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Quantum KdV hierarchy and quasimodular forms
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Abstract

Dubrovin [10] has shown that the spectrum of the quantization (with respect to the first
Poisson structure) of the dispersionless Korteweg—de Vries (KdV) hierarchy is given by shifted
symmetric functions; the latter are related by the Bloch—-Okounkov Theorem [1] to quasimodu-
lar forms on the full modular group. We extend the relation to quasimodular forms to the full
quantum KdV hierarchy (and to the more general Intermediate Long Wave hierarchy). These
quantum integrable hierarchies have been described by Buryak and Rossi [6] in terms of the Dou-
ble Ramification cycle in the moduli space of curves. The main tool and conceptual contribution
of the paper is a general effective criterion for quasimodularity.

AMS Subject Classification (2020): 05A17, 11F11, 14H70, 37K10
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1 Introduction

1.1 Differential polynomials and ¢-series.

Let A := Q[p] be the ring of polynomials with rational coefficients in the variables p;, for j > 1,
collectively denoted by p := (p1,p2,p3,...). Assigning weight k& to p; we have the grading A =
D,,~0 A, where A, consists of polynomials of homogeneous weight n. For any linear operator

G € End (A) such that!
0
[G> E k pi apk] = 0, (1.1)

k>1

i.e., such that G restricts to a linear operator on A, for any n > 0, we introduce the g-series

dons04" tra, G
D >0 ¢" dim A,

{G}, = (1.2)

Equivalently, {G}, = gV 0(q) Y, 50 ¢ tra, G, where 1(q) = ¢*/?* T[5>, (1 — ¢¥) is the Dedekind
eta function.

In certain cases, the g-series (1.2) specializes to the well-studied g-bracket, introduced in [1]; the
latter is attached to a function f : & — Q from the set & of partitions to the rationals and defined
by

[Al
(f)y = W = ¢ (e Y dMFW, (1.3)
rezd \eP

where |A| := A1 + -+ - + Ay denotes the integer A = (A1,...,\¢) is a partition of. (Namely, if G is the
diagonal operator acting as multiplication by f()\) on py = py, ---p»,, then {G}q = <f>q )

'Throughout this paper we denote by [A, B] := AB — BA the commutator of A and B.



In particular, Bloch and Okounkov [1] proved that for the class of shifted symmetric functions
of partitions, the g-bracket (1.3) is quasimodular of homogeneous weight; this class consists of
homogeneous polynomials of certain basic functions Qy : & — Q, for k > 0, where the weight of Qp
is defined to be k. The basic functions are defined by Qo(A) = 1 and

Qe()) = (k;ll)'z [i—i+ ) = =i+ )] + 5 (1.4)

i>1

for k > 1, where (8, = (2,671_1 — 1) %. The central characters of the symmetric group are shifted
symmetric functions [20] and hence these functions appear in the study of asymptotic properties of
partitions [19, 26], as well as in many works in enumerative geometry, e.g., in the Hurwitz/Gromov—
Witten theory of an elliptic curve |9, 13, 14, 16, 24, 25|, or in the determination of the Siegel-Veech
constants of the moduli space of flat surfaces [14, 7, 8.

The appearance of shifted symmetric functions in the study of integrable hierchies is part of an
interesting story. As explained in [10], Eliashberg [11] solved the quantization problem for the classi-
cal Hopf hierarchy by using ideas coming from Symplectic Field Theory. Concretely, he constructed
a commuting family of quantum Hamiltonians G?Opf (k > —2), which are operators on A depending
on a constant? ¢, obtained from differential polynomials by the procedure explained in the next
paragraph. In particular, after inserting a quantization parameter i in these differential polynomials
(see Remark 3.1) in the limit i — 0 they reduce to the Hamiltonian densities of the classical Hopf
hierarchy. Rossi [27] showed that the operators G?Opf, under the boson-fermion correspondence (see,
e.g., |23]), are quadratic in fermions, a fact that was exploited by Dubrovin to diagonalize these
operators (to then provide applications to the symplectic field theory of the disk). Namely, [10,
Theorem 1.4|

Glljopf SA(p) _ E]EO]()\) S/\(p)7 A E gz, k> —2, (15)

]

where the eigenvalues E,[cO : & — Q are shifted symmetric functions, given explicitly by

k42 kt2—j

(0]
b7 = — Q) 1.6
k jz:%(k+2—j)!Q‘7’ (1.6)
and the eigenvectors s)(p) are the Schur functions® [22], defined by
2(A Pk
s(p) 1= detlha i (P, Yo wh(p) = e(Y, ). (L7)
keZ B

It follows immediately from (1.5) and the Bloch—Okounkov Theorem that

k+2 o
ck+2 j

{G,';'Opf}q _ ;}(k”—])' (Qj), (1.8)

is a polynomial in ¢ with quasimodular coefficients; note that this expression is of homogeneous
weight k£ 4 2, provided we consider the quasimodular weight as well as we assign weight +1 to c.

The motivation of the present work stems from the construction by Buryak and Rossi [6] of a
deformation Glfdv(e) of the operators G,I;k’pf, depending (polynomially) on an additional parameter e
and satisfying G?dV(O) = G,I:‘)pf. These are the operators of the quantum Korteweg—de Vries (KdV)
hierarchy?, as the corresponding densities (again, after properly introducing the parameter h, see
Remark 3.1) reduce in the limit # — 0 to the Hamiltonian densities of the classical KdV hierarchy.
(Incidentally, the construction in op. cit., which we briefly review in Section 3.1, is much more
general, and produces a quantum integrable hierarchy attached to any Cohomological Field Theory;
the KdV case corresponds to the trivial Cohomological Field Theory.)

2This constant is denoted ug in [10].
3Expressed in terms of the power sum polynomials.
4The quantization is with respect to the first Poisson structure.



Our first goal is to study whether the quasimodularity of the Hopf hierarchy, expressed by (1.8),
survives under the deformation in e (as anticipated in [28]). We answer this in the affirmative
(Theorem 1.1), by providing a general criterion for quasimodularity (Theorem 1.2). Moreover, as a
byproduct of the general criterion, we obtain a simplification of the quantum Hamiltonian operators
which we expect to be useful in the study and classification of quantum integrable hierarchies of
rank 1 [4].

