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Abstract. This paper has the purpose of presenting in an organic way a new approach
to integrable (1 + 1)-dimensional field systems and their systematic quantization emerging
from intersection theory of the moduli space of stable algebraic curves and, in particular,
cohomological field theories, Hodge classes and double ramification cycles. This methods
are alternative to the traditional Witten—-Kontsevich framework and its generalizations by
Dubrovin and Zhang and, among other advantages, have the merit of encompassing quantum
integrable systems. Most of this material originates from an ongoing collaboration with
A. Buryak, B. Dubrovin and J. Guéré.
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1 Introduction

This paper deals with a novel construction that associates an integrable, tau-symmetric hierarchy
and its quantization to a cohomological field theory on the moduli space of stable curves ﬂg,n,
without the semisemplicity assumption which is needed for the Dubrovin—Zhang hierarchy. It
is inspired by Eliashberg, Givental and Hofer’s symplectic field theory [17] and is the fruit of
a joint project of the author with A. Buryak and, more recently, with J. Guéré and B. Dubrovin.

Since the construction makes explicit use of the intersection theory of the double ramification
cycle, we call this hierarchy the double ramification (DR) hierarchy. It was in fact A. Buryak who
introduced its classical version in [1], where he also explicitly computed the first two examples
(the classical DR hierarchies of the trivial and Hodge CohFTs, corresponding to the KdV and
intermediate long wave hierarchies), thereby showing the interest and power of this technique.

Its properties, quantization and relation with the DZ hierarchy were studied and clarified
in the series of joint papers [2, 3, 5, 8, 9], partly guided by our previous investigations of the
classical and quantum integrable systems arising in SFT [19, 29, 30, 31, 32, 33].

The DR hierarchy has many interesting properties and even advantages over the more classical
Dubrovin—Zhang hierarchy, including a much more direct access to the explicit form of the
Hamiltonians and Poisson structure, a natural and completely general technique to quantize the
integrable systems thus produced, recursion relations for the Hamiltonians that are reminiscent
of genus 0 TRRs in Gromov—Witten theory but work at all genera. When Dubrovin proposed
to me to work on a thesis on integrable systems arising in SFT, back in 2004, he said he believed
that was the actual correct approach to integrable hierarchies from moduli spaces of curves.

This paper is a contribution to the Special Issue on Recent Advances in Quantum Integrable Systems. The
full collection is available at http://www.emis.de/journals/SIGMA /RAQIS2016.html
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I believe that prediction has found complete confirmation in the power of the DR hierarchy
project.

Finally, one of the main parts of this project is the proof of the conjecture (originally proposed
in a weaker form by A. Buryak) that the DZ and DR hierarchies for a semisimple CohFT are
in fact equivalent under a change of coordinates that preserves their tau-symmetry property
(a normal Miura transformation), and which we completely identified in [2]. While the general
proof of such conjecture is the object of an ongoing work, we managed to show its validity in
a number of examples and classes of interesting special cases. Our present approach to the
general statement reduces it to proving a finite number of relations in the tautological ring of
each M, ,, with n < 2g [5].

After a self contained introduction to the language of integrable systems in the formal loop
space and the needed notions from the geometry of the moduli space of stable curves we will
explain the double ramification hierarchy construction and present its main features, with an
accent on the quantization procedure, concluding with a list of examples worked out in detail.
This paper does not contain new results with respect to the series of papers [2, 3, 5, 8, 9]. It
is however a complete reorganization and, in part, a rephrasing of those results with the aim
of showcasing the power of our methods and making them more accessible to the mathematical
physics community.

2 Integrable systems

In this section I will try to give, in a few pages, a precise idea of what an integrable system is,
in the context of evolutionary Hamiltonian PDEs. We will introduce the minimal notions that
will be used in what follows and assume a certain familiarity with the finite-dimensional theory
of Poisson manifolds, to guide the reader in extending such notions to an infinite-dimensional
context.

2.1 Formal loop space

An evolutionary PDE is a system of differential equations of the form
Opu® = F*(u*, uj,u3,...), a=1,...,N,

where uf = Of,fuo‘ and, here and in what follows, we use the symbol * to indicate any value for
the corresponding sub or superscripts.

Such a system can be heuristically interpreted as a vector field on the infinite-dimensional
space of all loops u: ST — V, where V is a N-dimensional vector space with a basis e1,...,en
and z is the coordinate on S', so that u® = u®(x) is the component along e, of such loop.
This is just a heuristic interpretation as we choose to work in a more formal algebraic setting
by describing an appropriate ring of functions for the loop space of V' as follows.

Consider the ring of differential polynomials A = C[[u “Nutollle]] and endow it with the
grading deg(uf) = k, deg(e) = —1. We denote by Al the degree d part of A. The role of the
parameter € and grading will become clear shortly. The operator 0, acts on A in the obvious
way, i.e., Op = kz up _H% (we use the convention of sum over repeated Greek indices, but not

>0

roman indices).

We define the space of local functionals as the quotient A = A/(Im 8, @ C[[¢]]) and denote
by Al its degree d part. The equivalence class of f (ul;e) € A in this quotient will be denoted
suggestively as f = J f(u%;e)dx (hinting at the quotient with respect to Im 8, as the possibility
of integrating by parts on the circle S*).
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Local functionals in A can hence be interpreted as functions on our formal loop space of V/
whose value on a given loop u: S — V is the integral over S! of some differential polynomial
in its components u®(z).

Changes of coordinates on the formal loop space will be described accordingly as

0 =u%(ule) € AV, det <8Ua‘a 0> #0.

Notice here the importance of the parameter €, whose exponent counts the number of x-deri-
vatives appearing in u®. Its importance lies in the fact that we can use the parameter ¢ to invert
such change of coordinates: for fixed u®(z), we just need to solve the ODE u® = u®(uZ, ) for the
functions u®(z) order by order in £ and we will obtain a differential polynomial u® = u®(uj}; ).
The resulting group is called the Miura group.

Differential polynomials and local functionals can also be described using another set of formal
variables, corresponding heuristically to the Fourier components p¥, k € Z, of the functions
u® = u(x). Let us, hence, define a change of variables

u;)z Z(Zk) a zk:c’
kEZ

which is nothing but the j-th derivative of u® = ) pfe ik

keZ
This allows us to express a differential polynomial f(u;uy,tuzs,...;€) € Al a5 a formal
Bivokn s o1 om (5 k) - s
Fourier series f = ) fa1ahn;s€°p), - - Dire 7 where the coefficient fal, Jom:s 1S a poly-
nomial in the indices k1, ..., k, of degree s+ d. Moreover, the local functional f corresponds to

the constant term of the Fourier series of f.

2.2 Poisson structures

In what follows we will be interested in Hamiltonian systems of evolutionary PDEs. To this end
we endow the space of local functionals with a Poisson structure of the form

0g 4 —~
(oohe = [ ohww e wow = wron K e A
B 720
Given that the variational derivative 5%& = > (—ax)k% is the natural extension to local
k>0

functionals of the finite-dimensional notion of partial derivative, the above formula seems quite
natural. The differential operator K is called a Hamiltonian operator. Imposing antisymmetry
and the Jacobi identity for the Poisson brackets obviously imposes conditions on the differential
operator K*¥. For instance

K| _ = g% (u)d, + 6% (w)u]

and the matrix (¢?) is symmetric (and, for simplicity, we will always assume it nondegenerate),
the inverse matrix (gag) defines a flat metric and the functions I'} 5(u) := —gau(u)by’ (u) are
the coefficients of the Levi-Civita connection corresponding to this metric (see [15]).

We also define the Poisson bracket between a differential polynomial f € A and a local
functional g € A as follows

(b= 2o (1),

s>0

Such formula, is compatible with the previous one in the sense that [{f,g}xdz = {f, 9} k.
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The action of a Miura transformation on the Poisson structure is given in terms of Hamilto-
nian operators as follows

K3 = (L*)% o K1 o L,

o 3

where (L) = - 95203, Ll = 3 (—0,)* 0 527
520 520

The following Darboux-type theorem states that, up to change of coordinates, there exists

but one Poisson structure on the formal loop space.

Theorem 2.1 ([22]). There exist a Miura transformation bringing any Poisson bracket to the
standard form

Kt =nh"o,, nt* constant, symmetric and nondegenerate.

The standard Poisson bracket also has a nice expression in terms of the variables pj:
a B — kB,
{pk;vpj }n&; = IR 0k+4,0-

2.3 Integrable hierarchies
A Hamiltonian system is an evolutionary PDE of the form
5h
Jur’

8tua = {ua,E}K = KoV E c K[O],
where h is called the Hamiltonian of the system.

