == —z —In(t —e %) +In (¢ — 1) . According to Corollary ??, we have

2142
(A+B) + 2142 tEQH—l (t) —F <14+B27t> + <—A;Bz,t>

z
go: 220+1 (2] + 2)! (1 — )22 2
and 2142
Z (A—-B) L2042 t B (1) :F<A_Bz t>+(—A_Bz t>.
2 P (21 1 2)] (1—t)2+? 2 2

Finally, we remark that

P () () ()

2 2
(1 — teAEBZ) (1 — te_#z>
=In
(1 - teA;BZ> (1 - teiA;Bz)

to obtain the RHS of the Lemma.
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Lemma 157. Let A, B and t be some formal variables. We have

(1—ted=P) (1 —teB~)
(1 — teA+B) (1 — te—A-B)

- 1+4§Wsh(k(fl+3))tk.

Proof. Start from the LHS of the equality. Develop the two geometric series of the denominators, we
obtain

1 _ sh((k+1)(A+ B))
_ (n—m)(A+B)n+m _ Z t*
— [eATB) (1 _ {e—A-B > ¢ '
(1 —teATB) (1 —te ) o = sh (A+ B)
Express the numerator as (1 — teA_B) (1 — teB_A) =12 —2tch (A — B) + 1. We then obtain the following

. f l—teA’B)(l—teB*A) .
expression I1or (1_teATBY(1_te-A-B) °

1

mZ(Sh((k‘ —1)(A+ B)) — 2¢h (A = B)sh (k (A + B)) +sh ((k +1) (A + B)))t*.

k>0

We use first the hyperbolic identity sh ((k — 1) (A+ B))+sh ((k+ 1) (A+ B)) =2ch (A + B)sh(k (A + B))
and then ch (A + B)ch (A — B) = 2sh (A) sh (B) to obtain the result. O

The first equality of Proposition is obtained from Lemma The second is given by the formula
of Lemma with A := %z and B := gz.
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Chapter 6

Study of the quantum Witten-Kontsevich
series

6.1 Statement of the results

6.1.1 The correlators of the Witten-Kontsevich series

The quantum Witten-Kontsevich series .#9W 5 is an element of C|[[e, h,tg,t1,...]]. Its classical part,
obtained by plugging A = 0, is the Witten-Kontsevich series .Z"W X of Section .
The following theorem concerns the restriction € = 0 of the quantum Witten-Kontsevich series. The

coefficients of FIWK L:O are expressed in terms of one-part double Hurwitz numbers.

Theorem 1. Fix two nonnegative integers g,n and a list of nonnegative integers (dy,...,dy). We have

<Td1 ce Tdn>0,g = <<Td1 ce Tdn>>g .

Thus we have a geometric interpretation for the coefficients of %49 and €29h° of the quantum Witten-
Kontsevich series. So far there is no such interpretation for the other coefficients, but we have a conjecture
for some of them. Let us first explain some vanishing properties of the correlators.

Level structure

The correlators satisfy some vanishing properties similar to the Hurwitz correlators (see Proposition ?7).

Proposition 158. Fiz three nonnegative integers g,n,l such that I < g. The correlator (74, ... Tq,)1,9—1
vanishes if

Zdi>4g—3+n—l or if Zdizn—l(mod,?),
i=1

where (dy,...,dy) is a list of nonnegative integers.
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Conjecture 2. Fiz three nonnegative integers g,n,l such that I < g. The correlator (T4, ... T4, )19
vanishes if

n
d di<2g-3+n-1,
i=1
where (dy,...,dy) is a list of nonnegative integers.
Hence, the correlators are possibly nonzero only when ) d; takes the g + 1 values of the interval

29 —3+4+n — 1,49 — 3 + n — [] with the parity of its maximum (or minimum). We say that the correlators
(Tdy - - -Td,)1,g—1 are structured in g + 1 levels.

Minimal level

We have the following geometrical interpretation for the minimal level of the correlators.

Conjecture 3. Fiz three nonnegative integers g,n,l such that 1 < g. When > d; = 29 — 3 +n — [, the
correlators are given by

<Td1 R Tdn>l,g—l = / )\g)\lwill ... wg"

Mgn

Remark 159. Let us check the level structure and the minimal level property when € = 0. In this case,
the correlators (74, ... 7a, )09, With g > 0 are equal to ((q, ... 74,)), according to the main theorem. The
level structure of the correlators follows from the similar level structure described in Remark [[43] The
minimal level property in this case reads

<Td1...7dn)0,g:/ )\g)\ow‘lil...wg":/ At . apdn

g Mg,n

which follows from the analogous equality for Hurwitz correlators [GJV05], Proposition 3.12].

Remark 160. When | = g, the correlators (74, ...74,)q,0 are the coefficients of the classical Witten-
Kontsevich series. They are given by

d d
<7—d1--~7-dn>g,0:/ wll...wn”.
Mg.n

They correspond to the top level of the level structure : Y d; = 3g — 3+ n. All the other levels vanish. In
particular, the bottom level is given by

/ Azt i = 0.

g,m
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Recap table

The following table presents the structure of the correlators of the quantum Witten-Kontsevich series
coming from Theorem [I] Proposition Conjecture [2] and Conjecture [3] Fix three nonnegative integers
[,k and n. In the box corresponding to the I-th line and the k-th column we store the correlators

(Tay - Ty )1k

coming from the coefficients of e?7i* of FIWK where (dy,...,d,) is a list of nonnegative integers. We set
g =l + k in the table.

The first row and column in the table present proved facts, while the cells k,l > 1 present new results
partially proved.
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6.1.2 String and dilaton for the quantum Witten-Kontsevich series

In [GJV05], the authors prove the string and dilaton equations for the Hurwitz correlators. Hence Theo-
rem [I] implies that the e = 0 restriction of the quantum Witten-Kontsevich series satisfies the string and
dilaton equations. These equations are actually satisfied by the full quantum Witten-Kontsevich series.

Theorem 2. The quantum Witten-Kontsevich series satisfies the string equation

0 0 2 ik
7§qWK: L 7ﬁqWK 70_7.
dto ; 1o, to Ty

Conjecture 4. The quantum Witten-Kontsevich series satisfies the dilaton equation

9 9 9 9
9 gawk _ N~ 9 gawk 9 gaWK | op O ZaWK _ o gaW K,
a1, ; ot t e e han

6.1.3 A geometric formula for the correlators

We give a formula for the correlator
<7'0le .. 'Tdn>l,gfla

where dy, ..., d,,l and g are nonnegative integers. This formula expresses (197, . .. 7a,)1,g—1 as a sum over
stable graphs. One can deduce from it an expression for any correlators using the string equation (see

Section [6.3.1.1]).

Definition 161. Fix the nonnegative integers m, n, g, and n+1 integers ay, . . . , am, such that > ja; = 0.
Let G (m,n,g,l,ap,...,an) be the set of quadruplets

(L0:V = Zs0,0:V—>{+,-},a: H—-1Z)
satisfying the following properties.

o I'=(V,H,g:V —Z>p,0 : H—V,.: H— H) is a stable graph with n vertices (see Section m
for the notations concerning stable graphs).

e [' has m +n + 1 legs. We take a partition of the set of legs L in two subsets L = Lj IT La. There
are m + 1 legs in L; numbered from 0 to m distributed over all the vertices. There are n legs in Lo
numbered from m + 1 to m + n, one on each vertex. Moreover the leg of Lo with number m + 1
should sit on the same vertex than the leg of L1 numbered by 0. The vertices are then indexed by
the legs of second type. The indexing map is

p:V—={1,...,n}

v—1—m,

where i is the index of the unique leg of second type on the vertex v.
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The graph I' is rooted, its root is the vertex incident to the leg of L1 numbered by 0 or equivalently
the vertex with index 1.

Each vertex is linked with at least one smaller vertex, i.e. a vertex v with a smaller index p (v).
There is no loop i.e. edge going from one vertex to itself.

The genus of I' is fixed to g:
s +m () =g

veV
The function [ : V — Z>q satisfies
L) <g(v),
for any v € V, and
> () =1
veV

Each vertex is equipped with a sign o : V' — {4+, —}. The root is, by convention, equipped with a
positive sign.

To each half edge h we associate an integer a (h) such that
— if h € Ly, we set a(h) = a;, where i € {0,...,m} is the index of the half edge h,

— if h € Ly, we set a(h) =0,

— if h € H\L, we set a(h) = —a(¢(h)), moreover, if h is attatched on a vertex equipped with
the sign + (resp. —) and connects this vertex to a smaller vertex, we set a (h) € Z<g (resp.
a (h) S 220)7

— for each vertex v, we impose the condition » ¢,y a (k) = 0.
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a1

as

5, — 3, — 1+ 2,+ 4.+

Figure 6.1.1: An example of a graph with n = 5 and m = 4. The legs of L; are represented by dashed
lines and the legs of Lo by full lines. We draw a genus on every vertex, corresponding to the map g. We
did not draw the map [ or the weightings of the half-edges of H\L.

Remark 162. There is a finite choice of weightings for the half edges in H\L. Indeed, let v be the last
vertex (i.e. v is indexed by p (v) = n), if v is equipped with a + sign (resp. — sign), all the half edges in
H\ L assigned to v are of negative (resp. positive) weight, since the sum of weights on a vertex should be
zero, we deduce that there is a finite number of choices of weightings for theses half edges. We repeat this
process on each vertex to prove the assertion.

We associate to (I',1,0,a) € G (m,n,g,l,ag,...,a,) the cohomology class

(A-DR)r (a0, a1, ..., an) = (H ’a(h)o € (H o (v) Aiw) DRy (v) (a (h)heH[v]>> e gAtotnl) (ﬂg,n+m+1) .

heE veV
Proposition 163. Let g, and n be nonnegative integers such that | < g. Let di,...,d, be nonnegative
integers. The correlator (ToTq, ... Tq,)1,g—1 @S given by
Z'Zg—l—n—l—m d d
(a1 ... am] Z ‘/ (A-DR)p- (—Zai,al,...,am)1/Jn%+1...¢,,;’+n,
m: M,
reG(m,n,g,l,ao=—>_ a;,a1,...,an) g m+n+l

where m =Y 1 di +1—2g+1.

Remark 164. A reformulation of Proposition [I58] and Conjecture [2] about the level structure of the
correlators is the correlators (197q, ... 7q,)1,g—i Vanish if

m>29g+n—1, m<n—1, or m=n(mod2).
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Proposition [158is proved by studying the maximal degree and the parity of the polynomial in aq,...,an,
in this formula.

Remark 165. At the classical limit, i.e. when [ = g, this formula reduces to the formula of Lemma 6.9
in [BDGR1S|. Indeed, we deduce from the condition | = ¢ that h; (I') = 0 and ! (v) = ¢ (v) for any v € V.
Hence, we sum over trees and each vertex of genus g (v) is equipped with a class Ag(v)- Moreover, since
the graph is a tree, the conditions ), Hv) @ (h) = 0 on each vertex v € V uniquely determine all the
weights a (h), for any h € H. In particular, the sign of any vertex is determined. Furthermore, the class

on any vertex v of genus g (v) is AJDR, <a (h)heH[u])' As a consequence of Hain’s formula, this class is a

homogenous polynomial of degree 2¢g. In addition, each of the n — 1 edges of the tree carries a weight a.

We deduce that
(A-DR)p (f Z Ay ALy eee, am>

is a homogenous polynomial of degree 2(g1 + - -+ + gn) +n— 1. Hence m is fixed to its maximum 2g+n—1
N———
g
(or equivalently, Y7 | d; must be equal to 49 — 3 + n). We hence recover the summation over the set of
admissible modified stable trees.

6.1.4 Plan of the sections

In Section we first explain how to substitute u; = d; 1 in a differential polynomial written as a Fourier
series. We then give an expression for the correlators (74); 4—;, for any nonnegative g,l,d, and check that
these correlators satisfy the level structure and the minimal level properties. Finally we give a proof of
the string equation that is Theorem [2|

In Section [6.3] we prove the main theorem that is Theorem

in Section [6.4], we prove a combinatorial identity that is used in the last step of the proof of the main
theorem.

In Section [6.5] we prove the vanishing properties of the correlators stated in Proposition [158

6.2 Preliminaries

6.2.1 On the substitution u; =9,

The construction of the quantum Witten-Kontsevich series uses differential polynomials as elements of A"
and A", indeed you start with some Hamiltonian densities that belong to A" and you perform at the end
the substitution u; = d; 1. We need to explain how to substitute u; = ;1 in an element of A, This is the
purpose of the following lemma.

Lemma 166. Let ¢ be a differential polynomial. We write ¢ as a formal Fourier series, that is

d
¢ (x) = Z Z Gk (a1, .., k) Pay - - - Pay €7 TFR)

k=0a1,...,ax€Z
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where ¢i(ay,...,a;) € Clay,...,ax][[e, A]] is a symmetric polynomial in its k indeterminates ay, ..., ax
for 0 <k <d. The substitution u; = 0;1 in ¢ is given by

=S " (=)Fay...ap) dp (ar,...,a).