We now move on to a more detailed explanation of our findings.

From differential polynomials to operators. In this paper we shall be concerned with quasi-
modular properties of {G}, for operators G on A which are obtained out of a polynomial g € Q[u] by
the following quantization procedure. Here Q[u] is the ring of polynomials with rational coefficients
in the variables u;, for j > 0, collectively denoted by u := (ug, u1, ua, ... ).

First, for j € Z>o, we introduce the Fourier series® v;(z) := Y, o, (ik) wy €¥®, where we assign
weight k to wy. Note that v;(x) = 8%1}0(36) for j > 1. Next, given g € Q[u], define a formal power
series (of homogeneous weight 0) in the variables wy, k € Z, by

2 dx
/0 g(v(x)) v(z) = (vo(x),v1(x),...). (1.9)

ga

Write all monomials in this series as a product of wy’s where all the wy’s with & > 0 appear to
the left of all wy’s with k& < 0 (normal ordering); in this expression we finally replace wy with the
operator Py, € End (A), defined by

(Prf)(p) = §cf(p) k=0, (ke€Z,feAl) (1.10)
N
Dk’ - ’

with ¢ € Q an arbitrary constant. The operator on A (which also depends on the parameter c)
obtained in this way out of g € Q[u] will be denoted g = g(c).

It is worth noting that g might be complex-valued. More precisely, let Q[u] = Q[u]®'" © Q[u]°%,
where Q[u]®*" (respectively, Q[u]°d) is the span of monomials which are even (respectively, odd)

with respect to the weight operator i1 juja%j; then g is purely real for g € Q[u]®**", and purely
imaginary for g € Q[u]°%.
Let us give a few examples:
e when g is in the image of the operator 0, := ijo ujﬂaauj’ we have g = 0,
® Uy = 6
2 2 : 9
o uj = c” + 223,21]]73‘ @7
23— 3 : 9
o uj = ¢’ + 602j21]pj a—p] + 6A, where
2
A= 5 S (G Rmme g+ ikne ) (1.11)

Jk21
is the cut-and-join operator [15].

It is also possible to show (see |28, Lemma 2.3]) that any operator g is symmetric, i.e., (v, gw) =
(gv,w) for all v,w € A with respect to the standard scalar product (, ) on A (see [22]). The latter
can be defined by

(PrsPu) = 220x 5 (1.12)

5With the convention 0° = 1.



where
Px = DA D (1.13)

is the monomial basis of A indexed by partitions A = (A1,...,Ap), and 2y := [[,,,51 rm(N)! m'm ),
where r,,(A) := #{i | \s = m}. B

1.2 Quantum Korteweg—de Vries hierarchy.

A construction by Buryak and Rossi [3, 5, 6], also inspired by previous works in Symplectic Field
Theory [11, 12|, provides an effective construction of quantum integrable hierarchies associated with
an arbitrary Cohomological Field Theory (CohFT). Even though the construction is completely
general, in this work we restrict to the case of rank 1 CohFTs only.

The output of this construction, which is briefly reviewed in Section 3.1, is a family of Hamiltonian
densities gr(u;€) € Qu|**"®Q|[€]], for k > —2, possibly depending on the parameters of the CohF'T
(more details below). They are determined by either an explicit formula in terms of the Double
Ramification cycles in the moduli space of curves, see (3.3), or (more effectively) by a recurrence
relation of order one, see (3.5) and (3.6).

One of the main properties of the Hamiltonian operators G (€) := gx(u;€) € End (A) @ Q[[¢]] is
that they enjoy the commutativity®

[Gj(€), Gr(e)] =0,  j, k> -2 (1.14)

The relevance of this construction to the theory of integrable systems stems from the fact that,
after introducing in a suitable way a quantization parameter i (see Remark 3.1), the Hamiltonian
densities reduce, in the limit 7 — 0, to those of classical integrable hierarchies, well-studied in the
literature. We refer to the aforementioned literature, and in particular to the Introduction of [10], for
more details on this point. Since in this work we are mainly interested in the quantum Hamiltonian
densities, we opted to simplify the exposition by dropping the parameter A (which can be reinstated
at any time by the transformations described in Remark 3.1).

The simplest instance of this construction is provided by the quantum Korteweg—de Vries (KdV)
hierarchy” (associated with the trivial CohFT), a prototypical example of integrable system; in this
case the first few densities read

2
KdV KdV KdV Up 1 €
. =1 . - . - Y _ - —
g9 (u7 6) ) 9 (u7 6) Uuo, 90 (u7 6) 2 24 + 24 2,
3 2
Kdv .y _ % Yo U2 i( _L) (i)%
(W) =g =5 m o Tgg\m—5) t{51) o
KdV(u,e) :&%_ﬂg_uouz 7 € uguz_%_@_ (n I
92 ’ 24 48 24 5760 24 2 30 24 120
€ \2 7u§ UOU4 1 € \3 ug
— ) (=2 S —) =, 1.15
T <24) (10 + 2 210 + <24) 6 ( )

(For the recursion determining them see (3.5) and (3.6) below, and for further properties see Ap-
pendix A.)

The Hamiltonian operators G,fdv(e) = g,':dv(u; €) are polynomials of degree k in ¢; as already
mentioned in Section 1.1, their constant term GLO] = ["]GKV(€) coincides with the Hamiltonian
operators of the Hopf hierarchy, i.e., GLO] = G;:opf, and the quasimodularity of {G/[,CO] }q follows by

Dubrovin’s result (1.5) along with the Bloch-Okounkov theorem. On the other hand, their leading
coefficient G,[:O} := [F]GKV(€) is given by (see Corollary A.4)

2

o] _ 5 Loio k> 1.1
Grm = 300 F TR £ DI 20, (1.16)

51t is appropriate to remark that the setting of [6] is more general, and the only requirement is the commutation
relation [Py, Py] = —ada+s,0; it is convenient however for our purposes to fix the representation (1.10) (see also [10]).
"The quantization is with respect to the first Poisson structure of the classical KAV hierarchy.



where the operator Ly, is

B, iF Bk 1 O
L = —— —— = + § . 1.17
k 2k 2u0uk 2 = pj@p ( )

Therefore, GLOO] are diagonal on the monomial basis (1.13) of A;
G¥lpy = BN py,  Ae2, k>-2 (1.18)

where E,EOO} : & — Q are given in terms of the moment functions |32]

£(N)
B
Si(\) = _275 +Y ML k> (1.19)
=1
by
B = 5 n S+ >0 (1.20)
k RO (ChR 2k + DI = '

It was observed in [32] that the g-bracket of Soxio is an Eisenstein series which is quasimodular of
weight 2k + 2. .