An integrable system, or an integrable hierarchy, is an infinite system of Hamiltonian evolu-
tionary PDEs

@ a7 « 5h/37d n A0

generated by Hamiltonians and € /A\[O], a=1,...,N,d>0 such that

{Eaﬂ-,ﬁﬁ,j}K =0.

As in the finite-dimensional situation, the above Poisson-commutativity condition for the Hamil-
tonians is equivalent to the compatibility of the infinite system of PDEs they generate. A for-
mal solution to the above integrable hierarchy is given by a formal power series u®(x,t;¢) €
Cl[z, t%, €]] satisfying all the equations of the hierarchy simultaneously.

2.4 Tau-functions

Consider the Hamiltonian system (2.1). Let us assume that the Hamiltonian h o generates the
spatial translations:
55170

Opu® = K =ul.
to Sut T

A tau-structure for the hierarchy (2.1) is a collection of differential polynomials hg, € .ZE(\),],
1< B <N, qg>—1, such that the following conditions hold:

Shg, _

1) Konle—t — 0 g—1,... N,

2) the N functionals hg 1 are linearly independent,
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3) Eﬂ)q = f hﬂ)qdw‘7 q Z 07

e p—1 dhg q-1
4) tau-symmetry: = s
) Y Y 8t§ atp

,1<a,B<N,p,q>0.

Existence of a tau-structure imposes non-trivial constraints on a Hamiltonian hierarchy.
A Hamiltonian hierarchy with a fixed tau-structure will be called tau-symmetric.

The fact that {hap—1,hs4} = 0 implies [ Bh;:g” dz = 0. Since % e Al has no constant
q q
Oha,p—1

term, there exists a unique differential polynomial Q, p.54 € Al guch that 0:Qapipq = i
q

and Qo‘vp?ﬁvq|ui=0 = 0 (and hence, in particular, hqp—1 = Qap;1,0)-

Consider an arbitrary solution u® = u®(x,t};¢) € C[[z,t,¢]] of our hierarchy (2.1). Tau-

symmetry guarantees that there exists a function F' € C[[t%, ¢]] such that

OF
(Qmpﬁ’q(u(a:, t;e);ug(x, t;e),. .. )) ‘x:O atgatg,

for any 1 < o, 8 < N and p,q > 0. The function F(t};¢) is called the tau-function of the given
solution (in fact, for historical reasons, the tau-function should correspond to the exponential
of F', but we will ignore this distinction here, calling F' tau-function indistinctly). Tau-symmetric
hierarchies hence have the property that the evolution along a particular solution of any of their
Hamiltonian densities is subsumed under one single function F'(¢};¢).

Given a tau-structure, its system of normal coordinates is the system of coordinates u® =
n**hy, —1(ul;€). The Hamiltonian operator takes the form Kgﬁ =n°P9, + O(¢e), n being a con-
stant symmetric nondegenerate matrix.

A class of Miura transformations preserving the tau structure is given by normal Miura
transformations. Let u® already be normal coordinates and F(u*;e) € A2, The normal
Miura transformation generated by F is given by

u® = u® + "0 { F, by} - (2.2)

Then the Hamiltonian densities E&q = hgq + 0:{F, hg 4i1}i form again a tau-structure and
the coordinates u® are normal for it. Moreover, for any solution of the system, its tau-function
changes in the following way under the normal Miura transformation:

F(tyie) = F(tise) + Flui(z,tse);e)]

z=0"

2.5 Example: the KdV hierarchy

The Korteweg—de Vries equation is the most well known example of integrable Hamiltonian
PDEs. It is defined on the formal loop space of a one-dimensional vector space V = C, so we
will suppress the Greek indices in all the above notations. The metric on V is simply n = 1. The
Poisson structure is given by the Hamiltonian operator K = 0, (so it is in Getzler’s standard
form). The Hamiltonian is the following local functional in Al

— U3 62
thV = / <6 + 24UUQ> dz.

We can hence compute the Hamiltonian flow, i.e., the KdV equation
+ =
Uy = uuy + —us.
t 1t 5 us
The KdV equation is one of the flows of an integrable hierarchy. There are various ways to
compute the other flows (or the other Hamiltonians) which compose such hierarchy (see for
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instance [13]). Here I choose to construct them by a recursive procedure that we discovered
with A. Buryak in [9] and which was not known before.

Let g 1 =u € A0 and construct h; € K[O], i>—1as h; = | gidz:, where the differential
polynomials g; € A are produced by the recursive equation

T 0
(D19 .:
giv1 = (D =170, {gi, hxav},  D: kE>O(/<: + 1)uy, Fup

At each step, this equation produces a new Hamiltonian density whose Poisson bracket with
hkav = hi is O-exact so that it makes sense to take the inverse z-derivative. The operator
D —1 is also easily inverted on each monomial of the resulting differential polynomial (D on Al
just counts the number of variables v} and ¢). The reader can promptly check that we obtain

g—1=1u,
u . 2
=—+—u
9o 9 24 2,
ud g2 et
g1 = ? + ﬂuu2 + 71152U47
4 2 2
_u o U U 4 [ Tus U4 6 Us
=gy teg e <5760 * 1152> T Ro0aa
The differential polynomials g; have the property that %{f = gi-1-
A tau structure is obtained simply by taking h; = 6}:;;1. Indeed we have h; = g; and

tau-symmetry holds. The coordinate u is already a normal coordinate for this tau-structure.

2.6 Quantum Hamiltonian systems

We will need, first, to extend the space of differential polynomials to allow for dependence on
the quantization formal parameter A.

The space of quantum differential polynomials is A" := A[[h]], where the new formal vari-
able h has degree deg(h) = —2.
__ The space of quantum local functionals is given, similarly to the classical case, by Al =
A"/(Im 9, @ C[[e, h]]).

The change of variables

u§ = Z(ik)jpgeikm,

keZ

allows to express any quantum differential polynomial f = f(ul;e,h) € A" as a formal Fourier
series in x with coefficients that are (power series in ¢ with coefficients) in C[p%][[pZ]][[A]]-
We can make C[pZ][[pZ]][[h]] a Weyl algebra by endowing it with the “normal” x-product

——
> ihknP 5% —5—

— k>0 Pr op” ),
fxg=1fle 9,

and the commutator [f,g] := fxg—g* f.

Remark 2.2. We remark here that our notation differ from what might constitute the standard
in the (mathematical) physical literature: given two elements f and g in the Weyl algebra
ClpZoll[p%oll[[R]] we have two different symbols for the commutative product f-g (or simply fg)
and the quantum non-commutative star-product f *x g, so we don’t need any “normal ordering”
symbol. Expressions of the normal ordered type :fg: simply correspond to fg in our notations,
as customary in deformation quantization.
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These structures can then be translated to the language of differential polynomials and
local functionals. In [8] it was proved that, for any two differential polynomials f(x) =

fu* up, uy,, .. 56, h) and g(y) = g(u™, uy, uy,, ... ;€, h), we have
hn 8nf - r a Tp+sE+1
f(x)*g(y) = Z ﬁm(@ (H(—l) n kﬁk(ﬁf (g )
n>0 B Sn k=1
T1yeTn 20
S1yee58n 20
g

X —5———75. (),
oulr . oubr

where (55? (x —y) = Y (ik)*e*@=¥) s > 0, is the positive frequency part of the s-th derivative

k>0
of the Dirac delta distribution §(z —y) = 3 e®*(==%) and
kEZ
(_i)n—lhn anf Xn: Tk n )
N S e OICRVS I |
n>1 51 Sn k=1
T1,0Tn 20
81,8020
2n—1+ Xn: (sk+rK)
k=1 ) ang
x Gyt i) () B (23)
jz::l J 6u’§11 -~-6u’§,’j
where
(61 ntin _ (-1) 3 Civtnifj=n—1+ 2 a; (mod 2),
j = =1
0, otherwise,
and
k k=143 d;
[[Licaz)= > CH%Lij(2),  Lig(z) =) k%~
i=1 j=1 k>0

In particular, for f € A" and ge /A\h, we get

_ (—i)"'hr onf S
— —1)k=1 B
.91 n§>1j I WS wri el kHl”
Pyt >0 -
81500458020

2n—1+ i (sp+rk)

k=1 ) ang
% C‘?l"'_rl“l‘ly--,sn"l‘rn“rlaj .
%z o o
If f and § are homogeneous, [f,g] is a non homogeneous element of Al of top degree equal
to deg f + degg — 1. Taking the classical limit of this expression one obtains (%[ f ,g])| =0 =
{fln=0,9ln=0}, i-e., the standard hydrodynamic Poisson bracket on the classical limit of the local

functionals. ~ R
Notice that, given g € A", the morphism [-,g]: A" — A" is not a derivation of the commuta-
tive ring A" (while it is if we consider the non-commutative x-product instead). This means that,
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while it makes sense to describe the simultaneous evolution along different time parameters t'
(in the Heisenberg picture, to use the physical language) of a quantum differential polynomial
f € A" by a system of the form

of 1., — .

a?:ﬁ[f,hw], a=1,...,N, i=0,1,2,..., (2.4)

7

where ha; € A" are quantum local functionals with the compatibility condition [ﬁa,i,ﬁg,j] =0,
for a, 6 =1,...,N, i,57 > 0, one should refrain from interpreting it as the evolution induced

by composition with gtL; = %[u”,ﬁa,i], as the corresponding chain rule does not hold: (%; #*

> %ajg (‘g%). This corresponds to the familiar concept that in quantum mechanics there are
>0k ¢

no trajectories in the phase space along which observables evolve.
A formal solution to the system (2.4) can be written in the form of an element in A"[[t]]:

5 (ulse, h) == exp Z %[-,EM] f(ui;e h)
g

1<a<N
i>1
where
- (t)" 7 R
exp (h['7ha,i]> = il el hal ha],
k>0

and f € A" in the right-hand side of (2.5) is interpreted as the initial datum. Lifting the
quantum commutator [, -] to A"[[t:]], it is easy to check that f* satisfies equation (2.4). We do
insist that f& (u’;e,h) # f((u?)t, e, h).