¢

w; =041
Proof. The Fourier series of u and its s-th derivative is given by u, (z) = 3,7 (ia)® pae’®®. Hence we get

¢ (l’) - Z Z Z ail U azk [ail Tt aik} ¢I€ (CLl, tee 7ak) pal . 'pakeix(al+m+ak)

k>0az1,....,a,€Z \s1,...,8,>0

= Z Z (=) TR g, [0St a)] o (an, - ak) -

k>0 s1,...,5, 20

Hence ¢

) :Zkzo(—i)k [al...ak] Ok (al,...,ak). O

u;=0;

6.2.2 First example : computation of (1),

We give an expression for (74); 4, for any nonnegative integers g,1 and d. From this expression, we check
the vanishing properties of the correlators (74); 4, leading to the level structure (see Proposition and
Conjecture 2] ), the explicit expression of the minimal level (Conjecture [3) and that the level structure
disappears at the classical limit.

By definition of the linear terms in ¢, of the quantum Witten-Kontsevich series, we have

(Ta)1,g—1 = (T0Td41)1,9—1-

Moreover, according to Lemma this second correlator is given by

g—1 [ _1pg—1] oh
(T0Ta+1)1,9—1 = 7 [6 h? } 0.4+1 :
u;=0;,1
Hence, to obtain an expression for (74); 4—;, we need an expression of Qg d+1- This is the purpose of the
following lemma.

Lemma 167. Fiz a nonnegative integer d. We have

Proof. This is an equality between two differential polynomials written as Fourier series, that is between

two lists of polynomials. The definition of the constant term of the two-point function is Qg d =
b p*zo
Hy 4 o this proves the equality between the first polynomial of each list. To obtain the equality of the
Px=
rest of the polynomials, it is enough to check that OIQS” g = 0:Hg 1.
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Using the definition of the two-point function and the tau symmetry, we find
1
h

Since the Hamiltonian density of quantum KdV form a tau structure, the commutator of any differential
polynomial with Hg corresponds to the derivation with respect to x. Hence we get the equality

I 1 -
aﬂﬂgg,d = [Hflde] = ﬁ [Hd—laHO} .

0o g = OpHy-1.
O

Using the definition of the Hamiltonian density Hy (see Eq (3.1.1) ), and the substitution lemma
(Lemma [166)), we obtain the following expression for (74); g

Lemma 168. We have

m+2g
2

-1
(Ta)1,g—1 = % (a1 ...am] / TN, (6.2.1)
m: DRg(0,a1,-,am,— D a;)
where m =d+2 —2g+ 1.
Verification of the level structure for the correlators (74); ,—;. The double ramification cycle is an
even polynomial DRy (0,a1,...,am, —>_a;) = DRy (0, —a1,...,—am, > a;) of degree 2¢g. In Eq. (6.2.1]),

we extract the coefficient of aj ...a,, from this polynomial. Thus, this coefficient can be non zero only
if m takes the even values between 0 and 2g. Recalling that m = d + 2 — 2¢g + [, this proves the level
structure: (74);,4—; can be non zero only if d takes the g + 1 values of the interval

29 —2—1,4g — 2 — ]

with the parity of [.
We now verify the explicit expression conjectured for the minimal level of the correlators. The minimal
level is given by m = 0. Recalling that DR, (0,0) = (—1)Y A4, we find using the string equation that

(Tag—2—1)1,9—1 :/ PN

9,1

Classical limit : the correlator (74),0. We verify that the level structure disappears at the classical
limit. The classical limit of Eq. (6.2.1]) is

(Ta)g0 = (—1) ,[al---am]/ YA, (6.2.2)
m. DRy (0,a1,....am,— y_ a;)

where m = d + 2 — g. To compute \;DR,, we use the Hain formula. It is clear from this formula that
A¢DRy is a homogeneous polynomial of degree 2g. Since we extract the coefficient of a; .. . ap,, we conclude
that the correlator is possibly nonzero only for m = 2g. We recover the level sructure in the classical limit.
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According to the Witten-Kontsevich theorem, we know that (74)4,0 is equal to
d
Uy
Mg,l

However, is not easy to obtain this expression from Eq. (6.2.2)) using Hain’s formula.

6.2.3 A proof of the string equation

We prove in this section that the quantum Witten-Kontsevich series satisfies the string equation

0 0

2 ik
quK — L 7ﬁqWK ‘0
dto ; ot +

2 24

The string equation for the quantum Witten-Kontsevich series does not directly come from a compari-
son between the ¢-classes and their pull-backs as it usually does. Indeed, the quantum Witten-Kontsevich
series is defined by various commutations of Hamiltonians, that are themselves defined by integration of
-classes over the double ramification cycle, and then the substitution u; = ¢;1. We have to follow this
definition to prove the string equation and any other property of the quantum Witten-Kontsevich series.

Plan of the proof. The string equation is an equality of power series. In order to prove this equation, we
verify that the constant and linear terms of the power series on the LHS and RHS correspond, then we show
that the second derivative of this equation is true. From the definition of the quantum Witten-Kontsevich
series, we find that the derivative with respect to t4, and ¢4, of the string equation yields

_ it 9 Ot
— E 11—
wi=bin g Aty %2 lu=s,, i, i=

N
%Qd1,d2

Bt Bt
+ Q(;l—l,dg U/:(s' 1 + Q(;l,dg—l w + 50’d1 (507d27 (623)

=01

where d; and do are two nonnegative integers.
Before proving Equation (6.2.3)), let us focus on the constant and linear terms of the string equation.

Constant term of the string equation. The constant term in the RHS of the string equation is given
by —;—Z’. We then have to show that —% is also the coefficient of tq in F9WX, By construction, the

coefficient of t( is the coefficient of tgt;. The coefficient of tot; in FIVK is given by Qo1 =
" lu;=6;,1 Lemmal[l67

Hy 5 We use the expression of Hy computed in Example |[110[to conclude.
U; =041

Linear terms of the string equation. We now focus on the linear terms. The coefficient of ¢o does
not appear on the RHS of the string equation. Let us show that it vanishes in the LHS. The coefficient of
to in the LHS of string equation is given by the coefficient of ¢yt in .ZF9W K. This coefficient is

9070 =0.

u;=8;,1

:uo

u;=0;1 Lemma [[67] u;=0;,1
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The second equality is just the definition if H_;.

Fix an integer d > 1. The coefficient of t; on the LHS of the string equation is given by the coefficient
of totg in FIVE  The coefficient of t; on the RHS of the string equation is given by the coefficient of t4_;
in ZIWK  However, we made the choice that the coefficient of tot4 is the coefficient of t4_q in FIVK.

Some necessary lemmas. We prove two lemmas used for the proof of Equation (6.2.3). The first one
is deduced from the string equation for the Hamiltonian densities.

Lemma 169. Fiz dy,ds two positive integers, we have

h
anlde

_oh h
oo Qq, 1,4, + 1 do—1 + 00,d100,ds

where we use the convention that Q" vanishes if at least one of its indices is negative.

Proof. If (dy,d2) = (0,0), we obtain Qg9 = H_; = up from Lemma m Hence the equation is satisfied.
Otherwise, we want to prove an equality of elements of A", that is an equality of two lists of symmetric

polynomials. The equality of the first polynomial of each list follows from the choice of the constant

h

Q dy o in the definition of QZL do- To obtain the equality for the rest of the polynomials, it is enough

to prove that the z-derivative of the equation is verified. From the definition of Qzl 4, We have

o 0 B 01

Oy o thdz = Apo adelde = 8p0ﬁ [Hdl—l’FdZ]
1 [0Hg 1 1 0H,4
- H g5, . 2242
3 [ ope + B o,

h h
= axQél—l,dg + 8x()dbhdg—l‘
We used the string equation for the Hamiltonian densities (Proposition|116)) to obtain the last equality. [

Lemma 170. Let ¢ be a differential polynomial, we have

_ 9

9 _
=9 u;=0;1 dpo

u;=0;,1

Proof. Write ¢ as an element of A", that is

d
¢ (‘T) = Z Z QZSk((Il, st ak)Pm o ‘pakeix(a1+---+ak)7

k>0a1,...,a,€Z
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where ¢p(ai,...,a;) € Cla,...,ax][[e, A]] is a symmetric polynomial in its k indeterminates ay, ..., ax
for 0 < k < d. Then, thanks to Lemma [166] we have

—Z kk+1 . .ak}gbk(al,...,ak)(al+"‘+ak)
b1 150
k
:Z(—l)kik+lz[al...dj...ak] ¢k (al,...,aj_l,O,aj+1,...,ak)
k>0 Jj=1
_ e
8]?0 u;=6;,1

Proof of Equation ([6.2.3)). We first recall this equation:

0
875 dl ,d2

Z Bt Bt
tk+1 a d17d2 s, le 1 d2 . + le,dg—l 5 + 507d1 50:d2 :
6 1 k:>0 t Uz—61,1 6171 i,1

Proof. We prove this equality at every degree in the indeterminates (to,t1,...). Recall that QZ’lt & =

exp (Zk>0 % [ Hk}) Qd 4y Letn >0 and (ds,...,d,) be a list of nonnegative integers. Then the
coefficient of t4, ...1%4, of the LHS is given by

1

e ([ [ T - F] ) !

N PR A

u;=04; 1

u;=0d;,1

— hnl_z 8?)0 [ [le,d27Hd3] - ,Fdn]

u;=0;,1

We act with 8%0 on every elements of the commutators. Then we use Lemmas 7?7 and to find

+ [ .. [le,d27laﬁd3] .. ,Fdn]

u;=0d;,1

2 < .. Q1,40 Hay) - Ha,]

u;=08;, 1

+ [ .. [50,d160,dgvﬁd3] A ;Fdn]

u;=0d; 1

+ [ .. [le,dgaﬁdgfl] e ,ﬁdn} + ...+ [ .. [le,dgaﬁdg] e ,Fdnfl]

Ui5i,1>

We recognize the coefficient of ¢4, ...%¢4, of the RHS Equation (6.2.3)). O

u;=0;,1
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6.3 Proof of the main theorem
We give in this section the proof of Theorem [I} that is we prove the equality

(Tdy - Tap)0,g = ((Tdy -+ Tdn)) g »

where g,n,dy,...,d, are some nonnegative integers. First, we explain the strategy of the proof.

6.3.1 Computing (7y, -..74,)0 and ({74, ... 74,)),

In the next section, we show that the string equation allows one to express (74, ... 74, )o,g and ((7q, - .. 7a,)),
from the the quantum and Hurwitz correlators with a 7¢ insertion. We deduce that it is enough to prove
the equality

<T()Td1 ---Tdn>0,g = <<TOTd1~--Tdn>>g (631)
in order to prove Theorem [I} Then, we explain how to obtain an explicit expression for the RHS, and how
to compute the LHS. The two expressions are completely different, but can be used to prove the equality.

6.3.1.1 String Equation

Fix a nonnegative integer g. The correlators of the quantum Witten-Kontsevich and the Hurwitz correla-
tors satisfy the string equation

n
(T0Tdy - Tdp)0,g = Z(le e Tdi—1 - Tdy)0,gs
=1
n
<<TOTd1 s Tdn>>g = Z <<Td1 oo Tdi—1 - 'Tdn>>g :
i=1

The first equation is the statement of Theorem [2] proved in Section [6.2 The second equation is Proposi-
tion 3.10 in |[GJV05]. Let us define the following generating series

égq) (31,...,3n) = Z <7‘07’d1 ...Tdn>07gsf1...s;€"
di,....dn2>0

and

Gg]q) (81,...,Sn) = Z <Td1 ...Tdn>0798§l1...8g”.
dy,...,dn >0

We also define Gf and Géf by replacing the quantum correlators by the Hurwitz correlators. According
to the string equation, we have

égq):(81+“'+5n)G§q) and éé{:(sl‘F""f‘Sn)Gf‘

We can inverse these two equations in the same way, we then obtain Ggq) in terms of égq) and Glgq in

terms of Gf . Hence, proving Goéq) = Gf is equivalent to proving that Ggq) = Gf .
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6.3.1.2 An explicit expression for ((197q, ...74,))q

In [GJVO05], Theorem 3.1 gives the following explicit expression for the one-part double Hurwitz numbers

i1 9 (piz)
g — 1 gr—1 71,29 Hz:l Hi
H(d)’u rld [z ] S(2) ,
where d = py + - -+ + py is the degree of the ramified cover and r = 29 — 1 + n is the number of simple
ramifications. We also used Notation that is S (z) = % Note that the polynomiality of the one-
part double Hurwitz numbers H Zq o in their ramifications p1, ..., u, is clear from this expression. From

the definition of the Hurwitz correlators given in Eq. (4.3.1)), we find

—24+n—>d;

(roma T g = (<) T [ ] [ G )R

where we used S (0) = 1.