Let us denote by M the ring of quasimodular forms (with rational coefficients) on the full modular
group SLa(Z) (see e.g., [31, Section 5.3]), containing, for each even k > 2 the Eisenstein series

_ Bk k—1_mr
Gk_—2k+zm " (1.21)

m,r>1

Then M = &b Mk is a graded ring freely generated over the rationals by the Eisenstein series Ga,
G4 and Gg, where the weight of Gy, is defined to be k. Moreover, let Mc,e] := M ® Q[c, ] =:
D, M [c €|x, where we assign weight +1 to ¢ and —1 to e.

Theorem 1.1. For the quantum KdV Hamiltonian operators
GrV(e) == gk (u;e) € End (A) @ Qle, ], (k> -2) (1.22)

we have

{GEY(0)}, € Mle, s (1.23)

The proof is given in Section 3.2, for the more general case of the quantum Intermediate Long
Wave hierarchy, which is a generalization of the KdV hierarchy [6] (see Theorem 3.8). The key step
in the proof is a general criterion (Theorem 1.2 below) for quasimodularity (of homogeneous weight)
which applies to operators of the form g for g € Q[u].

Explicitly, we have the following expressions in terms of the Eisenstein series (1.21)

2
{5V}, =1, {6V}, = {0}, = G+ 5,
3

{GleV(e)}q = CGQ—FE — ﬁ<2@4)
4

1
{GKdV }q = 5@ + G4+ G2+ﬂ + ﬂ( 2c¢Gy) + (24) —Gg. (1.24)

We expect that Theorem 1.1 holds true for all rank 1 quantum Double Ramification integrable
hierarchies; namely, the quantum KdV Hamiltonian densities are the special case s; = 0 of a more



general hierarchy of Hamiltonian densities gi(u;e¢,s), depending on parameters s = (s1, s3, S5, . ..)
(see, Section 3.1). There exist different possible normalizations for these Hamiltonian densities
(see, [4, eq. 5.3]), and by Theorem 1.2 below in all normalizations {gi/(e,s)}, belongs to M[c][[s, €]].
We expect that there exists a convenient normalization such that {gg(e, s)}q is quasimodular of
homogeneous weight (where sy, for k odd, is assigned weight k).

Moreover, as suggested to us by Don Zagier, we expect that the g-series (1.2) associated to
arbitrary compositions of the quantum KdV operators give rise to quasimodular forms as well, or,
even stronger, that the eigenvalues of the quantum KdV operators are shifted symmetric functions
of homogeneous weight. Namely, by [28] there exists a simultaneous basis r)(p;e) € A ([[e]] of
eigenfunctions Ey(\;e€) for GK4V(e) for all A € 2. Then, we expect that

Er(Aie) € Qle, Qo, @1, Q2, - - J[[€]]k+2, (1.25)

where € is assigned weight —1, ¢ weight +1, and Q) weight k. Note Ei()\;0) = E,E;O}()\) is the
shifted symmetric function in (1.6) and as a consequence of Theorem 1.1 we have (Ep(\;€)), =
{GRV(e) }q € ]\7[6, |g+2 . We have numerical evidence for (1.25) in a few instances, and we hope to
return to it in a later publication.

1.3 A criterion for quasimodularity

We will show that the ¢-series {g}q (for g € Q[u]) is always a quasimodular form of mized weight.

Moreover, we provide a criterion for the quasimodularity of homogeneous weight for the g-series {§}q .

To state it, we assign weight k + 1 to uy, so that Q[u] (as well as its subspaces Q[u]®*" and Q[u]°%

defined at page 3) become graded algebras®. Moreover, let M|c] := M ® Q|c] =: @D, Mcl, be the
polynomial ring in ¢ and € over the graded ring of quasimodular forms, graded by the quasimodular
weight and by assigning weight +1 to c.

Theorem 1.2. For any g € Q[u] we have {g(c)}, € M]c], and for any g € Q[u]*® we even have
{g(c)}, = 0. Moreover, let B be the linear operator on Q[u] defined by

. 1 i—J Bi+j+2 82 .
B = exp(—i i;()(—l) Z 12 auiauj)’ By, = kth Bernoulli number. (1.26)

Then, the mapping Q[u] — M]d]

9= {Bglo)ly (1.27)

s a surjective morphism of graded vector spaces.

The proof is given in Section 2 and builds on the previous work [18] of the first author. In the
special case ¢ = 0, the theorem states that {g(0) }q is quasimodular of homogeneous weight if B~ g
is homogeneous.

Holomorphic anomaly equation. Just as in [17] we answer the question when {g(0)}, is actually
modular (rather than quasimodular). Namely, if we, instead, consider ¢ to be a formal variable, the
holomorphic anomaly equation of {g}q (determining the failure of modularity) can be expressed as

2
~20{7), = o {3, (1.25)

8Tt might be more natural to write ux4+1 for what is called uy here, but in order to adhere to standard notation for
the Hamiltonian densities introduced in the next section, we do not do so.



where 0 is the unique derivation on quasimodular forms which vanishes on modular forms and for
which 9(Gg) = —%, where Gy = —i + Zmﬂ,zl mq"™" is the Eisenstein series of weight 2. Together
with the differential operator qa% and the weight operator, this derivation 0 gives an action of sly
on quasimodular forms. Note that (1.28) can equivalently be written as —20 {g}, = {92g/dug},.
Hence, {g(0)}, is modular precisely if {92g/0ug}, = 0.

Remark 1.3. By (1.6) the holomorphic anomaly equation (1.28) can be explicitly checked in the limit
e = 0, because we know by [32, Theorem 3] that d(Q;), = —1 (Qj—2), for all j > 2. In the limit
€ — 00, the holomorphic anomaly equation (1.28) is consistent with (1.20), because, as mentioned

earlier, in [32] it is shown that the g-bracket of S o is an Eisenstein series of weight 2k + 2, and
every Eisenstein series of weight 2k + 2 with £ > 0 is actually modular.