2.7 Example: quantization of the KdV hierarchy

We present here a quantization of the KdV hierarchy described in Section 2.5. The technique
by which we will construct it is very general and works for basically all integrable systems we
know, see Section 5. We discovered it with A. Buryak in [8].

First we consider the classical KdV Poisson bracket and we replace it with the quantum
commutator (2.3). Then we take the classical KAV Hamiltonian

—_— — u3 82
Hyqv = hgav = / (6 + 24uz@) dr

and we consider it as an element of A". In other words the quantum local functional Hkqy does
not explicitly depend on the parameter A. However this is not true for the other commuting
quantum Hamiltonians. In order to write them all we use the technique from [8].

Let G_1 =u € A" and construct H; € JA\E, i>—1as H; = fGid:c, where the differential

polynomials G; € A" are produced by the recursive equation

1

Gip1 = (D—-1)719;" <h

_ 0 0 0
[Gi,HKdV])a D= 50€+2h(9h+kz>0uk6w€'



Integrability, Quantization and Moduli Spaces of Curves 9

At each step, this equation produces a new Hamiltonian density whose Poisson bracket with
Hyqv = H; is Op-exact so that it makes sense to take the inverse a-derivative. The operator
D — 1 is also easily inverted on each monomial of the resulting quantum differential polynomial
(D on Al just counts the number of variables u}, ¢ and, with weight 2, i). The reader can
promptly check that we obtain

Gozf—i—ium—ﬂ,
2 24 24 |
c3 4
B 1;78360 * (m)2%,

The differential polynomials G; have the property that %?L" =Gi_1.

3 Cohomological field theories
and the double ramification cycle

In this section we introduce the notion of cohomological field theory, a family of cohomology
classes on the moduli spaces of stable curves which is compatible with the natural maps and
boundary structure [26], and the double ramification cycle, another cohomology class represen-
ting (a compactification of) the locus of curves whose marked points support a principal divisor.
We will assume a certain familiarity with the geometry of the moduli space itself, referring to [37]
for an excellent introductory exposition.

3.1 Moduli space of stable curves

Here we just recall the main definitions and fix the notations. In what follows, by curve we
mean a compact connected Riemann surface, smooth but for a finite number of nodes with local
model zy = 0, with n distinct marked points labeled by {1,...,n} and with genus g. A stable
curve is a curve for which the number of biholomorphic automorphisms, keeping the marked
points fixed and sending nodes to nodes, is finite.

This finiteness of the symmetry group can be translated into simple numerical conditions:
consider each irreducible component of the nodal curve as a marked nodal curve itself. Suppose
it carries v of the original labeled markings plus the p nodes connecting it with the other
irreducible components and A further nodes that are double points. The numerical condition is
then 2y — 24+ v+ pu+2X > 0.

Given two integers g,n > 0 such that 2g — 2 + n > 0, the moduli space of stable curves will
be denoted by M,,. It is a (3g — 3 + n)-dimensional compact complex orbifold (or smooth
Deligne-Mumford stack) parametrizing all possible stable curves with genus g and n marked
points. Each point in ﬂg,n represents an equivalence class of stable curves. Two stable curves
with same g and n belong to the same class if between them there exists a biholomorphisms
sending nodes to nodes and the i-th marked points to the i-th marked point, for alli =1,... n.

On Mg,n there is a universal curve Eg,n — ﬂg,n, a morphism of orbifolds whose fiber over
a point x € M, ,, is isomorphic to the curve C, represented by that point. Each fiber C,, hence
has n marked numbered points which, varying x € ﬂg,n, form n sections s;: ﬂg,n — 597,“
1=1,...,n.
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There are three natural morphisms among different moduli spaces. The forgetful morphism
T = T : Mw&m — Mg,n forgets the last m marked point on a curve (contracting all com-
ponents of the curve that might have thus become unstable). Notice that 7: ﬂgmﬂ — ﬂgm
coincides with the universal curve @g,n — Mg,n.

The gluing morphism 0 = (g, n1:g5.m0)F Mgim+1 X Mgy nyr1 = Mg, for g1 + g2 = g,
n1 + ng = n, glues two stable curves by identifying the last marked point of the first one with
the last marked point of the second one, which become a node.

The loop morphism 7 = 74,,42: ﬂgﬂwg — ﬂgﬂm identifies the two last marked points on
the same stable curve, hence forming a non-separating node which increases the genus by 1.

The union of the images of the maps o and 7 (for all possible stable choices of (g1, n1; g2, n2)
such that g; + g2 = g, n1 + na = n) is a divisor in ﬂg,n with normal crossings, called the
boundary divisor. Each normal crossing of k branches of the boundary divisor is the moduli
space of stable curves with at least k£ distinct nodes and a given distribution of marked points
among their irreducible components.

On the total space of the universal curve there is a line bundle wgy, — ég,n. On the smooth
points of the fibers C, of Cy,, it is defined as the relative cotangent (canonical) bundle with
respect to the projection Cy, — My, and it extends canonically to the singular points to give
an actual line bundle on the full ég,n-

The tautological bundles L; — ﬂgyn, i =1,...,n are defined as L; = sjw, . The fiber of L;
at the point =z € ngn is the cotangent line at the i-th marked point of the curve C, represented
by 2. The first Chern class of L; will be denoted by v; = ¢1(L;) € H*(Mgyn, Q).

The Hodge bundle H — M,,, is the rank g vector bundle over M, , whose fiber over
T € ﬂg,n consists of the vector space of abelian differentials on the curve C, represented

by z. Its g Chern classes will be denoted by \; = ¢;(H) € H*(My,,Q), i = 1,...,g, and
g .
A(s) == s' A

1=0

3.2 Cohomological field theories

Cohomological field theories (CohFTs) were introduced by Kontsevich and Manin in [26] to
axiomatize the properties of Gromov—Witten classes of a given target variety. As it turns out
this notion is actually more general, in the sense that not all CohFTs come from Gromov-Witten
theory. The main idea is to define a family of cohomology classes on all moduli spaces M, ,,, for
all stable choices of g and n, parametrized by an n-fold tensor product of a vector space, in such
a way that they are compatible with the natural maps between moduli spaces we considered
above. Let us review their precise definition.

Let g,n > 0 such that 2g — 24+ n > 0. Let V a C-vector space with basis ey,...,ey and
endowed with a symmetric nondegenerate bilinear form n. A cohomological field theory (CohFT)
is a system of linear maps ¢y ,: V" — H*(M,,,C) such that

i) ¢gpn is S, equivariant (with respect to permutations of copies o in and marke

i) ¢gn is S ivariant (with tt tati f copies of V' in V®" and marked
points on the curves),

(ii) 60,3(61 X eq ® 65) = Nag,

(iil) m*cgn(ea; ® @ €q,) = Cgnl€a; @+ ® €q, @ e1), where m: Mg i1 — Mg,

: * _ 14
(iv) 0%cgi+go,m14ns(€ay @ ‘®€an1+n2) = Cgy,n1+1(€ay ® - ‘®ea,, ®eu )" Cgamat1(en QCap, 41 @
e ® 604n1+n2)’ where o: Mg1,n1+l X M92,n2+1 — Mg1+gg,n1+n27

(V) T*cgrin(€a; @ - Req, ) = gni2(a; @ Req, Qe e, )N, where 7: Mg pio — Mgiin.