S(u1z)...S (unz)
5(2) ’

(6.3.2)

6.3.1.3 Computing <7'07'd1 . Tdn>0,g

From the construction of the quantum Witten-Kontsevich series (see Section ?7), we get the following
expression of its correlators

o1t 1 _
<T07'd1 e Tdn>07g =9 [60hg:| ((W) =19 [eohg] An—1 [ o [Qo,d17Hd2:| LA 7Hd’ﬂ:| Ui:(;l,i.
t«=0, uizél,i
Lemma gives Qo q = Hy—1. Thus we have to study
(TQle - Tdn>O,g =19 [thrnil] [ .. [Hdl,lvﬁdg] e ,ﬁdn] S (633)

We will compute this expression in the proof. To do so, we need a computable expression of H; and
a computable expression of the commutator. We give these expressions in the next two paragraphs. The
computation will be carried out in A", We will then need a way to perform the substitution u; = ;1. To
do so, we use Lemma [I66]

A computable expression of H,. In [BSSZ15|, Theorem 1 gives an explicit expression for the inter-
section number of a DR-cycle with the maximal power of a -class. From this theorem we get

S S (am2) S (O ai
)%Z)gﬂz pt1,29—1+m |2°] (@12) (;(j)) (2, laz).

-----

H, (z)

(ih)? / a1y [ —€ i35 ai
= I;Z) A T pa .. ‘pamezx =
=0 Z m! Z DRy (0,a1,..,@m,— 3 a;) ’ ih 1

g>0,m>0 a17...,am€Z """
2g4+m>0

B (ih)?
- Z m)
920 a1yes0m €L
with m =p+2 — 2g.

Z <[229] S (alz) ) (g’rr(LZZ)) S (Zi:l azz)> Pay - - .pameix > @i (6.3.4)
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Explicit expression of the star product. Let f, g € F"(P). One can check that the star product of
these elements is given by

T
> (6.3.5)

o 0
*xqg = fex thk—
fxg=fexp (;0 3o Fps

o B)
The notations Por and 5p -, nean that the derivative acts on the left or on the right, that is on f or g.

6.3.2 Proof of the equality (7974, ... 74,)04 = ((T0Td - - - Tan))g

In Section [6.3.2.1] we prove the equality of Equation (6.3.1)) for n = 1.
In Section [6.3.2.2) we prove the equality of Equation (6.3.1)) for n = 2. This particular case is included

as an example to illuminate the proof of the general case.

In Section [6.3.2.3 we prove the equality of Equation (6.3.1)) for n > 2.

Convention. In the rest of the proof, we focus on the restriction € = 0. Hence, we forget the formal
variable € and always suppose it to be zero.

6.3.2.1 Proof for n=1

Fix two nonnegative integers d and g. We prove in this section that

(T07a)0,g = ((T0Td))g-

We start from the LHS, (7974)0,9. As explained in Eq. (6.3.3)), we have (197q)q = 9 [h9] Hq_1 . Then
ui=0;,1

we use the expression of Hy, in Eq. (6.3.4)) and perform the evaluation u; = §;1 with Lemma We find

S(a1z)...8 (amz) S (31~ aiz)
S (2)

<T0Td>()7g = lg,r%]' (—’l)m [CL1 Ce am] [2’29]

with m = d + 1 — 2g. Note that there is no a-linear term in S (az) because S is an even function, hence
the expression of (1797q)0,4 simplifies to

Nd+1 m
—1) S (it aiz)
<TOTd>O,g = ml [a1 ce am] [229] S (Zl) .
Let A=3"", a;. It is easy to check [a;...an]S (D /%, aiz) = m![A™] S (Az). Hence we get
. S(Az) 0015 (Az)
_ (_\Ad+1 [ 29 gm — (_\d+1 | 2g gd+1-2g
(oo, = (—i)**! [20A4™] S350 = (i)™ [20atht 2] 0,

and we rewrite it as S (A2)
_ —1-d | gd] 1,297 g29-1 z
(T0Td)o,g =1 [A } [z ] A <) BE

We recognize the expression of ((1974))4 given by Eq. (6.3.2).
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6.3.2.2 Proof for n =2

Fix three nonnegative integers dy, ds and g. We prove in this section that

<TOTd1sz>0,g = <<7—07_d17—d2>>9‘

We start from the LHS. As explained in Eq. (6.3.3)), we have (1074, 7, )00 = [79] & [Ha,, Ha,] ‘ui:csl,i'

In Step 1, we obtain an expression of % [Ha,_,, Ha,] using the formulas of Hy,_1, Hg, and of the star
product given in Section [6.3.1.3

In Step 2, we first extract the coefficient of A9 in % [Hg, ,,Ha,]. Then we perform the substitution
w; = ;1 in [W9) % [Hy,_,, Hg,] and get a first expression of (1974, 74,)0,y. However this expression will be
totally different from the one of ((197q,74,))¢ given by Eq. (6.3.2]).

In Steps 3,4 and 5, we will transform this last expression of (7974,74,)0,4 into the expression of

((T0Td, Tdy))g given by Eq.

Step 1. We compute % [Hdl_l,ﬁdQ] = % (Hdl_1 *x Hg, — Hg, *Hdl—l) . Recall that

(th)" S(a1z)...58(am,z) S (O aiz) 2SS g
Hy, i (x) = E ( e E: [%91] S(lz) 1 Pay -+ Pam, € D=1 @
9120 v Ql,es@my €L

withmy=d)+1-2g7

and
_ (ih)% 21 S (01) ... S (byuyw)
Hdz = Z ! Z [w 2] S(w) Dby« - Pbp, -
g22>0 b1,...,bm2 €7
withmg=dgo+2—2g9 Ebizo

The expression of Hg, is obtained by a formal z-integration along S! of Hy,. Hence this imposes the
condition ) ;"% b; = 0 and then S (3”2 bw) = 1.
From the expression of the star product (6.3.5)), we get
R
Hd -1 *ﬁd = Hd _1€exp thk——— 7d

0 o 0 ) _
> biohys =g e H,,.
k’l,...,kq>0 pkl pkq p_kl p—kq

~Hy Z (iﬁ!)q

q>0 4

We first describe the action of the left-derivatives of the star product on Hy,_;. Fix g1 in Hg,—;. The
product of ¢ left-derivatives 8}% e % acts on the formal power series
1 q

Za17.."am1ez S(a1z)...8 (am,2) S (- aiz) pa, - - - Pa,,, yielding

mi...(mp+1) Z S(alz)...S(amlz)S(klz)...S(kzqz)S((A—&—K) z)pal...parh1

Q1 yeeesCriy E€Z
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where m1 = my — g, A= 2?111 a; and K = Z?Zl k;. Indeed, each derivative % may act on each factor
J

Da;- Without loss of generality we can assume that ¢ = m; + j, multiplying the result by my ... (11 + 1)
to account for the number of equivalent choices. The derivative yields a nonvanishing result if and only if
a; = kj.
Similarly we describe the action of the right-derivatives of the star product on Hy,. Fix g2 in Hg,. The
—_——

; i iveg 0 o) . eriec
product of ¢ right-derivatives Toon,  Toong acts on the formal series Zblagbmg ez S (w) .S (bmyw) Py, - - - Dby,
b;=0
yielding
my... (Mg +1) Y S(bw)...S (bmw) S (~k1w)... S (~kgw) poy - - - Doy,
bl,...,bm2€Z
B=K

where 1y = mg — g and B = zmQ b;.

Recall that S is an even function, hence S (—k;w) = S (k;w). Note that the condition ) /", b; = 0
becomes K = B.

Finally, the expression of Hy, 1 x Hg4, becomes

(’Lh)g 291,,,292
Z Z Ty lalg! [2% ] (6.3.6)

920 g1+g2+g=g

x> > > ki kg

Al,.ee5Qpng E€Z bl,...,me E€Z k)17...,k‘g>0
K=B

S(arz)...S (am,2) S (k12) ..
X e
oA+

S (a2) S ((A+B) 2) 8 (byuw) ... S (byw) S (—krtw) ... S (—kqu)
)) S (w)

X Pay - - - Pag, Dby - - - Pog, € ,

where m1 =d; +1—2¢g1 —q and mg =do + 2 — 299 — q. .
We can re-do this exercise to compute H 4, * Hy, —1. The main difference is the condition K = B which
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becomes K = —B. Thus, the expression of % [Hy, ., Hg,)| is

Z’Qg—i—lhg

>, D m[22g1w2”] (6.3.7)

920 g1+g2+q—1=g
91,9220,9>1

DD

A1, ,Qpny €L b1,....bp, €L

X S ki kS (k1z). .. S (kg2) S (kaw) ... S (kqw)
ki+-4ko=B

— ) ki kgS(kiz)... S (kg2) S (kaw) ... S (kqw) |
ki+-+k,=—DB
X Pay - - - Pagy, Poy - - - Pby, eiz(A+B)
where m1 =d; +1—2¢g1 —qand mg =do +2 — 299 — q.

Remark 171. The term ¢ = 0 of the expression of Hy, 1 * Hg, in Eq. (6.3.6) corresponds to the
commutative part of the star product. This term disappears in the commutator ,% [Hdl_l,H dQ] We
can then suppose that ¢ > 1 in Eq. (6.3.7)).

Change of notation. For convenience, we change the notation by removing the tildes, i.e. we set
mip =My, my := Mo, A:= A and B := B.

Step 2. We first extract the coefficient of h9 from % [Hq,_,,Hg,] . Then we evaluate this coeffi-

cient, which is a differential polynomial, at u; = J; 1. We will then get an expression for (1974, 74,)0,9 =
0 Bl

[hg] % [Hdn Hd2] ‘
We extract the coefficient of A9 in z;: [Hdl_laﬁdz] from its expression obtained in Eq. 1) This

u;j=014"
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only removes the summation over g. With our new notations, this coefficient is

g ¥ JZi P29t 291,,,292
W) oo Bl = 3 o e
g1+g2+q—1=g
91,9220, 921
" Z Z S(a1z)...8(am,2) S((A+ B)2) S (hhw) ... S (bp,w)

§(2) 5 (w)

Al,..5Amy E€Z bl,...,bm2 €7

X S ki kS (kz). .. S (kgz) S (kaw) ... S (kqw)
ki+-+kq=B

— Y ki kgS (k12). .. S (kez) S (kaw) . .. S (kqw)
ki4-+kg=—B
X Day - - Pag, Pby - - - Doy € AT,
where m; =d; +1—2¢g1 —qand mg =do +2 — 299 — q.
This last expression is a differential polynomial thanks to Proposition ?7?. In order to substitute
u; = 0;,1, we use Lemma We get

(070 Ta)og = D> [ZPw] [ar. . b1 by
g1+g2+g—1=g
91,9220, 921
" i S (a12)...8 (am2) S ((A+ B)2)S (hw)...S (bn,w) (6.38)
my!mslq! S (2) S (w) 9.

X > ki kgS(krz). .. S (kgz) S (kw) ... S (kqw)
ki4-+kq=B

— S ki kgS (k12).. S (kgz) S (kiw) ... S (kqw) |
ki+-dkg=—B

where m; =d; +1—2¢g1 —qand mg =do +2 — 2g9 — q.

Remark 172. It can look confusing that in this expression, b; stands for a formal variable and an integer
m

when we write k1 + -+ + k; = B = > "% b;. This is due to the the presence of Ehrhart polynomials.
Indeed, the coefficient of any power of z and w in

S ki kS (k1z)... S (kg2) S (kaw) ... S (kgw)
ki+-4ky=B

is an Ehrhart polynomial in the indeterminate B = ) "% b;, see [BR16, Lemma A.1] for a proof. Hence,
when we write B as an integer, we use this lemma to justify that B can also be used as an formal
variable. The same phenomenon applies to Ek1+~~+kq=—B ki...kgS (k12)...5 (kqz) S (kw) ... S (kqw)
when B < 0.
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Plan of Steps 3,4 and 5. This expression of (7974,74,)0,9 is completely different from the one of
((T0Td, Tdy)) g given by Eq. . Moreover, it is difficult to compute the number (7974, 74,)0,4 from this
expression. Let us point out the difficulties. The three last lines of Eq. form a series depending on
the parameters di, d2, g1, g2, ¢ in the indeterminates a1, ..., am,, b1, ..., bm,, 2, w. We denote this series by

Fi, do.g1,92.q (@15« s @my, b1y o by, 2, w) so that Eq. (6.3.8) becomes

Z 21,2
<T0Td17'd2>0,g = [Z glw 92] [a1 Ce amlbl Ce me] Fdl,dz,gl,gz,q (al, Ce ,aml,bl, ceey bmz, Z, w) .

g1+g2+q—1=g

91,9220,9>1

Hence, for each choice of the parameters dy, ds, g1, g2, g, we have to extract the coefficient of
2291292, . m, b1 .. by 0 Fygy 4y 91,90, Then we sum these coefficients over the parameters g1, g2, q.
The main difficulty is to extract the coefficient of b; from the expression appearing in parenthesis in
Fy, ds,g1,92,9> that is from

S ki kS (k1z)... S (kg2) S (kaw) ... S (kqw)
ki+--+kq=B

— > k1. kgS(k1z)... S (kgz) S (kaw) ... S (kgw) .
k14-tkq=—DB

As we explained in Remark the coefficient of any power of z and w in each of the two sums is an
Ehrhart polynomial in the indeterminate B = > "% b;. However we do not have an explicit expression
for the coefficients of these Ehrhart polynomials. Luckily, Eulerian numbers appear in the computation
of these coefficients, see Remark ??. The plan is to modify our expression of (7974, 74,)0,4 in order to use
known properties of Eulerian numbers.