Functions on partitions having the same ¢-bracket. The g-bracket (1.3) is not only a spe-
cialization of the g-series (1.2); it is also related to this g-series by the following construction. For
any basis b)(p) of A, indexed by partitions A € & and satisfying by € A5/, and for any G € End (A)
satisfying (1.1) we have the equality {G}, = (f), where f(}) is defined to be the Ath diagonal
entry of the matrix representation of G, i.e., f(A) := (bx, Gby)/(bx,by), where the inner product is
defined by (1.12). Hence, by studying {G}q for G € End (A), we study the g-brackets (f>q for many
functions f at the same time.

Incidentally, this reflects the fact that different functions f : & — Q can have the same g¢-
bracket. For example, as observed in [7, Section 13| the moment functions (1.19) and the shifted
symmetric functions® (in terms of the generators Qy, defined by (1.4))

(k—2)!

(2

k
(=)' Qi(N) Qr—i(N), k=2, (1.29)
—0

are two instances of functions on partitions for which, in case k is even, the g-bracket equals the
holomorphic Eisenstein series (1.21). This particular example can be explained as Sy, is the so-called
Modller transform of [32] of Tj,. Now, the Méller transform corresponds to the change of coordinates
between the monomial basis py and the Schur basis s\ of A. Indeed, we have'?

Sk = (px, Lipa)/ (Pas D), Ty = (sx, Lrsx)/(sx, sx), (1.30)

for all kK > 1, where Ly is the operator defined in (1.17).

Outline of the rest of the paper.

In Section 2 we prove Theorem 1.2 and the holomorphic anomaly equation (1.28). In Section 3.1
we review the construction of Double Ramification quantum integrable hierarchies; in Section 3.2
we prove Theorem 3.8 which is a generalization of Theorem 1.1. In Appendix A we give explicit
formulas for the limits € — 0, co of the quantum KdV Hamiltonian densities.

2 Partitions and quasimodular forms

2.1 Proof of Theorem 1.2

Proof of Theorem 1.2. Recall that the py = py, ---py, for A € & form a basis for A. The main
observation is that with respect to this basis, for all k € N",1 € N and A € & we have

" 11 (rm(/\)) rm(l)! k is a permutation of 1
RS aser. mor Sl PR ’ 2.1
[PA] Py -+ - PR, Bpr, - op {0 e (2.1)

9These shifted symmetric functions have a nice interpretation as the moments of the hook-lengths of partitions,
see [7, Section 13|.
0The second equality follows from [7, Section 13] after expanding sy in the monomial basis of A.



where [p,] indicates we extract the coefficient of py. Here, r,,(\) = #{i | Ai = m} and similarly

rm(l) = #{i | l; = m}.
>. (2.2)

Given a monomial uay = g, - - - Ug, € Q[u], consider

7= 3 (U= T ) H(

keZ™ k; k;j

‘k€|:0 Jlk;>0  jlk;<0
Write IIa(n,m) for the partitions of all B C {1,2,...,n} in m sets of two elements, i.e., 7 €
IIa(n,m) can be written as m = {Ay,..., Ay} with |A;| = 2 for all i and |JA; = B(nw) for some

B(m) Cc {1,...,n} with |B(m)| = 2m. Observe that [IIz(n,m)| = () - (2m—1)!IL. For a set S, write
as = Y egai and s(a,S) =18 Y7, o(—1)%. We write |a| for agy 3 = D71t a;. Also, for k € Z™
write 2, = [[,, 7m(k)!m™® ) Then,

n/2
Pl = ) e S T (s Ak ) TT 5o
m=0 €Ty (nm) kay oo kanm >1°K Acn Acr “Pka
CLB(W)=|3|
n/2 )\
_ Z n—22m Z Z HS&A kaA-HH(rmk) (23)
m=0 wEHQ(nlrnI)kAl, ,kA >1 Aen
aB(Tr) a

From Lemma 2.1 below, it follows that

n/2

{m), = Y > I s ( +Gayia). 24)
m=0

n€llz(n,m) Aem
ap(m=lal

where Gy, for k£ > 2 is the holomorphic Eisenstein series (1.21) of weight k.
Observe that if a = (7, j) for some i, j € Z, then

s(a, {1,2}) = (=1)z (2.5)

2(-1)F i=j mod?2
0 else.

Hence, s(a, A) vanishes if a4 + 2 is odd. As the Eisenstein series Gy are (quasi)modular for even k,
we have shown that {g(c)}, € M]d] for all g € Q[u].

Next, assume u, € Q[u]°d. Then |a| is odd. Hence, by (2.4) we see that {ua}, is a polynomial
in ¢ with quasimodular forms of mixed odd weights as its coefficients, i.e., {ua}q = 0. Therefore, we
have shown that {g(c)}, =0 for all g € Q[u]°dd.

By definition of B we deduce from (2.4) that

n/2
{Bua}y = Z cvm Z H s(a,A)Gg 42, (2.6)
m=0 w€lly(n,m) Aem

aB(‘/r):Ial

which is of homogeneous weight |a| + n (where n is the length of the vector a). Therefore, it
follows that g — {Bg(c)}, is a morphism of graded vector spaces. Moreover, as every quasimodular
form has a (highly non-unique) respresentation as a polynomial in Eisenstein series, it follows that

the g-bracket is surjective on M. O
In order to state Lemma 2.1 needed in the above proof, we define the z-bracket'! of a function
f: % —=Qby
(Fla = Laez [N (Tx =20Tr ). (2.7)
> rez T

"1n [18] this was called the u-bracket.



Then, one has ( f>q = { f>(q7q27q37._.). Observe that the z-bracket defines an isomorphism of vector

spaces (but not of algebras!)

Q7 = Q[lxy, x2, 23, .. ], fe (e (2.8)

Given f,g € Q7 we define their induced product f ® g by

(fOgzs = (Nal9az, (2.9)

where the product of (f); and (g); is the usual product of power series. In particular, (f © g), =
(f >q <g>q . The following result completes the proof of Theorem 1.2 (after setting xj, = ¢* for all k).