In case the last axiom (the loop axiom) is not satisfied, we speak of partial CohFT instead.
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The potential of the CohFT is defined as the generating function of the intersection numbers
of the CohFT with psi-classes, namely,

F(tye) =) ¥ Fy(t)),

920
where
1 n n
A= X8 % (M) T
n>0 Tdi,edn>0 \i=1 gi=1
2g—2+n>0
n
(o) 7o)y = [ cqn(@iea) [T 01
Mg i=1

Some examples of CohFTs are:
o Trivial CohFT: V =C, n=1, ¢4, = 1.

g . .
e Hodge CohFT: V =C,n =1, cgn = A(s) = > s/
j=1

e GW theory of a smooth projective variety X: V = H*(X,C), n = Poincaré pairing,
Con (@ 1€q;) = peev* (R eq,)q", where p: Myn(X,B) = Mg, evi Myn(X,8) — X",
where M,, (X, 8) is the moduli space of stable maps u from curves C of genus g with n
marked points to X of degree u,[C] = B € H?(X,Z). The projection p forgets the map u
and the evaluation map ev evaluates the map u on the n marked points.

Notice that, in order to perform the pushforward along p, a notion of Poincaré duality
must be used, which involves the virtual fundamental class of Mg, (X, 5).

e Witten’s r-spin classes:

V= (cr717 r 2 27 TNap = 5014»6,7“7 Cg,n<ea1+17 ce 7ean+1) S H*(Mg,n; Q)

(r=2)(g-1+ 3 as
is a class of degree ——————=— if q; € {0,...,r —2} are such that this degree is a non-
negative integer, and vanishes otherwise. The class is constructed in [27] (see also [11]) by
pushing forward to mg,n Witten’s virtual class on the moduli space of curves with r-spin
structures. An r-spin structure on a smooth curve (C,xy,...,x,) is an r-th root L of the
(twisted) canonical bundle K () a;x;) of the curve, where a; € {0,...,r — 1}. Witten’s
class is the virtual class of r-spin structures with a holomorphic section (and vanishes when
one of the a;’s equals r — 1), but we will not go into the details of the construction here.

This is an example of CohFT that is not a Gromov—Witten theory.
e Fan—Jarvis—-Ruan-Witten (FJRW) theory: consider the data of (W, G) where

- W =W(y1,...,ym) is a quasi-homogeneous polynomial with weights w, ..., w,, and
degree d, which has an isolated singularity at the origin,

— G is a group of diagonal matrices v = (1, .. y ~m) leaving the polynomial W invariant
and containing the diagonal matrix j := (e - ey em%)

The vector space V' is given by

V = @ (QW’Y ® dgy)G’

veG
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where W, is the 7-invariant part of the polynomial W, Q. is its Jacobian ring, the
differential form dy is /\y e(Cmy + dyj, and the upper-script G stands for the invariant part

under the group G. It comes equ1pped with a bidegree and a pairing, see [12, equation (4)]
or [28, equation (5.12)].

Roughly, the cohomological field theory [20, 21] is constructed using virtual fundamental

cycles of certain moduli spaces of stable orbicurves with one orbifold line bundle L; for

each variable y;, i = 1,...,m, such that for each monomial W; in W, W;(Ly,..., L) =
n

K ( > azi), where K is the canonical bundle of the curve and z1,...,x, are its marked

=1
points.

3.3 Double ramification cycle

The double ramification cycle (or DR cycle) DRy(a1, ..., ay) is defined as the Poincaré dual of
the push-forward to the moduli space of stable curves Mg, of the virtual fundamental class
of the moduli space of rubber stable maps to P! relative to 0 and oo, with ramification profile
n
(orders of poles and zeros) given by (ai,...,a,) € Z", where ) a; = 0. Here “rubber” means
i=1
that we consider maps up to the C*-action in the target P! and a positive/negative coefficient a;
indicates a pole/zero at the i-th marked point, while a; = 0 just indicates an internal marked
point (that is not a zero or pole).
We view the DR cycle as a cohomology class in H?9(M g.n,Q) dual to the homology class

represented by some natural compactification of the locus, inside M, ,, formed by complex
n

curves with marked points z1,...,z, such that > a;z; is the divisor of the zeros and poles of
a meromorphic function. Sometimes, however, Wel v;ill denote with the same symbol the Poincaré
dual homology cycle instead. For instance in what follows we often say, and write in formulae,
that we integrate over DRgy(aq, ..., ay,).

Recently Pixton conjectured an explicit formula for the DR cycle in terms of i-classes and
boundary strata of ﬂg,n, which was then proven in [24]. The problem of expressing the DR
cycle in terms of other tautological classes has been known since around 2000 as Eliashberg’s
problem, as Yakov Eliashberg posed it as a central question in symplectic field theory, and
Pixton’s formula provides a surprisingly explicit answer. We will not recall the full formula here,
limiting ourselves to recalling instead that the class DRy(ay, ..., an) belongs to H?9(M, ., Q),
is tautological, and is a (non-homogeneous) polynomial class in the a;’s formed by monomials
of even degree and top degree equal to 2g.

In fact, the restriction of the DR cycle to the moduli space M;tn - ﬂgm of curves of
compact type (i.e., those stable curves having only separating nodes, where a node is separating
if removing it breaks the curve into two disjoint components) is described by the simpler Hain’s
formula [23]

1 1 g
2 2 ¢J
H* (M) > DRg(al,...,an)}M% =3 oD aien |
Jc{1,...,n} h=0
where

ay ::Zaj, 5 = 7 531'}:*1/11-.

jeJ g g—nh
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From this formula it is apparent that DRgy(a1,...,ay,)| Mt is a polynomial class in the a;’s
homogeneous of degree 2g. This formula is useful for instance when computing the intersection
in Mg, of DRy(ay,...,a,) with the class )y, since the latter vanishes outside M;tn anyway.

We close this section remarking that the DR cycle can, in fact, be seen as a partial CohF'T
with respect to the infinite-dimensional C-vector space V generated by {e;};cz with metric given
by n(ei,ej) = di+j0 and unit eg, via the identification DRgy(a1,...,an) = cgpn(€a; @ -+ D e€q,).

4 The Dubrovin—Zhang hierarchy
of a cohomological field theory

Dubrovin and Zhang [16] give a construction of an integrable hierarchy starting from a semisim-
ple cohomological field theory. A CohFT is said to be semisimple when the associative algebra

with structure constants na“at,g% is semisimple generically with respect to the vari-
0~"0™~"0

t5,=0
ables .

Dubrovin and Zhang’s framework gives, among other things, the language for stating far
reaching generalizations of Witten’s conjecture [36]. In this section we briefly present their
construction (following the clear exposition of [6, 7]) and explain its relation to Witten-type
conjectures.

4.1 DZ hierarchy

Consider the potential F(t;e) = Y e29F,(t:) of a semisimple CohFT. Denote Qg .54(t5;€) =
920

0?F(tie) [29] 2
Cotgotl Z Q vpﬁq( 2.

The constructlon starts in genus 0 and we use variables v} for the fomal loops space. Here
the hierarchy is given by the following Hamiltonian densities and Poisson structure:

* 0 * *
hap(v®) = Q[a,]pﬂ;l,o(to =v%,0,0,...),
(KDY =,

Commutativity of these Hamiltonians is a simple consequence of the fact that the nodal
divisors D(19)34) and Dy3)24) are equivalent in H*(Mo 4, Q),

1 4
2 3

Also, these Hamiltonian densities form a tau-structure by definition.
Let then v*(x,t%), a, 1,..., N, be the solution to the above integrable hierarchy with initial
datum v*(z, ¢t = 0) = §{'x. We have, see, e.g., [0],

Fy(th,t5,...) = Fg(Pg(vg,...,vgg,z),...,ng,2(ug,...,vgg,Q),o,...)\xzo,

where P} are in general rational functions, not differential polynomials.
Consider the change of coordinates

O*Fy(vg, .- 05, 5)
2g 0> » Y39g—2
w(vie) =wv +Zs a0

g=>1

It is a normal, but non-Miura, transformation, because the P} are not differential polynomials.
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The full Dubrovin—Zhang (DZ) hierarchy is just the transformation of the above genus 0
hierarchy with respect to the above non-Miura change of coordinates w® = w®(v};e), whose
inverse we denote by v® = v¥(w};¢). In fact, in order to obtain a tau-structure, we want to add
a Oz-exact term to the transformed Hamiltonians, as prescribed for a normal (albeit non-Miura)
transformation, as explained in Section 2.4:

(w};e))
hgé(wi;s) = hap(v*(wi;e)) Z 299 8t 9
g>1 p+1

(KDH)* = (1% o (KP#)™ o L,

where (L)% = z 5 Ly =Y (—0:)° 0 G2
s>0

The DZ hlerarchy is an mtegrable tau-symmetric hierarchy whose tau-function for the solution
with initial datum w®(z,tf = 0;¢) = d{'x (called the topological solution) is, by construction,
the partition function of the CohFT.