In Step 3, we will modify our expression of (17974, 74,)0,g using simplifications arising from extracting
the coefficient of a1 ...am,b1... by 0 Fgy dy g1.90.9 (@1, Qmys b1, .0 by, 2, w). These simplifications
mainly come from the fact that z — S (2) is even.

In Step 4, we use some changes of variables in order to get (7974,74,)0,4 as the coefficient of an
exponential generating series. This is the exponential of an expression that can be computed using Eulerian
numbers.

In Step 5, we finally we use a property of Eulerian number in order to get a simplified expression of
(T0TdyTay)0,9- We then recover from it the expression of ((1974,74,))4 given by Eq. (6.3.2).

Step 3. The evaluation u; = d;1 brings many simplifications that we explain now.

e First recall that S is an even power series so that the coefficient of o in S (az) X F' (o) where F' is a
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formal power series in « is the coefficient of « in F' («). Hence, Expression (6.3.8]) simplifies as

(T0Tdy Tdy)0,9 =

X Z ]{21..

j—d1—da2

ZE: Tolgl (2% w?e?]
g1+g2+g—1=g mymeg
91,92>0,9>1
S((A+ B)=z)
e Qb1 . b | —————
e omb bl ) 5w

ki+-+kq=B

-

ki+-+kg=—B

(6.3.9)

kgS (k1z) ... 8 (kgz) S (kiw) ... S (kqw)

ki... kgS (k1z)...8(kgz) S (kiw) ... S (kqw)

e Fix ¢1,92 and ¢ in Expression (6.3.9) so that m; and mo are fixed. We extract the coefficient of
aj...Qamyb1...by, from a power series that only depends of the sums A = a; + ... + ay,, and

B =0b; + ...+ bn,. This is equivalent to extracting the coeflicient of

series.

A™m1 B™m2
m1!ma!

from the same power

e Consider the expression in parenthesis in Eq. (6.3.9). This is a power series in the indeterminate B.
Moreover, when B > 0 this power series becomes

2.

ki+-+kq=B

and when B < 0 it becomes

> ki

k1+...+kq:_B

ki... k¢S (k1z)...5 (kqz) S (kiw) ... S (kqw)

kgS (k1z) ... 8 (kgz) S (kiw) ... S (kqw) .

We are interested in the coeflicients of this power series, so for simplicity we can suppose B > 0 .

Expression ([6.3.9) becomes

(T0Tdy Tdy )09 =

,L'fd1fd2

2.

g1+g2+q—1=g
91,922>0,9>1

[2291 w2g2]
q!

S((A+B)z2)

A B S S w)

<D

ki+-+kg=B
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ki...kgS (k12)...5(kqz) S (kw) ... S (kqw) .



Step 4. We perform the changes of variables z := Az and w := Bw in Expression ((6.3.10). Recall that
mi1 =d; +1—291 —q and ms = ds + 2 — 292 — ¢, these changes of variables yield

—d1—da
! {22g1w2g2 Adi+1-g Bd2+2fq}

(0T Tr)og = Y

q!
g1+g92+g—1=g
91,9220, 921
S((A+ B) Az)
S (Az) S (Bw)
X > ki kgS(k1Az)... 8 (kgAz) S (ki Bw) ... S (k;Bw).
k1+-+kq=B
We re-write this as
g+l ._ 4. _
i [Ad1+1—qu2+2—lI]
q!
q=1
S((A+ B) Az)
2g1,,,292
x Y [P0 $(47)5 (Bw) > ki kS (k1Az) ... 8 (kgAz) S (k1Bw). .. S (kgBw)
g1+g2=g—q+1 k1+-+kq=B

G(zw)
(6.3.11)

Note that for any formal power series G (z,w) = >_, i~ Gijz'w’, we have > gitgah PP G (z,w) =

> g1+ga=h Gargs = [2"] G (2, 2). Using this remark in Expression (6.3.11) with h = g+ 1 — ¢ and using

that G (z,w) is even in z and w , we get the following expression for (7974, 74,)0,g

g+l j—d1—d2
[Ad1+1—quz+2—qz2g—2q+2
g=1 a
S((A+ B) Az
x 5((( 15 ()BZ)) > ki...kgS(k1Az)...S (kgAz) S (k1Bz) ... S (kgBz).

ki+-+kq=B
Re-write this expression as

S((A+ B) Az)
S (Az) S (Bz)

—dy—dy [ gdy s 2
(T0Tdy Taz)o,g =i @7 [A 'B%z g}

g+1 q
1 ot a2 2g—
x Yy AR N T kS (kiAz) S (kiBz) . (6.3.12)

q=1 ¢ ki+-+kg=Bi=1

We can extend the range of summation to ¢ running from 1 to co. Indeed, it is clear from the expression
that the terms with ¢ > ¢ + 1 vanishes, since we extract the coefficient of 229 from a power series with
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a factor 22972, Hence, the second line of Expression ((6.3.12) can be re-written as the coefficient of an

exponential series. Expression ((6.3.12)) becomes
S((A+B) Az)
S (Az) S (Bz)

-—d1—d d1 pds 2
(T0Tdy Tdy)0,g = 1 174 [A 1B% % g}

X @ [tP] (exp (Z AB2%kS (kAz) S (kBz) tk> — 1> (6.3.13)

k>0

Step 5. We use properties of Eulerian numbers in order to simplify the expression of the exponential

power series in Expression (6.3.13)). Using first Proposition [155(and then the definition S (z) = Shijéz), we

get

B
2 _ )sh (52) A+ B\
exp(ZABz kS (kAz) S (kBz)t ) 1+4Z i) sh (b=~ )t
k>0 k>0 2
S (Az) S (Bz) &
=1 ABkz?———>——"28 (k(A+ B) 2) t*.
+kz “S(A+ B KA+ B2
>0
Thus, Expression (6.3.13) becomes after extracting the coefficient of t2
p g
A+ B)A
(T07a, T )og = i~ 1% [Adle%ﬂ S((A+B)Az)
S5 (Az) 5 (Bz)
h(4z)sh (£
y 4 s (22:)5 (2 )sh BA—i—BZ '
ABE i (5E2) 2
We re-write the second line as %S’ (B (A + B) z) so that
i S((A+ B)Az)S(B(A+ B)z2)
— j—di—d2 | pd1 pd2 29
<TOleTd2>O,g 7 [A Bz :| S((A+B)z) .
Finally, the change of variable z := ¥z in this last expression gives ((7974,74,))g as expressed in
Eq. (6.3.2)), that is
—dy—d A B
(ToTay T Jog = (1) 7 [AdleQ 2g} (A+B)¥ 5(42) 5(Bz) ?(3( 2)

6.3.2.3 Proof for n > 2

Convention. Because of the multiple use of the index i, we choose to denote the imaginary unit i as
v/ —1 in this section.
Fix n 4+ 1 nonnegative integers dy,...,d, and g, we prove in this section that

(T0Tdy - - Tdn)0,g = ((T0Tdy - - - Tdn))g
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for n > 2. We start from the LHS. As explained in the strategy of the proof, we have

e
hn—l

[ [Hdl—uﬁdz] 7"'7Hdn]

<TOTd1 cee Tdn>0,g = [hg] w; =01,

We follow the steps of the previous section in this more general setting. The main difference occurs in
Step 5, where we need a combinatorial lemma which was obvious when n = 2. Let us recall these steps.

In Step 1, we obtain an expression of [ .. [Hdl_l,ﬁdQ] e ,Fdn] using the formulas of Hy, 1, Hg,, ..., Hg,
and of the developed expression of the star product.
g J— -
In Step 2, we first extract the coefficient of A9 in ﬁl [ .. [Hd1717 Hd2] Sy Hdn}. Then we perform

the substitution u; = J; 1 in it and get a first expression of (774, ... 74, )0,9. However this expression will
be totally different from the one of ({1974, ...7q,))q given by Eq. (6.3.2).
In Steps 3,4 and 5, we will transform this last expression of (197q, ...7q4,)0,¢ into the expression of

((10Tdy - - -Td,))g given by Eq. (6.3.2).

Step 1. We compute in the first step [ .. [Hd1—17ﬁd2] e ,ﬁdn]. From the expression of the Hamilto-

nian density Eq. (6.3.4]), we set

- 9 alz) ... al 2 z
R S o (e TR

g1,m12>0 al,...,al, €Z

s.t.2g1+m=d;+1 my
and
_ (v=1n)* 0ol S (@iz) ... S (b, z;) . |
Ha = [g} : i Dai , With 2 <i <,
' gi%i:ZO it aﬁ,..-:zai:niez i S (z) Pay - Pag,» W t=n

s.t.2g;+m;=d;+2 A—0
=

where A; := ZT:ZI a§- and 1 < i < n. In these notations, we use the variables of summations ajl. in Hg, 1

and the variables of summations ag in Hg,, with 2 < i < n. Note that in the notation aé, 1 is just an upper
index. The expression of H, is obtained by a formal z-integration along S* of Hy.. Hence, the sum over

aj,... ,aﬁni has the constraint A; = 0.

In Step 1.1, we give an expression for Hy, 1 % Hg, x--+* Hg, . In Step 1.2 we explain why this is the
only term of the commutator [ .. [Hdklv HdQ] Sy Hdn] needed to compute (197q, ... T4, )0,g-

Step 1.1.

91



Proposition 173. We have

HyyyxHoyx--xHgy = > Y > (6.3.14)

q120,1€C g1,...,9n >0 1h1,...;Mn >0

with conditions

n \/jlh 9i - ' | )
(fhi) |:Zi gz} Z WZ (all? te 7a2h1’zi> Pay - - 'paﬁli eﬁ“‘l
=1 7 a’i’“.,a;’hiez

(V _1h)qI k?l kl I k?l k[
XH 7{]1' Z 1. qIW (1,..., qI7ZI) 3
IeC k{,...,k51>0
with conditions 3

where

o C is the set of pairs (2-element subsets) of {1,...,n}; we also denote by C; C C the subset of pairs
that contain 1,

e the conditions « on the summations running over gi,...,gn, M1, ...,My and qr, I € C are

291+7~TL1+ZQI:CZ1+1
IeCy

and

2g;+ 1+ > qr =dj+2, with2 <j <n,
IECj

o the weight W; with 1 < i < n is defined by

H;h:ll S (ajl- 21)

Wi (a%,...,al zl) = S(o)

mi

S (121121 + ... flnzl)

and )
| (aé- zz>

I/Vi(ail,...,ai zi) = ()

Th17

, for2 <i<n,

~ . m] 4
e A;= Zi:l ai,

e the conditions 3 are the following (n — 1) constraints over the summations:

i—1 n
/Ll _ ZK{jai} + Z K{ivj} — 0’ 2<1<n (6.3.15)
j=1 Jj=i+1

I _ 1l I
where K* =ky + -+ kg,

for I €C,
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o the weight W for I = {i,j} € C is defined by
W (k{, ... kL zr) =8 (k{z) ... S (kL zi) x S (kiz)...S (k) %),

note that the notation zr means z;, z;.

Proof. We use the expression of the star product given by

f*g:fZ@ > ki.k 0 0 9 0 g. (6.3.16)

-
= ¢ b R0 Opry  OPk, OP—ky  Op—g,

The star product is associative as one can check from Eq. (6.3.16]). We use this associativity in the following
way
Hdl—l*Hdg *"'*Hdn = ( (Hdl—l*Hdg) * - "*Hdn) .

Each of the n — 1 star products has couples of derivatives acting on the left and on the right with opposite

indices. Let 2 <i < mn. The (i — 1)th star product acts on the left on Hy, 1, Hg,,...,Hg4,_, and on the
right only on Hg,. Fix a nonnegative integer ¢ and ¢ positive integers ki,. .., k;. Consider the term
(v=1h)* b g0 o 0 o
q! “Opr, " Opr, Op—i,  Op—i,

in the development in 7 of the (i — 1)th star product. Among these ¢ left derivatives, we denote by i j)s
with j < i, the number of derivatives acting on ﬁd]. (or Hy,—1 if j = 1). We furthermore add an upper
index {i,7} on the corresponding k variables so that the gy; ;3 left derivatives coming from the (i — 1)th
star product and acting on the jth Hamiltonian are denoted by

<

0 0
Op, iy “.81? {i,j} '
ky kq{m‘}

The associate right derivatives o 9 0 act on Hg, with opposite indices. With this notation,

(g} T OP_ {ig)
. ki kg gy
we obtain

Hdl—l *Fd2 koo *Fdn

_ VIR
= ) > 11 PR R

ar20,1€C k], kl >0,1ec I€C
947
X ) Hd1—1
jec, OPR{ - OPr]
n 1—1 - n .
0%i.i} ol _
< TT11 1T Hy,. (6.3.17)
S\ Oy -0 iy | S\ Oty - Ot
=27=1 1 agigy / =il 1 a{i,1}



Let us explain this formula. The derivatives acting on H,, have two different origins; the derivatives
coming from the (i — 1)th star product, these are the derivatives with negative indices in the product
running over the variable j, and the derivatives coming from the ith to the (n — 1)th star product, these
are the derivatives with positive indices in the product running over the variable [. Similarly, the derivatives
acting on Hg,_; come from all the star products and have positive indices. Moreover, when we develop
the star products, we have to choose which derivative acts on which Hamiltonian so that multinomial
coefficients appear and simplify the factorials.