Lemma 2.1. Given n >0 and k € (Z>o)", we have
< H :m(l);) >£ = H (i 1‘2) or equivalently H :m(l);) = @ TE(A). (2.10)
>1 m( ) kek r=1 >1 m( )

Proof. See [18, Proposition 7.2.3(ii)]. O

2.2 Holomorphic anomaly equation

A quasimodular form is a holomorphic function f = f(7) of 7 in the complex upper half plane,
admitting a Fourier series (g-series, ¢ = *™7) at infinity and such that for all (¢ %) € SLy(Z)

_pefar+b i) 1 e I
(er +d) kf<c7'+d> - ]z:% g! (%m’%—d) ’ lm7 >0, (2.11)

where 9 is the derivation defined in the introduction'?. The transformation (2.11) of the quasimod-
ular forms in Theorem 1.2 is determined by the following holomorphic anomaly equation.

Proposition 2.2. For all g € Q[u], we have
_ 0? 0%g
-20{g(c)}, = @{Q(C)}q = {auz} . (2.12)
q

Proof. Recall that by (2.6) we have

n/2

{Bualy = > "™ Y ] s(a A)Gays2- (2.13)
m=0

n€llz(n,m) Aem
ap(m=lal

For the first equation, it suffices to show that —29 and 88—022 agree on {Bua}, . We compute

n/2

—20{Bualy = 2> 7 > N ] s@,4)Gapre, (2.14)
m=0

w€llx(n,m) A'en Aem

ap(m=la| Gar=0AZA’

where we used that 9 is a derivation which annilates G, ,+2 except if aq = 0. Now, let 7’ €
IIo(n, m — 1) be the partition after removing A’ from 7. Note that there are ("_2;7”2) partitions 7

12This is not meant to be a defintion of a quasimodular form, as in the definition of 9, and hence also here, we make
use of the fact that M = M[Gz], where M denotes the space of holomorphic modular forms.



yielding 7’. Hence, the first equality follows from the computation

n/2

—20{Bug), = 2 <” - 2;" + 2) S I] sa4)Gayo (2.15)
m=0

' €lly(n,m—1) Aen’
ap(m=lal

o2 n/2

= szcn amtz N I1 sa,4) Ga,z (2.16)

™ €H2 (n,m—1) Aen’

ap(m=lal
o p—
_ P T (2.17)
The second equality follows immediately from the next independent lemma. O
Lemma 2.3. For any g € Q[u] we have % = aiui.
Proof. For any g(u) the operator g(ug — ¢, u,...) is independent of ¢ by construction. Hence
cS
g(c) = Z o (Oug)®9(up — ¢, ut,...) (2.18)
s>0
and so
1 c? dg
= > o 1)!(8u0)59(uo —cun) = Y (0u) Oug) (o — cur ) = B (219)
s>1 s>0
as desired. ]

3 Applications to quantum integrable hierarchies

3.1 Double Ramification quantum integrable hierarchies

A Cohomological Field Theory (CohFT) [21] consists of

e a finite-dimensional Q-vector space V', equipped with a non-degenerate symmetric two-form
n € Sym?(V*) and with a distinguished element 1 € V, and

e linear maps cg,, : VO — H®*"(M, ,,,Q), indexed by g,n > 0 such that 2g — 2 +n > 0.

Here, ﬁg,n is the Deligne-Mumford moduli space of stable curves of genus g with n marked points
and Heve" (ﬂg,m Q) is the even part of its rational cohomology ring. The maps ¢4, have to satisfy
a number of axioms prescribing their behavior under natural maps between the moduli spaces, i.e.,
under permutation of marked points, forgetting of marked points, and gluing of curves; for more
details see [3, Section 3| and references therein.

In [6] a family of Hamiltonian densities g (u;e) is defined starting from an arbitrary CohFT. We
shall consider here only the case of one-dimensional CohFTs, namely V' = Q1, under the additional
assumption 7(1 ® 1) = 1; by a slight abuse of notation we shall denote ¢y, the value at 19", A
result of Teleman [30] implies that all such CohFTs are given by

Cgm = exp(ZjZl SQj_l Chgj_l(E)>, (3.1)

in terms of parameters s, for £ > 1 and odd, where chy(E) € H k (M., Q) are the Chern characters
of the Hodge bundle E over M, ,,. The densities are defined by'?

g—o(use) = 1, g-1(u;€) := ug, (3.2)

!3The density g_» = 1 is not introduced in [6].

10



and gx(u;e) for £ > 0 is defined in terms of the Fourier series (already used in the introduction)
vj(2) = 4y (i) we e, for j > 0, by requiring that

ge(v(z);e) = Z n'

g,n>0 (a1,....,an)EZ™
2g—2+n>0

/ 1/}1 o (€) Cgni1 Way - - - Way, ellalz (3.3)
DRQ ‘al Al,...,Q

where |a| := > ; a; and v(z) = (vo(x),v1(x),...); see [5, 6] for more details. Here, we use the
following standard notations (see, e.g., [6] and references therein for more details):
e DRy(ag,ai,...,an) € Hyg_o4n(Mg nt1,Q) is the Double Ramification cycle (roughly speaking,
defined as the locus in Mg’mrl of stable curves with marked points (C;py,...,ps) such that
Oc = 0c (3o aipi)),
o ¢ € H? (Mgmﬂ, Q) is the Chern class of the cotangent line bundle at the first marked point,
and

o AJ(€) =1—eXi+---+(—€)9)g, where \; € H* (Mg 41, Q) are the Chern classes of the Hodge
bundle.
It is worth pointing out that all densities gi(u;€) are sums of even monomials with respect to the
weight operator .- uj%, ie., gr(u;e) € Qul®e"[e] (see |6, Appendix B]).

Remark 3.1. To simplify the exposition we have omitted the quantization parameter A of [6]; the
normalization of op. cit. can be recovered from (3.3) by the transformations

e e(ih)72, sk osp(ih)2,  wp = uR(iR)"E, gp e (iB)°E g (3.4)

This follows directly from the dimensional constraints of the integrals over the Double Ramification
cycle in (3.3). Moreover, the parameter € in this paper corresponds to €2 in [6]. To compare with
the normalization of [10], where € = 0, we need to replace i/ with 7.