The technical hypothesis of semisimplicity of the CohFT is used in the proof that, in spite
of the fact that the transformation v* — w™ is not Miura, the Hamiltonian densities hgg(wl‘; £)
and Poisson structure (KP%)*? are still of the correct differential polynomial class.

4.2 Witten’s conjecture and its generalizations

In [36], Witten conjectured that the partition function of the trivial CohFT is the tau-function
of the topological solution to the KdV hierarchy.

Another way to state this, in light of the last section, is that the DZ hierarchy of the trivial
CohFT is the KdV hierarchy.

This conjecture was proved by Kontsevich in [25] and, after that, many similar conjectures
and results appeared in the literature, consisting in identifying and controlling the DZ hierarchy
of a given CohFT. For instance in [18], Faber-Shadrin-Zvonkine proved that the DZ hierarchy
of Witten’s r-spin class (for » > 2 a CohFT that was defined in [27]) coincides with the r-KdV
Gelfand—Dickey hierarchy, another well known tau symmetric integrable system.

5 Double ramification hierarchies

In this section we introduce the main subject of this paper, the double ramification hierarchy
construction. We will give a self-contained exposition of our main results, including an account
of the progress made in proving the conjecture that the DR and DZ hierarchy are actually
equivalent up to a normal Miura transformation, and our quantization technique for (1 + 1)-
dimensional integrable field theories.

5.1 The main idea

Symplectic field theory [17] is a large project attempting to provide a unified view on estab-
lished pseudoholomorphic curve theories in symplectic topology like symplectic Floer homology,
contact homology and Gromov—Witten theory, leading to numerous new applications, inclu-
ding a construction of quantum integrable systems from the geometry of the moduli spaces of
pseudoholomorphic curves in symplectic cobordisms between contact manifolds.

In a sense, the double ramification hierarchy arises from completely analogous constructions
in the complex algebraic setting and with the axiomatized language of cohomological field theo-
ries replacing curve counting in target varieties. In this sense the double ramification hierarchy
is a quantum integrable system, even if A. Buryak introduced first its classical version in [1].
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Given a cohomological field theory ¢y ,: V€™ — H*(Myg,, C), at the heart of the construction
for the classical hierarchy lie its intersection numbers with the DR cycle, the powers of one psi-
class and the top Hodge class A4:

g;a1;..-,0n

d
a,diar,.on / Ag¥1Cqn+1 (ea ® ®?=leai)'
DRy (* > ai,a17~--7an)

This is all the geometric content used in the definition of the DR hierarchy.

These intersection numbers are collected into generating functions g, depending on the
indices « = 1,...,N and d > 0 which have the form of differential polynomials (see next
section). The differential polynomials g, 4 directly play the role of Hamiltonian densities for
a classical integrable system. The Poisson structure, on the other hand, and contrary to what
happens for the DZ hierarchy, does not depend on the cohomological field theory and is always
in Getzler’s standard form.

Notice that, because of the presence of the class Ay, Hain’s formula is sufficient to compute
the above intersection numbers. This advantage if often exploited in explicit computations.

5.2 DR hierarchy Hamiltonians

Because of the polynomiality properties of the DR cycle, P{52 """ is a homogeneous polyno-

mial in a1,...,a, of degree 2g. So, if we write it as such,
g;a1;-.-,0n — ~g;b17“'7bn bl . bn
Pa,d;al,...,an - 2 : Pa,d;al,...,anal an’,

Do bi=2g

we can give the following definition

o (—62)9 g;Q1,...,Qn aq an Ty a;
Ja,d ‘= Z n! Z Pa,d;ahm,an Pay """ Pay, ©
Qgi?fr,?go al,...,an €L
_ Z (—52)9 Z ﬁg;bl,...,bn ’U,al . uan
- n! o, d;01 eyt by bn, 2
SR

and hence we have two expressions for the DR Hamiltonian densities, in variables pi and u}
respectively. The second line, in particular, is clearly a differential polynomial in A,

Remark 5.1. Let us see, as an example using the definition and the pullback property of
cohomological field theories with respect to the forgetful morphism m: M 41 — My, how
to actually compute g o for any CohFT. The involved intersection numbers are P/ % . for
n > 1 and ) a; = 0 (this last condition is the effect of integrating gi o in dz), and these are
integrals over Mg,n+1 of a class pulled back from ﬂg,n. Namely, remembering that the DR cycle
is a partial CohFT too, so it has the pullback property with respect to the coefficient a = 0,
we have A\;\DRy(0,a1,...,an)cont1(e1 QR €q;) = T (AgDRg(a1, ..., an)cqn+1(®F€q,)). This
means that PYge "% vanishes whenever the map 7 exists, i.e., unless g = 0,n = 2, for which

we have Pﬂ 0y = Muv- This gives
1 v
g0 = [ Snuwutu dx. (5.1)

Commutativity {9, ,,9s,,} = 0 with respect to the standard Hamiltonian operator (K DRy
= N0y (we omit the subscript K in {-, -} x when K is in Getzler’s standard form), was proved
in [1]. Let’s give an idea of the proof.
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In genus 0, where the DR cycle is equal to 1, this equation is basically equivalent to the
equivalence of boundary divisors D134y and D(13)24) in H *(MOA,Q). The genus 0 argument
can be ported to higher genus by working with images of the curves of the DR cycle with
respect to the meromorphic function (or more precisely rubber map to P!) that is defined on
them. This is a general fact: we often find that genus 0 properties of the DZ hierarchy have all
genera analogues on the DR hierarchy side.

Making this argument precise, one gets to prove the following equation for products of double

ramification cycles. For a subset I = {i1,i2,...},i1 < i2 < ---, of the set {1,...,n} let

Ar := (aiy, @iy, ... ). Suppose the set {1,2,...,n} is divided into two disjoint subsets, I U J =

{1,2,...,n}, in such a way that ) a; > 0. Let us denote by DRy, (0s,, A1, —k1,...,—kp) X
el

DRy, 04y, Ay, k1, ..., kp) the cycle in Mg, 44,+p—1n+2 obtained by gluing the two double ramifi-

cation cycles at the marked points labeled by the positive integers ki1, ..., k,. Here 0, indicates

a coefficient 0 at the marked point x. Then
p
H k;

DRy Oy Ary =k ) KRy (Or Ag s )

2.5

p
H ks
- Z = DRy, (0ay, Ar, k1 k) B DR, (0, Ay, Ko i) = 0. (5.2)

The sums are over I, J,p >0k; >0,...,k, >0, g1 >0, go >0.
If we intersect this relation with the class Ay (which kills the terms with p > 1) and with the
i-classes and CohFT, and form the corresponding generating function, we obtain precisely

k>0 Opy, Op”, Opj, 0P i

In [1] Buryak computed the first two examples of DR hierarchies. For the trivial CohFT he
found the KdV hierarchy, the same result as for the DZ hierarchy. For the Hodge CohFT he
found the Intermediate Long Wave hierarchy (ILW). When comparing this second case with the
DZ hierarchy he realized that, once more, the integrable systems were the same, but this time
he had to perform a Miura transformation to match them. This motivated him to propose the
following conjecture.

Conjecture 5.2 (weak DR/DZ equivalence [1]). Given a semisimple CohFT, the associated DZ

and DR hierarchy coincide up to a Miura transformation.

5.3 Recursion relations

In [9], using results about the intersection of a )-class with the DR cycle from [10], by analogy
with [19], we found the following recursion equations among the DR Hamiltonian densities.

Theorem 5.3 ([8]). For alla=1,...,N andp=—1,0,1,..., let go,—1 = Naput. We have

3:I:(D - 1)ga,p+1 = {ga,p,gl,l}v (5'3)

89& 1
Oy 8up+ _{goc;mgﬂo} (5'4>

. -0 a_0
where D := g5 + Z>:Ous Bug -
5>
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Equation (5.3) is especially striking. First of all it provides and effective procedure to re-
construct the full hierarchy starting from the knowledge of g ; only. Secondly, from the point
of view of integrable systems, such recursion was not known. Even in the simplest examples it
does not coincide with any previously known reconstruction techniques for the symmetries of
an integrable hierarchy (it is in fact this recursion that we presented in Section 2.5 for the KdV
equation). At the same time, its universal form (its form is rigid, independent of the CohFT or
the integrable hierarchy) suggests that it should be regarded as some sort of intrinsic feature of
at least a class of integrable systems (see Section 5.7).

As a simple consequence of (5.4) for § = 1, together with (5.1) we immediately get

d
= GJo,d—1-

5.4 Tau-structure and the strong DR/DZ equivalence

In [2] we provide the DR hierarchy with a tau-structure and study its topological tau-function.