We now describe the action of the Z?:L#i qyi,5y derivatives of the last line of Eq. (6.3.17) on Hy,.
We find

994i.s} n HIti1y =
d.
) 8 (3 8 (3 a 1 8 (3 ¢
=1 pfkf g} - - OP ké{ﬁ} =it pkf A3 pké{g}
/1R
_ Z ( — h) [2291}
my!

94,20
29i+”;‘i+2160- qr=d;+2

X Z W(al,..., Ay 5 ')pal-“pami

aj,.. ’aﬁli E€Z

with condition 8

i—1
{i.3} . {z,]} {3, l} {1, l}
< TTs (k92) .8 (K7 = H S (k! 5 (K 2 (6.3.18)
j=1 I=i+1

Indeed, when the 3" derivatives act on \A#)-Semz) ) o3 F, it remains iy =
ndeed, when the ijl,j;éi qyi,jy derivatives act on (En) Pai -+ - Paj, 0 Ha,, it remains m; =
m; — Z?Zl i Qi gy variables p. The part of this expression which is not reached by the derivatives is
contained in the third line while the part reached by the derivatives with negative and positive indices is the
content of the last line. Finally, the condition A; = 0 in H 4, becomes Aﬁ—Z?:Z- a K (0.} _Z?;l KU =,
this is the ith equation of conditions .

Similarly, there are only derivatives with positive indices acting on Hy, ;. We find

I o _ 3 V=1n" [2201]

Hg 1= ~
Opkij .. ka&;J ! my!

Jel g1,m1>0

s:t.291+m1 4+ 1ecq ar=d1+1

X Z Wi (a%, e ,a,lhl, 21) Pay - - .pamle\/jlx i=1 Ai (6.3.19)

1 1
al,“.,amléz

< [ S (K z1)...8 (k] 2).
JelC,

Note that A; becomes after the action of the derivatives
n n
/11 — ZK(l’j) = Zz‘L
=2 i=1
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We obtained this equality by summing the (n — 1) equations of conditions 3 (see Eq. (6.3.15))).

By combining Eq. (6.3.17)), (6.3.18) and (6.3.19) we obtain Eq. (6.3.14)). This proves the proposition.
O

Step 1.2. Similarly to the expression of Hy, 1 x Hg, % - -+ % Hg, obtained in Step 1.1 , we can get
the expressions of the 2”1 — 1 others terms appearing in [ .. [Hdl_l,ﬁdQ} ,...,ﬁdn]. To each term
we associate a permutation o € S, such that o (i) is the index of the Hamiltonian appearing at the
ith position (the index of Hg 1 is 1 and the index of Hy, is 7). Then, the expression of the term in
[. .. [Hdl—laﬁdz] yee ,Fdn] corresponding to the permutation ¢ is given by Expression with one
modifications: conditions 3 become

o~ 1(@)—1 n
A; — Z Klio()} 4 Z K{i,a(j)}’ 2<i<n.
j=1 j=o—1(i)+1

However, it is not necessary to compute these 2°~! — 1 other terms in order to obtain (T0Tdy - - - T, )0,g-

Indeed, [ .. [Hd1—17ﬁd2] Y. ,Fdn] is a power series in the indeterminates a%, ... ,a}nl, ceaf e an

In Step 2 we extract one coefficient of this power series. Then, we can restrict to compute the terms in
[. .. [Hdl—h Hd2] yenn 7Hdn] such that
A; >0, with i > 2.

The only term in [ .. [Hdl,l,ﬁdQ] yenn ,Fdn] satisfying these inequalities is Hdl,l*ﬁdQ*' . ‘*Fdn. Indeed,
in the other terms, the condition coming from the Hamiltonian on the leftmost in the star product, say

Fdi, is
A+ K=o,
1<j
that is flj < 0.
Although, we will use one simplification coming from the commutators. A commutator simplifies the

constant term in A in the star product, that is the term coming from the commutative product. These
terms correspond in the expression of Hy, 1« H g, x---x H g, given by Eq. (6.3.14]) to the terms satisfying
i—1
Zq{i»j} =0, for2 <i<n.
j=1

Indeed, Z;;ll qyi,j counts the number of left (or right) derivatives coming from the (i — 1)th star product
and the commutative term in the star product is the one without derivatives. We call conditions 7 the

inequalities
i—1

Zq{m’} >1, for2 <i<n.
7j=1

Change of notation. We remove the tildes in our notations, i.e. we set m; := m; and A; := fli for any
1 <1< n.
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Step 2.  We first extract the coefficient of A9 from Vo1 [...[Hay,_,,Ha,| ..., Ha,]. Then we evaluate

hn—l
this coefficient, which is a differential polynomial, at u; = ;1. We will then get an expression for
—19 - —
(T0Tdy + - Tan Yo = W) S [+ [Hay  Hay) oo Ha,) vt s
We want to extract the coefficient of 29 in ﬁg [ .. [Hdl_1 , ﬁd2] e ,Fdn] . As explained in Step 1.2,
we only need to study the term Hy, 1 x Hg, x -+ * Hy, in [ . [Hdl_l,ﬁdQ ,...,Fdn}. The coeflicient
of W9 in h\/:;_lfHdl_l *ﬁdQ * e *ﬁdn is easily obtained from Expression (6.3.14]). We get with our new

notations

[hg] \/jlg [ o [Hdlfpﬁdg] PPN ,Fdn] = Z \/j129+(n—1)

hn—1
g1+ Fgn+d e ar=g+n—1

with conditions vy

1 2, . .
g (0 i ) v—1zA;
XH - |:zz z} E W; (al,...,aml,zz) Pay - - - Pay, €
=1 aﬁ,...,ainl €Z
1
E I 1 I I I
XH E kl...quW (kl,...,qu,Z[)
IeC k{,...,k51>0

with conditions 8

+ 271 — 1 other terms,
where we used conditions « to fix

m1:d1—|—1—2gl—2q[, andmi:di+2—29i—2q1, when 2 <17 < n.
IeCy IecC;

This last expression is a differential polynomial thanks to Proposition ?7?7. In order to substitute
u; = 0;1, we use Lemma We get

—2—|d
<TOTd1 .. 'Tdn>0,g = Z /_1” ‘ ‘

gl+"'+gn+zlec QI:ngTL*l

with conditions y

SO , , .
X <m-' [azl...a;m} [z?gl] W; (a’l,...,a:nl,zi))
i=1 v

1
§ : 1 1 I (1.1 1
XH E klquW (klu"'7kq1721)
IeC k{,...,k51>0

with conditions 3

+ 2771 — 1 other terms,
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where we simplified the power of \/—1 using m; := d1+1—2¢g; _Elecl qr and m; = di+2_29i_ZIeci qr,
when 2 < i <n. We used the notation |d| =" | d;.

Remark 174. It can look confusing that in this expression, aé for 2 <i<nand1l<j<m,; stands for
a formal variable and an integer when we write the ith constraint

i—1 n
A; — ZK{M} + Z Kl — o
=1 I=i+1

of conditions . This is due to the presence of Ehrhart polynomials. Indeed, according to [BR16, Lemma
A.1], for any list of integers Aa, ..., A,, the coefficient of any power in z1,..., z, of

1
11 o] S kKW (kR )

I
Iec k1:-~~vk51>0
with conditions 3
is a polynomial in the variables As,..., A,. We will then use the A;’s and the az-’s as integers and formal

variables.

Step 3. We use the same simplification than Step 3 in Section [6.3.2.2] that is we consider the simplifi-

cations coming from extracting the coefficient of af .. .ainl in each factor of the product over 1.

e Recall that S an even power series so that the coefficient of a in S(az) x F' () is the coefficient of

. . . S(>h A
a in F. Hence, we can replace, in our expression of (197, ... 74,)0,9, W1 by % and W; by
s(lz-)’ when 2 < <n.

e Thanks to these simplifications, we see that we extract the coefficient of [}, a}...al, from a

power series which only depends in the a{ ’s through their sums A; = E;n:zl a} for 1 <i < n. This

is equivalent to extracting the coefficient of []}" ; ':;i from the same power series.

i

e For simplicity (see Step 1.2), we can suppose that A; > 0, with ¢ > 2.
Thanks to these three points, we get

—2—|d
<7'0’7'd1 .. 'Tdn>0,g = Z /_1” |d|

91+"'+9n+z[ec qr=g+n—1

with conditions y

n

I (14 [#) 55

1 I I I 1 I
<11 ol Sk kLW (R, K2 | (6.3.20)
Iec k{,...kL >0

with conditions 3
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where we used the notations |A| =37 | A;.

Step 4. We perform some change of variable in our expression of (197y, ... 74,)0,4. We will then organize
this expression to see (1974, ... 74, )09 as the coefficient of a product of exponential power series. This will
allow us to use known properties of Eulerian numbers.

We perform the change of variables z; := A;z;, with 1 < ¢ < n in Expression (6.3.20). We get

—2—|d
(T0Tdy - - Tdp)0,g = Z v=1" i

91+"'+9n+z[ec qr=g+n—1

with conditions y

X ﬁl <[A;”i+29i} [2] S(fllz)> S(|A| Arz1)

1 I I yi/1I (1.1 I
XH E Z klquW (kl,...7qu,ZI) 5
IeC k{7...,k51>0

with conditions 3

where we used the notation
T (0 I I (1 I
1% (kl,...,k:quz[) =W (kl,...,qu,Aizi,Ajzj)

=S (k{Aiz)...S (kL Aiz) S (k{Ajz;) ... S (k] Ajz)

for any pair I = {i,5} of C.
Using that my = dy+1—2¢g1 — Zfecl qr and m; = d; +2—2g; — Zleci qr, when 2 < i < n, we re-write
this expression as

n—2—1d| | d1+1-3"rcc, 1 ,d2t2—3 1cc, a1 dn+2=3"1cc, a1
<7—07—d1---7_dn>0,g = E v—1 |:A1 ! A2 27 LA, "
>rec u<gtn—1

with conditions vy

291 2g
S S

g1+t gn=g+n—1-3"rccar

‘ 1 1 1 I 1371 1 1
XS(|A|A121)H<W>H E Z kl...quW (kl,...,qu,Z[)
v/ rec ’ ki ,kd, >0

with conditions 3

1=

G(21,-52n)

We use in this expression that

2 2gn, _ 2g+2n—2— 2
E [zlgl...zng}G(zl,...,zn)— 229+ =2"2ec q’]G(z,...,z)
g1t tgn=g+n—1=3;cca
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to obtain

—2—|d| di+1->"rcc. ar d2+2—=3rce. a1 dn+2=1cc, a1
(T0Tdy - - - Tdy )0,g = Z V-1 [Al 1A, 2T A €

n
ZIGC QISQ-‘FTL—I

with conditions vy

% [Z29+2n—2—2166 2q1:|

n 1 B
S (|A| A12) H( Sz )H o] S kKW (R, )
i=1 i) Iec k] kD >0

with conditions 3

Then, we rewrite this expression as

n—2-|d| 3 u 1 1
(ToTdy -~ T, )o.g =V—1 [A;hAg? LAY 229] S(]A|A1Z)H< ) YT

. 2 .2n—2
palet S (A;%) 5... . A2z2n
AT A 2ar
v ") 1 I yxi/1I (1.1 I
D SR | - S TR
Yorec ar<gtn—11={ij}eC ko kd, >0

with conditions vy with conditions 3

We can extend the range of summation to ) ;.- ¢r running from 0 to co. Indeed, it is clear from this

expression that the terms with ) ;.- qr > g+ n — 1 vanishes, since we extract the coefficient of 2%9 from

. . 2> recar . . . . .
a power series with a factor ZZQW Hence, we rewrite the second line of the expression in the following

way

—2—|d| [ ,dy 1d n - 1 L
S VY s [A11A22 AR s (A A ] (5( )) 1A

: 2 ,2n—2
Pl Az 5... A%z

(6.3.21)
n | i-1 ANy pNEdY 29 5 N S N
4 J {7’7]} {’L7 } {Z, } {'L,]} {17 } . ) -
<ITITI| 2 P S kD WD (D ) | 1
i=2 | j=1| q4;,;3;20 J k!

okl >
Dt )
with conditions 3

Note that when 23;11 qtijy = 0, forany 2 < < n, the product running over j equals 1 so that conditions y
are satisfied. Then we rewrite the last line of this expression as the coefficient of an exponential series.
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Using the expression of W} (kf” } ké;;jj}},zl, zj> and conditions 3, we get

n Jj—1 Aq{iaJ}Aq{iJ} 294,53

; . 27 Nig . oy e .

i J {ig} {ig} yirdig} (163} Gt )| =
I > i ook kg W kT a2 1
J=2 | =1 | qs,;320 b Ki,.. 7kq{”}>0

with conditions 8
n i—1 ¢ k
A An 2 ]
= |:t2 2 L tn } H H exp (AiAjZ Z kS (kAZZZ) S (kiAij) <t;> ) -1
1=2 ]:1 k>0
Substituting this expression in Eq. (6.3.21]), we get

1
) ALAZ. Az

(ro7ay - TaJog =V=1' Y [AP AT 4l 5 (| A Ar2) H(

n i—1 k
n A 2 . (B ) -
x |t “_[2 jHlexp <A1Ayz kzwks(“lzl)s(“ﬂ”) (w) > :

= = t1=1

(6.3.22)

Step 5. The second line of Eq. (6.3.22)) is simplified using the following property.