It is also follows from [6, Theorem 3.5 and Lemma 3.7|, combined with Remark 3.1 (see also
[28, Section 4]), that the densities gi(u;€) in (3.3) can be determined from g_j(u;e€) = ug by the
recursion

Ogry1(use) ,
auO = gk(u» 6), (35)

(k+2+4 D)0z gr+1(us€) = [gr(u;e), Gi(e)], k=>-1, (3.6)

provided one has computed G1(€) = g1(u;€) in advance. Here

0 0
Oy = Zqu%, = e— + Z 1)s9;— 105%4’ (3.7)

i>0 v i>1

and for f,g € Q[u][[¢]] we have [6 Equation 2.2|
99
Oy, -+ - Ouy,

I e LTSNS

n>1 T14eeesTn >0
81400580 >0

(3.8)
where |r| =Y 7 and Py, g, (§) are polynomials in § defined by the sequence of their coefficients;

n—1— J-HI
, -1 JPg M n—1—j+1¢ is even,
[fj]Pfl,...,én(f) _ (-1) [5} Ty €3) .J ] (3.9)
0 otherwise,
and ﬁghm’gn (&) are polynomials in ¢ determined by their values at positive integers &;
Po.0,(©) = > ap--alr (3.10)
at,...,an>0
al+"'+an:£

Later we shall need the following particular cases.
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Lemma 3.2. We have Py(¢) = & and
2m!
(L+m+1)!

Baito L Nei 4 i m P

Proof. (See also [18, Lemma 6.1.2].) Only (3.11) needs a proof. We compute the generating series
(for ¢ integer)

3 u
_ (§ — €
u v € E me £| m' E eaue —av _ e § Oea(u v) _ T ) (312)
a=

£,m>0

£€+m+1 +

Pf,m(f) =

The proof is complete by Taylor expanding P (u,v;§) = efi—_ll + eejvi__ll using =45 = > i>0Bj jj,
and by (3.9). O

Remark 3.3. It is explained in [6, Section 3.5] that the recursion equations (3.5) and (3.6) uniquely
determines the g’s, for all k£ > —1, from g_; = up and G;. Indeed, one first uses (3.6) to determine
the gi’s for kK > —1 up to a constant depending on k, €, s only; indeed, this yet undetermined constant
does not affect the right-hand side of (3.6) so that the recursion works. These constants are finally
determined by (3.5).

3.2 Quantum Intermediate Long Wave hierarchy

The quntum Intermediate Long Wave hierarchy corresponds to the construction of Buryak and Rossi
for the Hodge CohFT (see also [2])

Cgn = 1+ pAi 4+ pfhg, (3.13)
where 1 is a parameter and A\, € H2*(M g.n, Q) are the Chern classes of the Hodge bundle. In terms
of the parameters s in (3.1) we have sg;_1 = (2i — 2)! p?*~1, whence (3.7) reduces to

0

0
D =e— —. 14
“De * 'u('?,u (3.14)

Let us denote gi-V(u;e, p) and GJ*V(e, p) := g"V(u; e, p1) the densities and operators for this hier-
archy; we know from [6, Lemma 4.2] that!*

3 | Bay| | Bag.ya|
G _ Uy uo _ § g-117291 _ 2Rl 3.15

We start by making the recursion (3.6) more explicit in this case.

Lemma 3.4. The operator

RV g(use, 1) = [g(us e, ), G (e, )] (3.16)
can be spelled out as
RW = R+ Ry, (3.17)
where
: 2 Bag| o 1 (i + 1)+ 1)! 0?
R = " gitt %o +(e—p) ) (en)?” 11B2 U - T vy Witit3a A
! 1220 ( 2 ; (2g)' g) ou; 2 i,jZZO (Z +J+ 3)! o 8u18u3
(3.18)
B i+l i+ 0?
R|LW — 20+2 _1 i+l _1 g+ it ) — 319
2 2 242\ 2 — j FEDT g L)) L D 0u; (3:.19)

©,5,0>0

1n loc. cit. the formula is given up to constant terms.
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Proof. Tt follows directly from (3.8) and Lemma 3.2. O
Introduce the reduced ILW densities
g =B, (3.20)

where B is the the operator given in (1.26). Remarkably, they satisfy a similar but slightly simpler
recursion.

Lemma 3.5. The reduced ILW densities ﬁ;CLW(u; €, 1) are uniquely determined from g% (w;e, u) = 1
and gV (u; e, 1) = ug by the recursion
OGN (us e,
AN Wi ), (321
uo
(k+2+D)dgitt(wie, p) = RV GV (we ), k> -1, (3.22)

where R is given in (3.18).

Proof. For the sake of clarity, let us drop the superscript ILW and the dependence on u, €, p in this
proof. The equation (3.21) follows from the chain of equalities

0 0
— =Bl — =B lg. =7 3.23
Duo Jk+1 Do Jk+1 9k = Gk, ( )

where we use [B, 0,,] = 0. Next, for any power series ®(o,&1,...) we have [®(0yy, Ouys--- ), uj] =
(8¢, ©)(Dugs Ouy » - - - )- In particular when ®(&o, &1, ) = exp(£3 > i j>0Vij&i€j), with

izi Bitjyo
vij = (=1)2 z’+lj]+2’ (3.24)
we get
0
BEL wy) = i =—BEL 3.25
(B, uy] + ; Vi,j s (3.25)

We claim that [B, (k + 2 + D)9,] = 0; indeed, by (3.25) we have

82
[‘B,@x] = — Z Vi7j+1mg = 0, (326)
4,720
because v; j+1 = —Vjit1, and [B, D] = 0. Therefore,
(k+2+ D)0ugrs1 = B~ (k + 2+ D)drgrs1 = B~ 'Rgp = B~'RBg,, (3.27)

The proof is complete once we show the identity B~'RB = R, or, equivalently,
[B,Ri] = R2B. (3.28)

The operator R; consists of three parts, see (3.18); namely, R = nga) + ngb) + ngC) with