_ (S?a,zﬂrl
— ul

Theorem 5.5. The DR hierarchy is tau-symmetric. A tau-structure is given by hg%

Proof. This is a general feature of integrable hierarchies with the standard Hamiltonian ope-
rator K* = n*9, and satisfying the string equation % = Jaa—1- Indeed it suffices to
apply the variational derivative % to the commutation equation {g, ,,93,} = 0 to obtain

{ a,p— 1’h6q} {hDE 1R DR [ |

Consider the normal coordinates u® = n“”hBEl. Let us write the tau-function associated to the
topological solution (with initial datum u®(z,0;¢e) = zd¢) as

FDR ty;€) ZEQQFDR

920
where
1 n DR n
DR/ x a;
FPReny = Y - > (Jratea) ) TIts
n>0 Tdy,...,dn>0 \i=1 g =l
29—2+n>0

Notice that this DR partition function has only an indirect geometric meaning. Contrary to the

correlators of the topological tau-function of the DZ hierarchy (which coincide with the corre-
L DR

lators of the CohFT), the correlators < II Tdi(eai)> are not a priori defined as intersection
i=1 g

numbers in H *(Mg,n, Q), but only as the coefficients of the series FPR. We can a posteriori try
to study their geometric meaning, and, as a consequence of certain properties of the DR cycle,
we find the following surprising selection rule.

Proposition 5.6 ([2]). (74, (€a,) "+ T, (€ay )y * = 0 when Y- d; > 3g—3+m or Y d; < 292,
=1 =1

In light of the conjectured equivalence with the DZ hierarchy, the first selection rule looks

like the corresponding vanishing property (74, (€a,) - - - 7d,,, (€a,)); = 0 When Z d; > 3g—3+m,
i=1
which just means that we cannot integrate too many -classes without surpassing the dimension

of the moduli space (for short, we say that correlators cannot be “too big”). But the second
selection rule actually says that the DR, correlators cannot be too small either! This rule one has
no analogue in the DZ case and, as it turns out, provides the key to a much deeper understanding
of the DR/DZ equivalence.
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The situation is that we are trying to compare two integrable tau-symmetric hierarchies
by a Miura transformation that is supposed to modify the tau-function by killing all “small
correlators” (which are present on the DZ side and absent in the DR side). A natural candidate
would then be a normal Miura transformation (since they preserve tau-symmetry) generated by
a differential polynomial F(w};e) € ./Zl\[_2],

Dz

0 = w0 F Ty 0}y

and we know that such transformations modify the tau-function by

F(tie) = Ftie) + F(wi(z, the)e)| -
Can we find F(w?;e) so that F(t;¢) satisfies the selection rule (i.e., has no small correlators)?
As it turns out, yes, and this selects a unique normal Miura transformation!

Theorem 5.7 ([2]). 3! F(w?;e) € A2 such that F*d ;= F + F(w?;€)|s—o satisfies the above
selection rules.

This makes Buryak’s conjecture much more precise.

Conjecture 5.8 (strong DR/DZ equivalence, [2]). For any semisimple CohF'T, the DR and DZ
hierarchies coincide up to the normal Miura transformation generated by the unique F(w};e)

found in Theorem 5.7. Fven in the non-semisimple case, we can state this conjecture as
Fred — FDR

When proven true, the conjecture would clearly state that, although equivalent as integrable
systems to the DZ hierarchy, the DR hierarchy contains strictly less information than the DZ
hierarchy. Indeed, starting from the DZ hierarchy it is possible to construct the normal Miura
transformation mapping to the DR hierarchy, while the DR hierarchy does not contain this extra
information. This is perhaps not surprising given at least the presence of the class A4 in the DR
hierarchy intersection numbers.

From the point of view of integrable systems however, this is of great interest. The fact the
DR hierarchy is some sort of standard form of the DZ hierarchy allows to study these systems
ignoring complications that might just come from the system of coordinates in which they are
described. The presence of powerful recursion relations for the Hamiltonians, for instance, seems
to rely precisely on this special standard form.

Finally we remark that the extra information that is killed by the above normal Miura
transformation, might be (maybe in part) recovered once we consider the quantum DR hierarchy
(which replaces \q in the construction by the full Hodge class A(s)), see below.

5.5 The proof of the strong DR/DZ conjecture
In [2] we prove the strong DR/DZ equivalence conjecture for a number of CohFTs.
Theorem 5.9 ([2, 5]). The strong DR/DZ equivalence conjecture holds in the following cases:

e the trivial CohFT,

e the full Hodge class,

o Witten’s 3-, 4- and 5-spin classes,

o the GW theory of P!,

e up to genus b for any rank 1 CohF'T,

e up to genus 2 for any semisimple CohF'T.
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However, in all these cases, the proof is either by direct computation or by some ad hoc
technique. A large and quite technical part of our project deals with proving Conjecture 5.8 on
completely general grounds.

The strategy of the proof for the general case which we are pursuing, in [3] and our next
paper in progress, is to give explicit geometric formulas for the correlators appearing in both FP%
and F™ in terms of sums over certain decorated trees corresponding to cycles in the Hg,n- This
reduces the strong DR/DZ conjecture to a family of relations in the tautological ring of ﬂgmn
In particular we managed to further reduce this family to a finite number (equal to the number
of partitions of 2¢) of relations for each genus [5].

5.6 Quantization

As we already remarked, the idea for the DR hierarchy came from symplectic field theory where
quantum integrable systems arise naturally. Let us see how this happens in the language we
used in this document, of cohomological field theories in the complex algebraic category. The
intersection numbers to be considered look perhaps more natural,

P, (s) = / A(8) ¥cgnii(ea ® @ qeq;).
DRQ(_ Z a’i?alv"-va’n)

Indeed the product A(s)cgnt1 (€a @ ®F_;eq,) is itself a CohFT (and every CohFT can be written
this way), so we are simply intersecting a CohF'T, the 1-classes and the DR cycle.

g;01,..-,0n : : :
Pa,d;al,...,an (s) is a non-homogeneous polynomial in aq, ..., a, of top degree 2g, so
g;a1,..-,0n _ Ng;blv“wb’n bl . bn
Pa7d§0617---705n (s) = Z Pa,d;ah---,an (S)al an >

> bi=2k<2g

and we define

; 2
(ih)9 : —c .
- E § g3a1;-,0n, a1 0 Ty ag
Goz,d = n! Pa,d;al,...,an < ih )pal pan €
g>0,n>0 " oa1,..an€Z
2g—14+n>0

_ § : (Zh)g 2 : ﬁg;bl,...,bn _52 aq an
- n! a,d;a ..., 0, ih ubl U ubn .
9>0,n>0 > bi<2g
2g—14+n>0

Notice how (ih) has replaced (—¢?) as the genus parameter and, at the same time, we have

given the Hodge class parameter s the value (;—;2), so that these two choices compensate in the

limit 7 = 0 to give back the classical Hamiltonian densities gq p.

What about commutativity of these new Hamiltonians? We can again use equation (5.2),
but, because the top Hodge class Ay has now been replaced by the full Hodge class A(s), all
values of p > 0 will contribute to the sum. This translates into the following equation

Eoz,pvaﬁ,q] =0,

> mknaﬂ(aiaiﬂ}
where [f,g] == f*xg—g* f with fxg = f<€k>0 Pk or7y )g. The exponential here comes
precisely from the fact that double ramification cycles are now glued along any number of marked
points, not just one, as it was the case for the classical DR hierarchy.

From a mathematical physics viewpoint this is an entirely new and surprisingly universal
quantization technique for integrable field theories. We have completely explicit formulas for
the quantum versions of KdV, Toda, ILW, Gelfand—Dickey and other integrable hierarchies,
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that, to our knowledge, were either unknown or known in a much more indirect way. The reader
will find these examples in Section 6.

This explicit description also rests on the analogue of Theorem 5.3 which, again, allows to
reconstruct the full quantum hierarchy from the Hamiltonian @1,1 alone.

Theorem 5.10 ([8]). For alla=1,...,N andp = —1,0,1,..., let Go,—1 = Nauu*. We have

1

92(D ~ 1)Gap1 = 7 [Cap. Gl (5.5)
8G., 1 _
Do = = [Gap Gr)

where D := 5% + QH% + > ud aga'
>0 °
Finally, in [3], we define and study the quantum analogue of the notion of tau-structure and
tau-functions and prove that the quantum DR hierarchy satisfies tau-symmetry. This allows
to define a quantum deformation of the DR potential that clearly contains more geometric
information on the associated CohFT and needs to be investigated further.

5.7 Integrable systems of DR type

The recursion equation (5.5) or its classical version (5.3) are really surprising from the point of
view of integrable systems. No expert we talked to was able to recognize them as something
previously known.