Proposition 175 (The products of exponentials formula). Fiz n positive integers A, ..., An. Fizn formal

vartables t1,...,t, ; by convention, let t1 = 1. We have
n i—1 +
A2 n . . 2 . ¢ —
[t A ]11 jl;[lexp (A,A]z kzwks (kAiz) S (kA;z) (t) ) 1

n n—2 n n
_ 2 2 _2n—2 4 [[imy S (Ai2) .
=A1A2.. A% (ZAJ STAt - 1A gS(A’" (A1z+ -+ Ap2)).

This proposition is proved in Section using properties of Eulerian numbers.
According to this proposition, we get

_ —2=ld| [ jdy 4d dn 2 - L
(T0Tdy - - - Tdyp)0,g =v-1" {1411‘422 ARz g} (A Aiz) 11;[ < ) A A A2 2

X A1 A2 A22n2 | A 2 [1ie |i|AZ H S (A, |A|2)
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that we simplify as

—2-d| [ 1dy 4d i 29 A"
=v/—-1 ATV AS? A% 2 ||S A, |A|z).
<TOTd1 Tdn>079 |: 1 “%2 n ? } S(‘A‘ Z) 41 ( ’ |Z)

Finally, with the change of variable z :=

| K we get

—2—|d _
(T0Tdy - - Tdy)0,g —v/—1" i [AclllA;l2 . .Ai”ng] |A|29+” 2 5

1 n
Z)HSAz

r=1

and we recognize the expression of ({1074, ...74,)), given by Expression (6.3.2).

6.4 Proof of the products of the exponentials formula

The purpose of this section is to prove Proposition which ends the proof of the main theorem. To do
so, we first use Corollary which follows from Eulerian numbers properties. We get

[tAz ] ﬁ ﬁexp (A A2 kS (kAiz) S (kA;2) (i)k> ~1

=2 = k>0
n fi-l sh (ﬁz> sh (ﬁz) A+ A k
N V. PR i+ 4 L _
_[t2 tn“—[ H 1+4> h(A+A ) sh<k . z> <t> 1],
i=2 \j=1 k>0 S J
where we used the convention t; = 1. Recall that Aq,..., A, are positive integers and ts,...,t,, 2z are

formal variables.

Proposition 176. Fiz (n — 1) positive integers as, ...,an and n formal variables Ay, ..., A,. Fiz (n —1)

more formal variables to, ..., t, ; by convention, let t; = 1. We have
n i—1 sh (Az> sh (121]> B 5 t k
we o T T (14> 2N (e (A + 4 () 1
=2 \j=1 k>0 sh (Ai + Aj) ( ( >> tj

[T/, sh (A n . ) )
b (A + <+ln> (1;[2 (s (ar (A oo+ Ar) + Ay (@ + o+ an)>)) .

Before proving this proposition, let us end the proof of the products of exponentials formula. According

— 22(?1—1)
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to this proposition by substituting A; = 2 i~ and a; := A;, we find
n [i—-1 sh (—’z) sh (7]2) . ) k
Ao A, 2 2 A + A t B
E tn]H [T{r+a) () sh<l<: ) (3 1
=2 \j=1 k>0 S —5 % J

_ 92n-D) [[i=; sh ( 2 z) " <Ar (A1 + ...+ Ay) z)

sh (At ) 2

r=2

n—2
o [ S (A2) -
= A1 A2, A2 2 A; Il ! A, (A 4+ A
1520 e (Z ’) S(Alz+---+Anz)7HQS( (A2t Aaz)),

where we used the notation S (z) = % to obtain this equality. This proves the products of exponentials
formula.

Convention. In the rest of this section, we make no use of the positive integers Ay, ..., A,. However we
will intensively use the formal variables A1, ..., A,. For convenience, we change the notation by removing
the tildes on these formal variables.

Proof of Proposistion[176. We prove this formula by induction over n. The first step n = 2 is obvious.
Suppose this induction is proved until step n. We prove the (n + 1)-th step. Start from the LHS

. n+l [i—1 ) t; k
[t22"'tn+1]g ]];[1< 42 Sh A —I—A) h(k(Az+AJ)) <tj> )—1

We decompose the product in order to use the induction hypothesis ; we move the terms corresponding
to?=mn+1 on a second line and get

g7t

xH H<1+4Z ShA+A h(k(Ai—i-Aj))(t') )—1

J

n+1) tn—i—l !
H 42 Sh A +An+1) sh(k(AS+An+1))< . ) -1].

s=1

We simplify the series on the second line of the expression using the induction hypothesis. We get

g7 a5t

2(n—1) [Iiqsh (Ai) - . ; ir
X 2 Sh(A1+‘..+An)i Zi:>0£[23h(zr(A1+...+Ar)+Ar (ips1 4 oo + kn)) L

n+1) tn—i—l F
H 42 Sh A +An+1) Sh(k(As+An+1>)< ts > —1].

s=1
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We obtain the result using the following proposition with
U :=1tpt1, b:=an+1, B:=Apy1, and X, =0 for 2 <r < n.

Proposition 177 (The sinh formula). Fizn positive integers ag, . .., an, b and 2n formal variables Ay, . .., Ap, B, Xa, ..
Fiz n more formal variables ta, ..., tn,u ; by convention, let t; = 1. Then the coefficient of t52 ... t;"L"ub mn
the formal power series

> TIshlir(Ar 4+ A) + Ay (s + - + i) + X tir

12,..,0n >0 7=2

n

sh(Ag)sh(B) . u\’*
X H 1+4]§)Msh(js(As+B)) <t> -1

s=1 s
18
sh(A;+---+ A,)sh(B) 4

h A +---+ A A X h(b(A1+---+ A B)).
(A1 + -+ A, - B) H2(S (o (A4 Ar) A (a4 0 a4 )+ X0) Jsh (b (Ar - 4 4, + B))

O]

The purpose of the rest of this section is to prove the sinh formula. The proof goes by induction. We

prove the case n = 2 in Section The heredity is proved in Section

6.4.1 Proof by induction of the sinh formula: initialization

We prove in this section, the case n = 2 of the sinh formula. We begin by a series of lemmas.
Lemma 178. Let o, 8 and v be some formal variables. We have
chi () sh (B +7) — ch (8) sh (a + ) = sh (@ — B)sh (7).
Proof. One can check this formula using the basic hyperbolic identities. O

Lemma 179. Let iy and v be some formal variables. We have

sh(p(b+1)/2)sh(ub/2+v)

ohuf +v) = h (1/2)

o,
o

ch (11/2)
= ————=sh (bu/2)sh (bp/2 4+ v) + ch (bu/2) sh (bu/2 +v) .
oy (/2 sh (51/2+ v) + b (b /2)sh (/2 + )
Proof. Using the exponential form of the hyperbolic sine and geometric sums, we obtain the first equality.
The second equality is obtained by using sh <“7b + %) =ch (4)sh <b7“) + ch (%“) sh (4) and simplifying.
O
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Lemma 180. Fiz two integers a,b and four formal variables A1, Ao, B, X. We have

b
Zsh( (a+j) (A1 + Ag) + X)sh( (b— ) (A; + B))sh(j (As + B))
§=0
ch (Al)
= h (bA1)sh(a (A1 4+ As) —bB+ X
(A" (bA1)sh (a (Ay + Ag) — bB + X)
h (As)
sh (Ag)
ch(B)
h(B)Sh (bB) Sh(—a (A1 + Ag) —bA| — X)
ch (A1 + Ay + B)
h(b(A1+ Ao+ B))sh(—a (A1 + Ag) — bAs — X).
(A + A1 B) (b (A1 + Az + B))sh (—a (A1 + Az) — bAy — X))
Proof. We start from the LHS of this formula. We first linearize the product of the three hyperbolic sine

sh (bAs)sh(a (A1 + As) +b(A1 + A2+ B) + X)

using

sh (u)sh (v)sh (w) =sh(u+v+w)+sh(u—v—w)+sh(—u+v—w)+sh(—u—v+w) (6.4.1)

with

(a+j) (A1 + A2) + X
(b—j) (A1 + B)
j (A2 + B).

u
v
w

Then, we use the formula of Lemma [I79

sh(uj +v) = ZE Ezgish (1b/2) sh (ub/2 4+ v) 4 ch (ub/2) sh (ub/2 + v)

M-

7=0
to compute the finite sum of each of the four terms in the RHS of Eq. (6.4.1]). We find
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b ch (4;)
> sh(u—v—w) == (Al)sh (bA;1)sh (a (A + Ag) — bB + X) (6.4.2)
j=0

+ ch (bA1>Sh (a (Al +A2) —bB +X)

ch (AQ)
sh (AQ)

sh(u+v+w) = sh (bAs)sh(a (A1 + As) +b(A1 + A2+ B) + X) (6.4.3)

.
o

+ ch (bAy)sh (a (Ay + Ag) + b (A + Ay + B) + X)

_ch(B)
~ sh(B)

B

sh (—u — v+ w) sh (bB)sh (—a (A1 + Az) —bA; — X) (6.4.4)
=0
+ch (bB)sh(—a (A1 + Az) — bA; — X)

_ch(A; + Ay + B)

sh—utv—w) =4 4, 7B

M-

sh (b (A1 + As —I—B))Sh (—a (Al —I-AQ) —bAy — X) (6.4.5)
7=0

+Ch(b(A1+A2—|—B))Sh(—a(A1 —I—Ag) — bAs —X)

Finally, we prove that the sum of the seconds terms in the RHS of Equations (6.4.2), (6.4.3), (6.4.4),
(6.4.5) vanishes. This will end the proof.

We sum the second term of the RHS of Eq. (6.4.2) and the second term of the RHS of Eq. (6.4.4).
Using Lemma that is

ch(a)sh (8 +7) —ch(B)sh(a+v)=sh(a—f)sh(v)
with a = bA;, = —bB and v = a (41 + Az) + X, we find

ch (bAl)Sh (a (Al +A2) —bB +X) + ch (bB) sh (—a (Al +A2) —bA; — X)
= Sh(b(Al +B))sh(a(A1 +A2) +X).

We sum the second term of the RHS of Eq. (6.4.3) and the second term of the RHS of Eq. (6.4.5)). Using
Lemmawith a=0As, B=0b(A1 + A2+ B) and v = a (A; + A2) + X, we find

Ch(bAg)Sh(a(Al—i-Ag)-i-b(z‘h +A2+B)+X)+Ch(b(A1 +A2+B))Sh(—a(A1+A2) —bAy —X)
= —Sh(b(Al —|—B))sh(a (Al —I—Ag) +X)

Hence,

0 =ch (bAl)Sh (a (A1 +A2) — bB—l—X) + ch (bB) Sh(—a (A1 +A2> —bA, —X)
+ch(bA2)sh(a(A1 +A2)+b(A1 +A2—|—B)—|—X)—|—Ch(b(A1+A2—|—B))Sh(—(l(z41 —|—A2) —bAy —X)

O
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Lemma 181. Let o, 8 and v be some formal variables. We have
sh (a)) sh (8) + sh (7) sh (o + 8 +7) = sh (@ + ) sh (B + 7).
Proof. One can check this formula using the usual hyperbolic identities. O

Lemma 182. Let Ay, Ay and B be some formal variables. We have

Proof. We start from the LHS. We use the hyperbolic identity sh (o + 8) = sh (a) ch (5) 4 ch () sh (5).
We sum the two first lines using a = A; and 8 = As, we obtain

sh (A1 + AQ) sh (B) sh (Al + Ay + B) .
We sum the two last lines using o = —B and 8 = A; + As + B, we obtain
sh (Al) sh (AQ) sh (Al + AQ) .

Finally we sum these two terms. We factor sh (A; + A2) and use Lemma to obtain the expected
result. O

We now prove the case n = 2 of the sinh formula.