(a) _ _1|By 0
Ri7 = E (G—M)E (ep)? (29)!W+29+187W7 (3:29)
>0 g>1
041
® 1 l+1 0
Rl = 5 E E < k‘ Ukug_i_l_kaiw, (330)
>0 k=0
. 1 €+ 1) (m+1)! 0?
CR() = —— _— 31
1 E (€+m+3)! W+m+3awaum (3.31)

£,m>0

We compute separately each contribution, using (3.25).
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(a) We have

[B, R\ ZZ ]8?%

>0 g>1
32 ok
Z Z ‘ ‘| Vit+2g+1 ou, 87u B =0, (332)
i0>0 g>1 ¢
because v; o4 = —V¢ 4k for any odd k.
(b) We first compute
(B, wjyugy] = wjy [Byug,] + [B,uy, |ug,
0 0
— _Z(VZ”UJIQ B +V1]1a Bum)
>0
:_Z(V’ U; 4 -+ Vigjy 5 U ) ZV’L ’Bu ]
7]2 J1 8 7.71 8 J2 7.]1 8 .]2
i>0 i>0
0 0 02
= — Z(Vi,jQUﬁ% + V,‘Jluh%) + Vjygo — Z Vi1 j1Via,ja >fB. (3.33)
<i20 ou; ou; W ou;, 0us,
Therefore,
s 0
3,33 (B, upu e
1 2
1 + 0
222( k ><VM+1 KUk + Vi kUgq1— k>M+
£>0 k=0 iOUp
+1
1 + 1> 0
3 ZZ: 2 < k041 kﬁw
1 G| &
z i Vi TP — 3.34
2 2050 k=0 ( ) Viv kViz 41—k 8ui1 8u¢28uf ( )
Since el i
+ +
{+1 e+1 Byys Y4 + 1 k
= = > )
Z ( 1 >Vk,e+1 k 7+31 0, >0, (3.35)

k=0
the second sum in (3.34) vanishes for all £ > 0.

(c¢) Finally, we have

c 1 €+ 1) (m+ 1)! 93
3R] = 3 i+m+3 A A D 3.36
[ o ] 2i€m>0 (£+m+3)' bt +38Ui8’dga’u,m ( )
Combining these three computations we obtain, denoting for convenience by := By /k,
/+1
¢ -l- 1 ith—t—1 ik 52
B, H]B™ = —5 Z Z —1)" 2 bigrersug + (1) 72 bippaotp g | =——— +
Ou;Ouyp
z £>0 k=0
- (! + 1 wzi%fl 93
Z Z 2 bi1+k+2big+£+37km +
21,22,Z>0k 0 i1 19 ¥4
I C+Dm+ D) s e
2 1 bittrmis 3 3.37
! M%O (£+m+3)! = S s gD (3.37)

14



It is easy to check that the first line on the right-hand side of (3.37) equals Ry (see (3.19)). To
complete the proof we need to show that the last two lines in (3.37) cancel each other; to this end
we first recall the following theorem by Skoruppa.

Theorem 3.6 ([29]). Suppose that the symmetric homogeneous bivariate polynomial H(x,y) =
Yov_ohu’y" " of even positive degree n satisfies H(x,y) = H(y,y —x). Then

hy d
E hl/ GI/+1 Gn+171/ = hGnJrQ - quGru (338)
n ~dq
O edd:

1H(1,y) dy and Gy, is the Eisenstein series (1.21).

1
where h = 5 o

Since G,, has a Fourier series in the upper half plane whose constant term is —b,,/2 we get

Z hu bl/—‘rl bn+1—y = _thn+27 (339)

o<v<n
v odd

with the notations of Theorem 3.6. We need the following specialization: given positive integers
a1, a9, a3 with a; + ag + as even, the polynomial

H(x,y) = Z T 7T(1) Qr(2) (y )aw(s)

TES3

A (3)
23 (4 ) a0

weS3 k=0

satisfies the condition of Theorem 3.6, because

H(y,y—x) = > "0 (z — y)*@ (—x)"@

TESs

= (=1)mreres N (—y)io (y — 2)"@ ()0 = H(z,y). (3.41)

TESs

Hence, by (3.39)

Ar(3)
(3) an(2)t+k _
Z Z ( > @ baw(1)+k+1 baw(2)+aﬂ(3)_k+1 -

weS3 k=0
aﬂ(z)! aﬂ(3)!
Ar(2) + ar3) + !

a1+a2+a3+2 Z ﬂ“) (342)

TESs

Note that ar(2)+ ar(3) —k+1 is even in the left-hand side of the last identity; therefore, multiplying

both sides by (— )a1+a2+a

2 , We may write it as
A7 (3)
Az (3) (1) Fon(2) "9 (3)
Z Z < k (=1) ’ Dar (1) +h+1 Dar o) an(s) —h+1
weS3 k=0
I

An(2)Hn(3) ~Or(1) ar(2)! Qr(3)!
= —ba1+a2+a3+2 (_1) 2 .
wgs (ar(2) + ar@) + 1)!

(3.43)

It is clear by this identity that the two cubic operators in the d/0u;’s, which appear in the second
and third line of (3.37), cancel each other. O

Corollary 3.7. For all k > —2, the reduced density g'LW(u; €) is homogeneous of weight k + 2 if we
assign weight i + 1 to u;, +1 to ¢, and —1 to € and p.
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Proof. Let W = ZiZO(i + 1)uia%i — e% — ,ua% the grading operator with respect to the weights
of the statement; we need to prove that WﬁLLW = (k+ 2)§}€LW for k > —1 (the case k = —2 being
trivial). It is straightforward to verify the commutation relations

a}_ 0

Tl = T W k24 D)0] = (k424 D)0, WR] = 2R, (344)

W
where D is given in (3.14). It follows from these relations and (3.21)-(3.22) that the polynomials
fr = Wﬁ}!‘w satisfy the recursion

ifk =fet+an” (3.45)
auO +1 ] .
(k+2+ D)0 frrn =R (fe 49", k=-1, (3.46)

with initial condition f_; = ug. This recursion uniquely determines (by an argument parallel to that
in Remark 3.3) all fi’s, for £ > —1. On the other hand, this recursion is satisfied by fx = (k+2)gx,
and the proof is complete. O

Let ]\7[0, €, 1] = M® Qle, €, ) =: Py, ]\7[0, €, Wk+2, graded by the quasimodular weight and by
assigning weight +1 to ¢ and —1 to € and u. The central result of this section now follows directly
from Theorem 1.2 and Corollary 3.7.