Moreover we realized that one could interpret such equation as constraints for the generating
Hamiltonian Gy itself, just by imposing that, at each step of the recursion, we still obtain
a commuting quantity. This technique proved fruitful to reproduce, for instance, the full DR
hierarchy starting from genus 0 in the case of polynomial Frobenius manifolds (i.e., those genus 0
CohFT associated with Coxeter groups as in [14]). In doing these computational experiments
we realized that the recursions (5.5), (5.3) were of independent value in the theory of integrable
systems.

Let us first state our result in the classical situation.

Theorem 5.11 ([3]). Assume that a local functional h € AV s such that the recursion

— 0 0
a:r(D - 1)ga,p+1 = {ga,py h}7 Ga,—1 = 7704/“”7 D = 5& + kzmugau%

produces, at each step, Hamiltonians that still commute with g, (so that the recursion can go

. . g
on indefinitely). Assume moreover that % = %nw,u“u” + 02%r, where r € A2

Then, up to a triangular transformation of the form

d+1
Ga,d = Ga,d + Z agﬂ‘gu,d—i + ba,dv agyi’ ba,d € Ca d > 07 1<a< N:
i=1
we have
(i) 911 = h,
1

. _ 09a
(“} {ga,p)gﬁ,o} = 8x gﬁiﬁili /B = 1" . '7N; b Z _17
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99a
(U) gulp = Gap—1, O = 17"'7N7 p > _1;
hence in particular we get an integrable tau-symmetric hierarchy.

This suggests that it is interesting to consider integrable systems originating from local func-
tionals satisfying the hypothesis of the above theorem. We call them integrable systems of DR
type.

In the quantum case the theorem is weaker, but only slightly: indeed it is not automatic that
a Hamiltonian H € (A")[<%, for which the recursion goes on indefinitely, fits into the recursion
itself as G 1, so one needs to impose it by hand (but from the practical viewpoint it is just one
extra explicit constraint on H).

Theorem 5.12 ([3]). Assume that a local functional H € (A< is such that the recursion

1

0
a:r(D - 1)Ga,p+1 = ﬁ [Ga,pama Ga,fl = nauuua D = 57 + 2h7 + Zu

k>0

produces, at each step, Hamiltonians that still commute with H (so that the recursion can go on

indeﬁnitely) Assume moreover that G11 = H and that % = %mwu“u” + 0, R+ C(e, h), where
R e (.Ah) Vand c(e, h) € Cl[e, hl].

Then, up to a triangular transformation of the form

1
Gmd — Ga,d + di: Ag,iGuyd*i + Boéyd(€7 h),
i=1
Agﬂ. € C, Bqy.a € Cl[e, ], d>0, 1<a<N,
we have
(i) Gio = [ (3numutu”)dz,

[aoz,p)éﬂ,q]zo; aaﬁzl "7N, paqz_]-,
HGap Gpol = 0552552, B=1,... N, p> -1,

0Gq,
aulp :Ga,p—17 o = 17"'7N7 pZ —1.

)
)
i)
)

Since the hypothesis of the theorems above can be easily checked order by order in A and e,
we were able to give a low order classification of rank 1 integrable systems of DR type. Both
at the classical and and at the quantum level it turns out that they correspond precisely to DR
hierarchies associated to rank 1 cohomological field theories.

Proposition 5.13. Rescaling €2 — €2 and h — hy to keep track of the genus, the most general
rank 1 hierarchy of DR type is uniquely determined up to genus 4 by the Hamiltonian

u? e 5 ih
= Y R [ T, A
6+<< 24 2Z)u1 24“)7

2 3
S4Bl TESITOR g
+<( 1200 107" o UM )

(< s 6 s2 g 24s1+ Bsisy . 4 460853 + 24005252 + 3553

o h 2 2
360"  1728° 720 28800 (in)%e

230458 + 2400s953 + 1055351 — 50053 , . 5\ 3
- 7200 (ih)7 ) uz
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2 3 4
s g 96s7+5s2 . 4 2457 +55251,...9 o
L6 L TPt T TR (g
+< 420° 2520 105 h)e
460853 + 24005257 + 355
- 1 84002 : 2(ih°) ) i ) ¥+ 0(y") | da.

It coincides with the DR hierarchy associated with the most general rank 1 CohF'T, the class
— ¥ 5% siCha;1 ()
e 21 € H*(M gn,Q) where by Chy;—1(H) we denote the Chern characters of the

Hodge bundle on My.,,.

Tests in rank 2 show the emergence of classical integrable systems of more general origin.
However this was expected from geometry too. Indeed the construction of the classical DR
hierarchy also works for partial CohFTs, i.e., CohFTs that do not satisfy the loop gluing axiom.
It would appear from computations that classical integrable systems of DR type are classified
by partial CohFTs but only those coming from actual CohFTs possess a DR type quantization.

6 Examples

In this section we list and work out in detail some of the examples of quantum integrable systems
we were able to compute in [1, 2, 3, 4, 8, 9]. The explicit formula for the Hamiltonians can either
be computed from the intersection numbers with the double ramification cycle, as the definition
of the DR hierarchy prescribes, or by imposing that él,l satisfies the hypothesis of Theorem 5.12,
together with homogeneity with respect to grading of the variables, when applicable.

6.1 Korteweg—de Vries

The KdV hierarchy is the DR hierarchy of the trivial CohFT, with V' one-dimensional and
generated by e;, so we can suppress the corresponding index ¢ = 1, 951 = n = 1 and
cgn(®@qe1) =1¢€ H(My,,Q). It is uniquely determined by the Hamiltonian [8]

— ur &2 ih
Gi1 = / (6 + ﬂuum — 24u> dx.

In [8] we found a closed form for the generating series G(z) = 3. 29G4 for the densities of its
d>—1
symmetries G4 produced by the recursion (5.5) in the dispersionless limit ¢ = 0,
1 zS(izB )u —92
G(2)|e=0 = 7€ \WiT T — 277,
(2)le0 225(Vi)z)
where
e% — e_%
S(y) = . AN =h
Yy

6.2 Intermediate long wave

The full Chern class of the Hodge bundle ¢4, (®!" e1) = A(n) = Z WX, € H*(Mgn, Q) is

a mixed degree deformation with parameter y of the trivial CohFT, deflned on the same V with
the same metric. The corresponding hierarchy is uniquely determined by the Hamiltonian [8]

3 .
2 Uf 2g,,9—1 ‘B2g| _ ﬂ o 29—2 .9 |BQQ|
Gy —/ 5 —I—;E I 72(29)!uqu 24u zths 5 72(29)!1“@9 dx,

where Bg, are Bernoulli numbers: By =1, By = ¢, By = —55, .. .-
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At the classical limit A = 0 we also have g, = f “;da:, therefore h?lf” = u, so we see that the
coordinate u is normal. In [1] it is proved that the Miura transformation

2%~ 1—1|B?g| 2
u— w(u —u—i—Z:1 9251 )gguug (6.1)
9=

maps the Hamiltonians and the Hamiltonian operator of this DR hierarchy to the Hamiltonians
and the Hamiltonian operator of the Dubrovin—Zhang hierarchy. It is easy to see that the
transformation (6.1) has the form (2.2) if we put

220-1 _1|By,| ,
29 - g
= Z 22g—1 (29)'/1, U2g—2-
g>1

In particular, the standard Hamiltonian operator 0, is transformed to the Hamiltonian operator

29 —1)|B
K:8x+262gug—( ) z ))L 20l gpot1,
g>1 97,

In [1] it is also explained how this DR hierarchy is related to the hierarchy of the conserved
quantities of the intermediate long wave (ILW) equation (see, e.g., [35]):

wr + 2wwy + T (wge) = 0,

too 1 _
T(f):=p.v. /_OO % (sgn(x — &) — coth 7r(x25£)) f(&)de.
The ILW equation can be transformed into the first equation of our DR hierarchy by setting

w= \Fu T= —57251, J= sf (indeed T'(f) = ;1 52”_122’"”'32"'62” LF).

(2n)!
This means that our methods give a way to determine the symmetries of the ILW equation
(alternative to [35]) and its quantization.

6.3 Extended Toda

Consider the cohomological field theory associated to the Gromov-Witten theory of CP!. We
have V = H*(CP!,C) = (1,w), where 1 and w is the unit and the class dual to a point respec-
tively. The matrix of the metric in this basis is given by

M1 = Nww = 0, Mw = Nw1 = 1.