Proposition 183. Fiz two integers as,b and four formal variables A1, Ao, B, X. Fiz two more formal
variables to,u. Then the coefficient of tSQub in the formal power series

Zsh A1+A2)+X)
1>0

sh (A7) sh ( ) ) . sh (Ag)sh ( ) ) u \ 72
+4 sh A B)) vt 14+4 sh A B —
Z sh (A, 1 B) (Jo (A1 + B)) u + Z sh (A + B) (J1 (A2 + B)) b
_1}

18
sh (Al + Ag) sh (B)
sh (Al + A2 —+ B)

(Sh (a2 (A1 + AQ) + Asb + X)) sh (b (Al + Ay + B))
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Proof. We re-write the power series of the LHS of the proposition as
O{(1+A)(1+Ay)—1}
with
O = sh(i(A + A2) + X)t

>0
sh (A7) sh( ) .
Ay =4 3 T G (41 + B)
71>0
sh (Ag) sh ( ) , w2
=4 A B — .
ZO S G (a4 ) (1)

We begin by expanding the expression
P{1+A1)(1+Ay)—1}= A1D + Agd + PAJA,.
~—~— —— ——
term (i) term (i) term (iis)

Then we extract the coefficient of t“2 b

sh (A1 + B)
mSh (b(Az2 + B))sh ((az +b) (A1 + A2) + X),
sh (A1) sh (B) sh (43) sh (B)

sh(A, +B) sh(A4;+ B)

in term (i) = 4 sh (b(A1 + B))sh (a2 (A1 + A2) + X),

in term (i7) =4

in term (¢i7) = 16

b
xS s (a2 + ) (A1 + Az) + X)sh((b— j) (A + B))sh (j (As + B)).
j=0

Observing that 4sh (B) appears in terms (i), (i7) and (i7i) but also in the result, we factor it out. For
reasons that will become clear, we also factor out L
three terms by

term (i) := sh (Ay)sh (A + B)sh (A1 + As + B)sh (b (A1 + B)sh (a2 (A1 + A2) + X)),
term (i7) :=sh (Ag2)sh (A1 + B)sh(A; + Aa + B)sh (b(Az + B)sh((az +b) (A1 + A2) + X)),
term (i23) := 4sh (A1) sh (B)sh (A2)sh (A; + A2 + B)
b

+ Y shi(az +7) (A1 + Az) + X)sh((b— 5) (A1 + B))sh (j (A2 + B)).
7=0

Hence, we re-define our

Sh(Al +B)Sh(A2 +B)Sh(A1 +Ag +B) :

In Step 1, we develop terms (i) and (iz) using a basic hyperbolic identity. We also compute the sum of
term (4i7) using Lemma[180] We obtain 8 terms from terms (i), (i) and (ii¢). Then in Step 2, we combine
7 of these terms using Lemma [I81] Finally, in Step 3, we combine all the terms and we use Lemma [I82
to obtain the result.
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Step 1. Term (i) : using the hyperbolic identity sh (A2 + B) = sh (Az) ch (B) 4 sh (B) ch (A2), we split
term (7) in a sum of two terms. We get
sh (Al) sh (AQ) ch (B) sh (A1 + Ay + B) X sh (b (A1 + B)) sh (CLQ (Al + AQ) + X) (ZCL)
+ sh (Al) ch (AQ) sh (B) sh (Al + Ag + B) x sh (b (Al + B)) sh (CLQ (A1 + Az) + X) . (’Lb)

Term (i7) : using the same hyperbolic identity for sh (A; + B), we split term (i) in a sum of two
terms. We get

sh (A1) sh (Ag)ch(B)sh (A1 + A2 + B) x sh(b(A2 + B))sh ((ag + ) (A1 + A2) + X) (tia)
+ ch (Al) sh (Ag) sh (B) sh (Al + Ag + B) X sh (b (AQ + B)) sh ((CLQ + b) (A1 + AQ) + X) . (Z’Lb)

Term (iii) : we use Lemma to compute the sum. This gives four terms

ch (A1) sh(Ag)sh(B)sh(A; + A2 + B) x sh (bA1)sh (a2 (A1 + A2) — bB + X) (ita)
+sh (A1) ch (Ag)sh (B)sh (A1 + A2 + B) x sh (bAz2)sh (a2 (A1 + A2) +b(A1 + Ay + B) + X) (i1ib)
+sh (Ay)sh (Az) ch (B)sh (A1 + Az + B) x sh(bB)sh (—ag (A1 + A2) — bA; — X) (i7ic)
+sh (Ay)sh(A2)sh(B)ch(A; + Az + B) xsh (b (A1 + A2 + B))sh (—ag (A1 + A2) — bA; — X) . (itid)

Step 2. We now combine the terms (ia) until (iéic). We will do so using the formula of Lemma [181]
that is
sh (o) sh (B8) +sh(y)sh(a+ 8 +v) =sh(a+v)sh(8+7).

e We sum terms (iéia) and (iib). They have the common factor ch (A1) sh (A2)sh (B)sh (A1 + A2 + B).
We get

ch (Al) sh (Az) sh (B) sh (A1 + Ay + B)
X [Sh (bAl) sh (CLQ (Al + Ag) —bB + X) + sh (b (AQ + B))Sh((ag + b) (Al + AQ) + X)] .

Then simplify the expression appearing inside the brackets using Lemma with o = bA;, B =
a2 (A1 +A2) —bB+ X and v = b(A2 +B). We find

ch (A1> sh (AQ) sh (B) sh (Al + Ao + B) X sh (b (Al + A9 + B)) sh (ag (Al + Ag) + bAg + X) .
(6.4.6)

e We sum terms (i¢b) and (#2ib) using the same computation. They have the common factor

sh (A1) ch(A2)sh(B)sh(A; + Az + B). We get

sh (A1) ch(Ag)sh(B)sh(A; + A2 + B)
X [sh (b (A1 + B))sh (ag (A1 + A2) + X) + sh (bA2) sh (a2 (A1 + A2) + b (A1 + A2+ B) + X)].

Then simplify the expression appearing inside the brackets using Lemma with « = b (41 + B),
B =as (A1 + A) + X, 7 =bAs. We find

sh (Al) ch (AQ) sh (B) sh (A1 + Ao + B) x sh (b (A1 + Ay + B)) sh (a2 (Al + Ag) + bAs + X) .
(6.4.7)
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e We sum the terms (ia) and (iia) and (iiic). They have the common factor
sh (Aq)sh (Ag)ch (B)sh(Ay + Ay + B). First re-write (ia) + (itic) as

sh (Al) sh (AQ) ch (B) sh (Al + Ag + B)
X [Sh (b (A1 + B)) sh (ag (Al + AQ) + X) + sh (bB) sh (—a2 (A1 + Ag) —bA, — X)] .

We then apply Lemma [181] with a = b(A4; + B), 8 = az (A1 + A3) + X and v = —bB. We get
sh (A;1)sh(As)ch(B)sh (A1 + A2 + B) x sh (bAj)sh (a2 (A1 + A2) —bB+ X).
Then, we add the term (éia) to this expression, we get

sh (Al) sh (AQ) ch (B) sh (Al + A9 + B)
X [Sh (bAl) sh (ag (A1 + Ag) —bB + X) + sh (b (AQ + B))sh((a2 + b) (A1 + Ag) + X)] .

Finally, we use Lemma with « = bA1, B =a2 (A1 + A2) —bB+ X and 7 = b (A + B). We find

sh (Al) sh (AQ) ch (B) sh (Al + Ag + B) x sh (b (Al + As + B)) sh (CL2 (Al + Ag) +bAs + X) .
(6.4.8)

Step 3. We sum the three terms (6.4.6)), (6.4.7) and (6.4.8) obtained in Step 2 with the remaining term of
Step 1, that is term (iiid). These four terms have the common factor sh (b (A; + As + B))sh (az (A1 + A2) + bAs + X).

We factor it. The sum of the four remaining terms is the sum of the LHS of Lemmal[I82] Using this Lemma,
we get

Sh(Al —I—B)Sh(A2+B)Sh(A1 —I—Ag) X Sh(b(A1+A2+B))Sh(CL2 (A1 +A2)—|—bA2—|—X)

Before re-defining terms (), (i7) and (ii7) we factored out Sh(A1+B)Sh(zﬁl4:—l?-(BB))'sh(A1+A2+B)' Multiplying
this factor with the expression we just obtained, we get the result. O
6.4.2 Proof by induction of the sinh formula: heredity
Let us recall the sinh formula before proving it.

Fix n positive integers ao,...,ay,b and 2n formal variables Ai,..., A, B, Xo,..., X,,. Fix n more
formal variables o, ..., t,,u ; by convention, let t; = 1. The coefficient of t5* ... t%» u® in the formal power

series

> TIshlir(Ar 4+ A) + Ay (irgr + - + i) + X tir
2,0 yin >0 7=2

i (Ag)sh(B) . w\’*

144y =27 " sh(j,(As+ B)) | — —1

AL 1> s s O (A BY) (1

s=1 7s>0
is
sh(A1+-~~+An)sh(B)ﬁ
sh(A; +---+ A, +B)

(sh(aT(Al+-~+Ar)+Ar(ar+1+~-~+an+b)+Xr))sh(b(A1+-~-+An+B)).

r=2
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Proof. We prove this formula by induction over n. The first step, for n = 2, is proved by Proposition in the
preceding section.

We now prove the nth step by induction. We can schematically write the formula of the LHS of the proposition
as

O{T(1+%) -1},
with

d = Z Hsh(ir(A1+-~-+AT)+Ar(iT+1+---+in)+XT)t?

12,..0,0n >0 7=2
n—1 .
B) uw\’*
- 144 (A +B) (2
H P BB 1, (2)

Z Sh A +Bj‘?sh(jn(AﬁB)) (t”)

> n
We split the expression in three terms :

VA+E) -1= T +(@-1)+T(T-1)

term1 term 2 term 3

We now extract the coefficient 32 ...t27u’ in the three terms coming from this development, that is from ®W¥,
® (U —1) and X (¥ — 1). In the second and third term, we will need the (n — 1)th step of the induction to extract
this coefficient. Then, we will sum these three coefficients, see this sum as the coefficient of a series and use the
first step of the induction to conclude.

Term 1. We extract the coefficient of ¢3%...t% " in ®X. To do this, we remove the summations and
substitute is := a9, ...,ip—1 = @p—1,in = @y + b, j, = b, we get

[Ish(ar (As+--+ A) + Ar (a1 + -+ an +b) + X;.)
r=2
sh (A,)sh (B)

A LA, 1 B)

sh(b(A, + B)).

For reasons that will become clear later, we move the factor » = n of the product to the second line :

n—1
HSh(aT(Al+"'+AT)+AT(CLT+1+"-+an+b)+Xr>
r=2

><Sh((an+b)(A2+-.-+An)+Xn)X4M

sh (A, 1 B) sh(b(An + B)).
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Term 2. We want to extract the coefficient of 5> ...t%u’ in ® (¥ — 1). First we extract the coefficient of
ten. We get

Z H sh(ip (A 4+ A) + Ay (g1 + -+ in1) + Apay + X))t x sh(a, (A + -+ Ap) + X,)

i9,eyin_1>0 T1=2

n—1 ks
sh (4,)sh (B) u\")
X 1;[1 1+4§>: ShA+B h (ks (As + B)) o 1

and we re-arrange the product as

sh(an (A1 4+ 4,) + X;,) x Z H sh(ip (A1 + -+ A) + Ay (i1 + - +in1) + Avay + X)) 8

n—1 )
h(B) NS
x 1;[1 1+4Z ShA +B sh(k‘,»(As+B))<ts) .

We then have to extract the coefficient of t52...t0"'u® of the term in squared the bracket. Using the recursion
hypothesis on this term with

Al = Al,..., An,1 = Anfl, B := B, Xr = Xr +Aran
we get

sh (Al + -+ Anfl) sh (B)

h(a, (A1 + -+ Ap) + Xa 4
sh(a, (A1 + -+ Ay) + X)) X ST ——

n—1

H(sh(ar(Al +o+ Ar) + Ar (@1 + -+ an + D) +Xr))sh(b(A1 +- +An1 + B))
r=2
Finally, we re-arrange the product as

n—1
I sh(ar (Ar+ -+ A) + Ar (apgr + -+ +an +b) + X,)
r=2
sh (41 +---+An—1)sh(B)
sh(Ay+---+ 4,1+ B)

sh(an (A1 4+ -+ An) + Xpn)sh(b(A1+ -+ Ap—1+ B)).

Term 3. We want to extract the coefficient of ¢3>...t%»u" in ®% (¥ — 1). Here we start by re-arranging the
product as follows :

' §>: Sh An + BB))Sh (n A+ B) (ti) (Z sh (i (AL + -+ + Ap) + XW?)

in >0

n—1
> JIshGr (A + -+ Ap) + Ay (irgr + -+ + i) + Apig + X)) 87

12,000yin—1>0 =2

n—1 ks
{H( 42 shA +BB) (kS(AS+B))<Z) )_1}

S
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Now we extract the coefficient of t2»u’. Note that t,, is only present in the first line of the previous expression. In
¥, 1/t,, appears with the same exponent as u, that is j,. We then extract the coefficient of 3 ...¢0" 7 'ub=J» from

the expression in the square brackets. This is done using the recursion hypothesis with
Al = A17 LR An—l = An—h B:= Ba X’r‘ = XT +A7‘ (a'n _]n) )

we get

b
3 <4st G (An + B))) (Z Sh ((an + Gn) (A1 + -+ An) + X@)
Jn=0 " >0
|:4Sh (Al —|— e —|— An—l) Sh (B)

sh(A1+---4+A,1+B)
ﬁ <sh(a7'(‘41 ot A+ A (i +"'+an+b)+X7')>Sh((b_jn) (A1 4+ Ap_1+ B))
r=2

Again, we re-arrange the product

n—1
Hsh(ar(Al+-~+Ar)+AT(aT+1+~~+an+b)+Xr)
r=2
168h (A1 +---+ A,—1)sh(B)sh(4,,)sh(B)
sh(A;+---+A,_1+B) sh(A4,+ B)

b
> sh(jn (An + B))sh ((an + jn) (A1 + -+ An) + Xp) sh (b= jn) (A1 + -+ + Ay +B))>.