Theorem 3.8. For all k > —2, we have

{GLLW(E, 0 }q € M[c, € Wkt2a- (3.47)

The quantum KdV hierarchy mentioned in Section 1 corresponds to the special case p = 0 of
the ILW hierarchy;

KdV ILW

N (o) = gV (use, p) GrN(e) = GlV(e,p)| . (3.48)

p=0’ pu=0

Therefore Theorem 1.1 is a direct corollary of Theorem 3.8.
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A Closed formulas for the quantum KdV hierarchy for ¢ — 0 and
€ — O

A.1 Dispersionless limit ¢ — 0.

An explicit generating function for the Hamiltonian densities in the case ¢ = 0 is due to Eliashberg,
see [11] and |6, Proposition 4.1]. Namely, it is known that

oy exp(y S(iydz)uo) _ sinh(y/2) y*F
;ynggdv(u’E_O) = S(y) 2, S(y) = T2 kz>o4k(2k+1)!’ (A1)

where 0, is defined by (3.7). We observe here the simplification of this formula when we consider
the reduced densities instead.
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e 1 KdV

Proposition A.1. Denoting ngV , we have

Sy gV (we = 0) = exply S(iyda)uo). (A.2)
k>2

Remark A.2. By assigning degree —1 to y we see directly that the right-hand side in (A.2) is of
homogeneous weight zero (provided uy has weight k + 1), hence we recover that g4V (u;e = 0) has
degree k + 2. Actually, since by the definition of the operator B we have ngV = ngV + lower degree
terms, it is not difficult to derive (A.2) from (A.1).

A.2 Limit € — oo.

KdV(

We also provide formulas for the (sub)leading terms in g €) as € = 00.

Proposition A.3. For all k > —1, the density g,':dv(u; €) is a polynomial in € of degree k+ 1, whose
leading and subleading terms are given by

U2k4-2
[ekH]gEdV(U; 6) = ij_—i—l)!’ k> —1, (A3)
KdV 1 Bojio 1 I
[€"] gk (wye) = — + —Zd(],k)ujumf,j, k>0, (A.4)

(—)F2k + 1) 4k +4  24F ;

where the coefficients d(j, k) (for j,k > 0) are given by the generating series

: ok 1
j%z:o(Qk—i-l)!!d(],k) v’ 2v/T— 22(1 + )2 (1 — 22(1 — y + y2)) (A.5)

and in particular satisfy d(j, k) =0 for j > 2k and d(j,k) = d(2k — j,k) for j, k > 0 with j < 2k.

Proof. 1t is straightforward from the definition of B and the identity

2k Y dli k) — 1 k 1 B 6k o
;<_ PAGR) = G a0 e T 2@kt o (A.6)

to check that the statement is equivalent to the fact that the reduced density ngV =B! Kdv

polynomial in € of degree k + 1 for k > —1 whose leading and subleading terms are given by

k417 ~KdV /... - U2k+-2 B
[6 ]gk (u,e) - 24k+1(k+1)|7 k Z 1, (A?)
k
1 )
(1G5 (u;€) = o > d(j, k)ujugyj, k>0. (A.8)
j=0

Therefore, it suffices to show (A.7) and (A.8). The gi’s are determined by (3.21) and (3.22) with
u = 0, namely,
~KdV
Ft 24 el )oKy = (Ro + € Ry )ghaV k1 _ gkav k>—1 (A.9)
86 :L’gk+1 - 0 €] ) 8'&[) - gk ) - ) .

with initial condition g_1 = ug, where

Ry ::12(((”1) o @+ ‘92>, (A.10)

2 530 1+1 )N 'uH_l J ‘78u, (t+7+3)! Uikt Ou;0u;
1 0
:Rl = E Zu¢+3%. (All)
i>0 ¢
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It follows that gy is a polynomial of degree at most k + 1 in e. Moreover, the leading term satisfies
the recursion
(2% +4) 0, ([ 2L = Ry ([ HFEY), ) (A.12)

with [€9] g%V = wug. Hence, for k > —1 it follows that [e¥*1]gKdV (use) = #(ltil)! + ¢ for
KdV(

some constants ¢, depending on k only; by Corollary 3.7, [¢F+1] gr%Y (u; €) must be of homogeneous
weight 2k + 3, hence ¢ = 0. Then the subleading term is determined by the recursion

4 Ro(ugk+2)

k—i—l Kdvy _ 0\U2k+4-2 ~KdV

with [9]gKk?Y = u2/2. Therefore, [¢*] gKIV = 24-F Z?io d(j, k)ujugg—; for some coeflicients d(j, k);
again, thls is in principle only true up to a constant depending on k only, however Corollary 3.7 again
implies that this constant vanishes. Here the coefficients are assumed to satisfy d(j, k) = d(2k — j, k)
and, as a consequence of (A.13), are subject to the recurrence

(2h+3)(d(, kb 1) +d(—1, k1)) = —— )(ij+3>+2(d(j—3,k)+d(j,k)), k>0, (A14)

2(k + 1)!

where d(j,k) =0 for j < 0 or j > 2k, with initial condition d(0,0) = 1/2. Therefore

(1 +y)*+s & -
(2k +3)(1 +y) Apia(y) = P +2014+ %) Ar(y),  Ar(y) = > _d(G, k)Y (A.15)
! =

Dividing by (1 + y), multiplying by 2*+1(2k + 1)!!, and summing over k£ > 0 we obtain

1 1 1
D(z,y) — = = = —1) + 2z(1 —y+9*)D(z,y), A.16
@3 = 3(pors ) * B0 -vePDe, (19
where D(z,y) := > 3502k + D! Ag(y) x¥, and (A.8) follows. O

In particular, we obtain the following immediate consequence, whose proof is omitted.

Corollary A.4. G,'jdv(e) s a polynomial in € of degree k for k > 0 whose leading coefficient is

2
GKdV ¢ 1 Bok+2 2k+1 > A
_ + E . 1
€' (€) 25’“’0 (—4)k(2k+1)!!< 4k + 4 J pﬂap) k20 (A-17)
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