The DR hierarchy is uniquely determined by

G = / z 29

u u2g +q <e T T e 2) eE0 1 gy

2 2 1
u —|—th 9= ' usgu” | de,

where g can be considered as a parameter (it is in fact the formal variable keeping track of the
degree of the covers of P! enumerated by this Gromov—Witten theory).
At the classical level we have

1)2
J10= /ulu“dx and Juo = / <(u2) +q (es(aa””)“w — u”)) dz,
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where S(z) := €2=¢2. Therefore, hP®, = u* and hD® | = u'. Thus, the coordinates u® are

normal, u® = u®. In [9] we proved that the Miura transformation

P _
u® = w*(u) = e out = u” + E g2 — s, (6.2)
=" =" '

maps the Hamiltonians and the Hamiltonian operator of the double ramification hierarchy to
the Hamiltonians and the Hamiltonian operator of the Dubrovin—Zhang hierarchy. It is easy to
see that the transformation (6.2) has the form (2.2) if we put

1—2%9-1 By
F = g9~ 9y,

The relation with the extended Toda hierarchy follows, at this point, from a result of [16].
Indeed, consider formal loop space variables v!, v? and the formal series

a=> aieq)e,  ape A®Clg.q7],
keZ

let ay := > apef% and Res(a) := ag. Consider the operator
k>0

2 _
Lzeaaz_’_vl_*_qev e 8893'

The equations of the extended Toda hierarchy look as follows

OL _ 12
o= ° 1p [(LP(log L — Hp)) ., L],

ai_ -1 1 p+1
ot~ ° e

We refer the reader to [16] for the precise definition of the logarithm log L. The Hamiltonian
structure of the extended Toda hierarchy is given by the operator

Td 0 5‘1(6533” — 1)
K= <61(1 — 6*5‘91) 0 ’

and the Hamiltonians

By olv] = / ((pf) Res (L7 (log L — H,,H))) dz,

L] = / (M Res (LM)) iz,

So the equations of the extended Toda hierarchy can be written as follows

—Td
BLOC _ (KTd)au 5h/37p[v]
otl dur

For k > 1, let
1 .
mqk, lfOé:].,,B:w7
S _ a = 2Hk‘71 k—1 . . o
(S2-1)5 _Wq , fa=w, =1,

0, otherwise,
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1 2H, '
<gk!)2 k(K _kl)!> ¢, ifa=8=1,

ifa=p8=uw,

0, otherwise.

Here Hp :=1+ % + -+ %, if £ > 1, and Hy := 0. For convenience, let us also introduce local

. —Td - .
functionals h, _[w] := | Nagw*dz. For the operator S;, denote by S; the adjoint operator with
respect to the metric 7.

Theorem 6.1 ([16]). The change of coordinates

202
€“0; 9

1530) —e0, fz’U

10y _
w(v) = o 1Y w¥(v) =

maps the Hamiltonian operator K™ to KPZ while for the Hamiltonians we have

p+1
—DZ

Foofw] = > (~1)/(S7) Ty yilo(w?s )],
1=0

6.4 Gelfand—Dickey

Let 7 > 3 and consider the cohomological field theory formed by Witten’s r-spin classes (see
Section 3.2 or, e.g., [4]). In this case we have V = (e;),_; ,_; and the metric is given by
Nap = Oa+p,r- Moreover, from dimension counting, we obtain that @ﬁpm is a homogeneous

local functional of degree 2r + 2 with respect to the grading [u{™| =7 —a, |¢| = 1, |h| = 7 + 2.
The following formula can be deduced from the recursion 5.3,

DR o 0

_ 0 ( d 091,
L S

ca_p
b our—a jul’

-2)"'g;, =D (6.3)

and will be useful in what follows.
For the 3-spin theory we have (see [3])

éi’):ipin :/ [(;(u1)2u2 " (z;z6)4> . <_112(u%)2 _ 214u2(u§>2> e?

2 ih
u3) et !

+ 133

Therefore, for the classical limit,

—3-spin 2
691’1 =ulu? + iul
dul 6

Using (6.3), we can easily see that the coordinate u® is normal, u® = u®.

For the 4-spin theory we have (see [3])

o _ / [(ul(lﬁ)2 N (u1;2u3 @)@ (u3)5>




26 P. Rossi

2
1o 3 43 5(u?)"ui 4 B (uf)?ef
* (160 (12)" + Gz + ©

i32_ 32_11-_13'2
—i—(%(ul) 96(u) 8u>zﬁ 1280uzh€]dx.

Therefore, for the classical limit,

554-Spin (’U/Q) 2 1 1 ) 3
# = ulu® + — T e <4u31m + 6—48§((u3) )> +et—uf,

and the normal coordinates are given by

L1 g TwuwuA Ty 30 5 10

3\2/(, 4\3 4\6
u u U 1 3 1 1
( )5(() ) + 275)0 + 62 (GUIU% + —20u2u3ug + —10u2 (u:f)2 + —u%u3u4

g5—spin:/ [(ul)Qu‘l 1,23 (u2)3

+ iu2u§u4 + (u%)2u4 + %u2u4 (u‘ll)2 + iu2 (u4)2u§l + —(u®)?utu

71 2 31 7 2
+ ——vwtuiug + ———u’(u3)” + muguiu‘l + 4—50u§’u§u4 + o (ud) "ut

4\2 ¢ 4\2 3 4l 4\2 4 6 53 3,3 115y
* o000 (“2) (4" + goppva () > T <108000“ Y6 g000 " 6

1397 4 2 4 617 4 4 4 8 107 4 4
090 L _ dz.
6280000 ) " * Tg20000“4%2%" ) * ¢ Togoogo0 U8 | %

Therefore, for the classical limit,

Sgr ™" 1 1 11
5Q’L1 = ulut + uud + &2 <3uix + %833 (u3u4)> + 54%1&,

and the normal coordinates are given by

~1 1, €3 ~2 2 & ~3 3 ~4 4
U =u +@um, u-=u +@um, u” =u”, U =u.

In [4] it was proved that the Hamiltonians and the Hamiltonian operator of these DR hierar-
chies in the coordinates u® coincide with the Hamiltonians and the Hamiltonian operator of the
corresponding Dubrovin—Zhang hierarchies, without further normal Miura transformation, i.e.,
in our previous notations for the loop space variables of the DZ hierarchy, we have w® = u®.

This is in agreement with Conjecture 5.8 as, by simple degree reasons, the CohF'T correlators
(T4, (€ay) ** Ta, (€a,)), already satisfy the selection rule of Proposition 5.6. This fact is true,
more in general, for any Fan—Jarvis—Ruan—Witten CohFT of ADFE type and gives a powerful

way of computing the DZ hierarchy for these CohFTs via the much more explicit DR hierarchy
construction.
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The relation with the Gelfand-Dickey hierarchies is described as follows. First let us recall the
definition of the Gelfand—Dickey hierarchies. Consider formal loop space variables fy,..., fr—2
and let

L:=D"+ f_ oD 2+ ...+ fiD, + fo, where D, := e0,.

The r-th Gelfand-Dickey hierarchy is the following system of partial differential equations

o = [(7)

> 1. .
T L], m>1 (6.4)

We immediately see that % = 0, so we can omit the times 7T,;. Since (Ll/T)Jr = D,, we have
ofi _ '
T, — (f Z)x

The Hamiltonian structure of the Gelfand-Dickey hierarchy is defined as follows. Consider
differential polynomials Xg, X1,...,X,_2 € A in the formal loop variables fy,..., fr_2 and
a pseudo-differential operator

X:=D;"VoX, o+ ---4+D; o X

It is easy to see that the positive part [X, L]+ of the commutator has the following form

X, L= > ((KSP)¥X5)Dg,
0<a,B<r—2

where

af aB i af T
(KGD) _ Z (KGD)i Baw (KGD)i €A,
>0

are differential operators and the sum is finite. The operator KCGP = ((KGD)aﬁ)
Hamiltonian. Consider local functionals

0<a,B<r—2 18

ESLD = T /res L(m”)/rd:v, m > 1.
m-+r
We have
—GD +—GD
{hm 7hn }KGD = 0.

For a local functional i € A define a pseudo-differential operator % by
3

dfo

Then the right-hand side of (6.4) can be written in the following way

—GD —GD
(Shim _ GD aﬁ% a
oL vL]+_ Z <(K ) 0fp )Dw.

0<a,B<r—2

Oh ey, Oh

= P -1
oL = Pe 5o, TP

(L) 1] =

Therefore, the sequence of local functionals ESZD together with the Hamiltonian operator KGP
define a Hamiltonian structure of the Gelfand-Dickey hierarchy (6.4).

The DZ hierarchy is related to the Gelfand-Dickey hierarchy as follows. Introduce the Miura
transformation

u® = res Lr—a)/,

r—a—1

(r—a)(=r)
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Then we have

DZ .__ Z 1-GD
K T (_T>2 u
DZ 1 —GD
= +k—1 hk
EE=2_d
> g,

[v(ui;e)],

d

where k := o+ rd and k!, := [ (a+ ri).

1=0
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