Jn=0
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We now combine terms 1, 2 and 3. We factor out H;:; sh(a, (A1 +--+A)+ A (arp1+-+a,+b)+X,) in
these three terms. We present the rest as the coefficient of a formal series in = and y as follows

(sh (an +b) (Ag + -+ Ap) + Xn) x 4%@ (b (A, + B)))

( sh(A; + -+ Ap_1)sh (B)

h nA e A,n XTL h(b(A PN An7 B
(A 4 Ay ) S (At A+ K sh (b (Ar e A ))>

165h (A1 + -+ A,-1)sh(B) sh(4,,)sh(B)
sh(Ay+---+A,1+B) sh(A,+B)
b
Z sh (]” (An + B))Sh ((an + jin) (Al +ee An) + Xn) sh ((b _Jn) (Ar+--+ A1 + B)))
In=0

%y Zsh (A +-- 4+ A,)+ X,z
>0

sh A1+ +An,1)sh(B) . j
{(1+4Z AT AL TD) sh(j(Ai+--+A,_1+B))y

(1+4Z B4, +Bl§) (k:(An+B))(i)k>—1}.

k>0

We recognize the recursion hypothesis for n = 2 with t; := =z, t :=y, A1 := a,, Ay :== b and
A1 = A1 —+ . +An_1, AQ = An, B = B, XQ = Xn
Thus the expression above simplifies to

4sh(A1—|—---+An)sh(B)
sh(4; +---+ A, + B)

sh(an (A1 4+ +A4,) + A0+ X,)sh(b (A1 +---+ A, + B)).

This ends the proof.

6.5 Proof of the level structure of the correlators

In this section we prove Proposition that is the vanishing of the correlator (g, ...74,)1,4—1 if > di >
4g — 3+ n —1 of if 3" d; has the parity of n — . In Section we explain why it is sufficient to prove

these vanishings when the correlator has a 7y insertion. The correlator (myry, ...7a, )1,4—1 1S expressed in
term of Ehrhart polynomials that we study in Section [6.5.2] We then deduce the proof of Proposition [I5§]

in Section 6.5.3
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6.5.1 String equation

We can rewrite the string equation (Theorem [2)) as the following infinite system of equations

n

<’7’(]le e Tdn>l,gfl = Z<le ceeTdy—1 - - ~Tdn>l,gfl7
i=1

where ¢,1,d;,...,d, > 0 and such that a correlator vanishes if 7 has a negative index. In these equations,
the quantity defined by the sum of the indices of 7 minus the number of 7 insertions does not depend on
the correlator and is equal to .1, d; —n — 1. Moreover, the correlators of the LHS and RHS depend on
the same indices [ and g — . We use this system of equations to express any correlator (74, ... 74, )1,g—1 as
a sum of correlators with a 7y insertion. Our two remarks are still valid: (g, ...7q4,)14—: is expressed as a
sum of correlators with a 7y insertion such that each correlator is indexed by I and g — I and the quantity
defined by the sum of the indices of 7 minus the number of 7 insertions does not depend of the correlator
and is equal to Y d; —n (see Section to solve explicitly this system using of generating series). It is
then sufficient to prove that the correlators (rg7q, ... 74, ) vanish if > d; > 49 — 2 +mn —1 or if > d; has the
parity of n — [+ 1 in order to prove Proposition [158

6.5.2 Properties of the Ehrhart polynomials of Buryak and Rossi
The vanishing of the correlators come from the properties the following Ehrhart polynomials.

Lemma 184 (|[BRI16]). Fiz a list of q positive integers (r1,...,rq). The function

CmTa (N) = Z k{l .. k’;q
k1+“'+k’q:N

is a polynomial in N of degree ¢ — 1+ Y r;. Moreover, this polynomial has the parity of ¢ — 1+ > r;.
We then deduce the following lemma.

Lemma 185. Let P (ki,...,kq) € Clk1,...,ky] be an even (resp. odd) polynomial. Then

Z ki kP (ki,... k)
Eid-tke=N

is an odd (resp. even) polynomial in the indeterminate N of degree 2q — 1 + degP.
By induction, we obtain the following lemma.

Lemma 186. Fiz an integer n > 2 and a list As, ..., A, of nonnegative integers. Let C be the set of pairs (2-
element subsets) of {1,...,n}. Fix another list of nonnegative integers (qr, I € C). Let P (k{,] eC,1<i< qI) be
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an even (resp. odd) polynomial in the inderterminates ki, where I € C and 1 <i < qr. Then

> IT % kL

St kiiny=4, I€Cy
I I
x > | L
S 2K{n-1}=A, ;+K{n-1n} I€Cn_1\Cn
X ...
{1,2} {1,2}
X E ky oo kg
K{1‘2}:A2+Z;:3 K124}
I .
xP(ki,IGC,lgzng),

is a polynomial in the indeterminates Asg, ..., A, with the parity of degP — (n—1) (resp. degP — n) of degree
2 ec @1 — (n— 1) + degP. We used the notation K' =Y 1" k.

6.5.3 Proof of the level structure

We now prove Proposition [158] We first obtain an expression of the correlators (ro7q, ... 7q4,)1,g—1 i term
of the polynomials of Lemma [I86] The level structure follows from the vanishing properties of these
polynomials.

Proposition 187. Fiz three nonnegative integers n, g,l and a list (d1,...,d,) of nonnegative integers. We have

<T0Td1 T Tdn>lvg_l

—2-31->"d;
= =1 x Z Z [a}...a}nl...a?...aﬁnn]

g1t tgntd>rec r=g+tn—1 h+-+ln=l

with conditions o and ~ 1i<9;

1
x ) II ki,
kI>0,1€c,1<i<q; 1€C qr:

with conditions 3

1,2 R 1,n n
X i (a},...,a}m,kf L S PPN SR :Ai) (6.5.1)
o1 i i {1,i} 1, {i,n} in
xg—milpdi,gi,li (b by =Rk Rk o))

where

o C is the set of pairs (2-element subsets) of {1,...,n}; we also denote by C; C C the subset of pairs that contain
i,

e the conditions o are

91+(91*11)+m1+ZQI:d1+1
IeCy

and
9i + (9 — i) + mi + ZQI:di+2, when i > 2,
I1€C;
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e the conditions B are

A — ZK{“}—i— Z KWt =0, 2<i<n,

Jj=i+1
where KT =Y"% kI
e the conditions v are
i—1
Zq{z}j} > 1, for2 <i <n,
j=1

o the polynomial Py g (z1,...,Tme1), with d,g,l,m >0, is of degree 2g and defined by
Pygi (21, Tmy1) :/ gt
DRy (0,&1,. s Tm+1)

where Z;nﬁl x; = 0 and the Y-class sits on the marked point with weight 0 of the double ramification cycle.
Proof. To obtain this formula we use the definition of the correlators

gl
] YL

[Ha_Ha,) - Ha,|

(T0Tdy - Td, )1,g—1 =
u;=0;,1

and proceed as in Section [6.3.2.2 o o
We first need an expression of Hy, x Hg, x---x Hg,. Start from the following expression of the Hamiltonians

21; (\/jlh)gi*li

Hdi = Z E— Z Pdi7gi7li a JEREER] m; Za pa ce aini ex\/jlzjgl a;.7 (652)

giymi,l; >0 ai,...,a:niEZ

where the first summation satisfies g; + (g; — ;) + m; = d; + 2 and I; < g;. We proceed as in the proof of Proposi-
tion we use the associativity of the star product and its developed expression to obtain Eq. m We then
plug the expression of the Harmltoman given by Eq (6 in Eq. (6.3.17). When the >." =15 Ui 5} derivatives
act on Za1+-»~+aznﬁo Pa; i1 (a17 ey gy O) Pai "'pa?ni in Hd“ it remains m; := m; — Z] 1,21 4.3} variables p.
Similarly, it remains my 1= m; — 2?22 q{1,5) variables p when the derivatives act on Hg, 1. We then obtain

Hdl*Hdg*"'*Hdn

=2 X 2

q120,1€C g1,...,gn 20 1,...;Mmp >0 11,..,ln >0 kI>0,7€C, 1<i<qs

with conditions « with conditions 8

V=1n)"
<[] #k{...kél
Iec qr:
e (V _m)gl_ll 1 1 {1,2} 1,2 {1 n} 1,n VI, A
A Py v g (adoosag k2R Lk — ZA Lo Dot VEISE,
(6.5.3)
Loetl (\/jlh)gifl"’ i ; 1 in
X HTPdi’ghli (al,...,aﬁhl,—ki ’ }7,.., 3{111}}’...7]{:1{ ’ }’,..7 5272}}70) Pai ...pa:‘hi,
1=2 v
where
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o Ai=Y " al, with1<i<n,

e the conditions « are
g1+(g1—ll)+7h1+ ZqI=d1+1
IeCy

and
9i + (9 — i) + i + ZQI:di+2, when i > 2,
I1€C;

e the conditions 3 are

i—1 n
A=) KU 4 N KU =0, 2<i<n.
Jj=1 J=i+1

We now modify the notations by removing the tildes, i.e. we set m; := m; and A; := A; for any 1 <i<n.

In Step 1.2 of Section we explained why such an expression of Hy, x Hg, -+ * Hg, is enough to get an
expression for (797q, ... 7a, )1,g—1. We also explained that the commutators offer some simplifications given by the
conditions 7.

We now proceed as in Step 2 of Section [6.3.2.2} we extract the coefficient of €2'h9~! in the expression of
—q9-1 — _
h—n;jl Hy *Hg, x---x Hy, given by Eq. 1' then we use the Lemma to substitute u; = §;1 in this
coefficient. We get Eq. (6.5.1]). O

We now prove that the correlator (r97q, ...7q4,)i1,g—1 vanishes when > d; > 49 —2+n —1 or when ) d;
has the parity of n+ 1 — . According to Section [6.5.1] this proves Proposition [I58]

Proof of Proposition[158 The three last lines of Eq. 1} form a polynomial the indeterminates a},...,al, e
at,...,ay depending of the set of parameters S = {d;, g;,l;,m;|]1 <i <n}, we denote this polynomial by Qs.

The parity and the degree of this polynomial is described by Lemma ((186]). Since the polynomial Py 4 is even and
of degree 2g, we deduce that Qs is a polynomial of degree

QZqI—(n—1)+Z2gi:2g+n—l
Iec i=1

and has the parity of n — 1. We used the constraint 3, . qr + > 19i = g+n—1of the first summation in
formula (6.5.1]) to obtain this equality.

We then extract the coefficient of aj ...a}, ...a}...al, in Qg. This coefficient vanishes if
n
> mi>29+n—1 (6.5.4)
i=1

or if Y1, m; has the parity of n. However conditions « give > - ; m; = > 1, d; —2g+1+1. Hence, this coefficient
vanishes if
Zdi >49—-2+4n—1

or if Y d; has the parity of n — I + 1. This proves the proposition. O
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6.6 Proof of the geometric formula

According to Lemma we have

<T0Td1 L. Tdn>l,g—l = igil [elhgilJrnil] [ [QO dedz} RN Hdr,,]

)
u; =014

and we justified that Qf ; = Hq1 (see Lemma [167). Moreover, Lemma explains how to extract the
coeflicient u; = d; 1 from a differential polynomial in the p variables. We justify that

1 e —
An—1 [ [Hd1—17Hd2] 7"'7Hdn] =

SYY YOS

m>0g>0k=0a1,....,am I'eG(k,g,m,n)

—€ (ih)? 4 d dy, i ;
<zh) " g, P o (=D 0000, ) Yy U PP €T

In view of the previous proofs, this formula should be pretty clear. We briefly justify this formula by
induction over n. The expression for n = 1 is clear. By induction, suppose we add a (n + 1)th Hamiltonian.
The term

[ [Hdlfl,HdJ ,...7ﬁdn} *Hd

n+1

corresponds to all the graphs such that the vertex v indexed by p(v) =n + 1 is equipped with a + sign
(resp. a — sign for the other term Hg,,, x [... [Ha,—1,Ha,] ..., Ha,]). Since the commutative term of the
commutator vanishes, one can see that this vertex is linked with at least one smaller vertex.

We then use the evaluation lemma (Lemma to obtain

(T0Tdy + -+ Tdy )1,g—1 =

Z‘2g+n717m
S a1 an) 3 S L R (- E ) v v
m2>0 TeG(m,n,g,l,ao=— 73 a;,a1,...,an) ’ Mg mtnt1
Then, since (A-DR)p (=Y aj, a1, ..., ap) € H>H9t7=1 (A, .0 11), the dimensional condition of the inte-

gral (the degree of the integrand is equal to the dimension of the space) yields

m=> di+1-2g+1.
i=1
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