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Abstract. We introduce and study a two-parameter family of symmetry reductions of the two-
dimensional Toda lattice hierarchy, which are characterized by a rational factorization of the Lax
operator into a product of an upper diagonal and the inverse of a lower diagonal formal differ-
ence operator. They subsume and generalize several classical 1+1 integrable hierarchies, such as
the bigraded Toda hierarchy, the Ablowitz—Ladik hierarchy and E. Frenkel’s g-deformed Gelfand—
Dickey hierarchy. We establish their characterization in terms of block Toeplitz matrices for the
associated factorization problem, and study their Hamiltonian structure. At the dispersionless level,
we show how the Takasaki—Takebe classical limit gives rise to a family of non-conformal Frobenius
manifolds with flat identity. We use this to generalize the relation of the Ablowitz—Ladik hierarchy
to Gromov—Witten theory by proving an analogous mirror theorem for the general rational reduc-
tion: in particular, we show that the dual-type Frobenius manifolds we obtain are isomorphic to the
equivariant quantum cohomology of a family of toric Calabi—Yau threefolds obtained from minimal
resolutions of the local orbifold line.

Keywords. Rational reductions, Gromov—Witten, integrable hierarchies, mirror symmetry, 2D-
Toda, Ablowitz—Ladik

1. Introduction
The two-dimensional Toda equation
(32 — 0H)x, = el — 2" 4 M1, nel, (1.1

is among the archetypical examples in classical field theory of integrable non-linear dy-
namical systems in two space dimensions. Besides its intrinsic interest in the theory of
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integrable systems [18, 50, 66, 68], the hierarchy of commuting flows of (1.1)—the so-
called 2D-Toda hierarchy—has provided a unifying framework for a variety of problems
in various branches of mathematics and mathematical physics, ranging from the combi-
natorics of matrix integrals [3, 36] to enumerative geometry [46, 56] and applications to
classical and quantum physics [33,54,55].

The purpose of this paper is to construct and study an infinite family of symmetry re-
ductions of the two-dimensional Toda hierarchy, which we dub the rational reductions of
2D-Toda (henceforth, RR2T). Their defining feature is the following factorization prop-
erty of the 2D-Toda Lax operators:

L9 =AB™', LS=BA"", (1.2)

where A and B are respectively a degree a > 1 upper diagonal and a degree b > 1 lower
diagonal difference operator; this property is preserved by the Toda flows. It turns out
that the resulting hierarchies enjoy remarkable properties both from the point of view of
the theory of integrable systems, as well as from the vantage of their applications to the
topology of moduli spaces of stable maps.

1.1. Main results

The RR2T, which are the natural counterpart in the 2D-Toda world of the “constrained
reductions” of the KP hierarchy of [4, 6], are distinguished in a number of ways. First off,
the embedding into the Toda hierarchy recovers and ties together a host of known clas-
sical integrable hierarchies in 1+1 dimensions: notable examples include the Ablowitz—
Ladik system [1, 9], the bi-graded Toda hierarchy [17], and the g-deformed version of
the Gelfand—Dickey hierarchy [35]. Moreover, rational reductions have a natural char-
acterization in the associated factorization problem, where they correspond to the block
Toeplitz condition on the moment matrix; in the semi-infinite case this naturally gen-
eralizes the ordinary Toeplitz condition arising in the theory of unitary matrix models.
Thirdly, the analysis of the relation of the Hamiltonian structure on the reduced system
to the (second) Poisson structure of the parent 2+1 hierarchy reveals that the reduction
itself is remarkable in that it is a purely kinematical phenomenon, whose ultimate cause
is completely independent of the particular form of the Hamiltonians: the submanifold in
field space where the Lax operator factorizes comes along with an infinite-dimensional
degeneration of the Poisson tensor, whose pointwise kernel contains the conormal fibers
to the factorization locus. Fourthly, the semi-classical Lax—Sato formalism for the disper-
sionless limit of the hierarchy gives rise to a host of (old and new) solutions of WDVV
in the form of a family of semi-simple, non-conformal Frobenius dual-type structures on
a genus zero double Hurwitz space! having covariantly constant identity. For b < 1, they
are bona fide dual in the sense of Dubrovin [29] of conformal Frobenius manifolds of
charge d = 1, with possibly non-flat unit. The double Hurwitz space picture entails, on
the one hand, the existence of a bi-Hamiltonian structure of Dubrovin—Novikov type at
the dispersionless level for several subcases, as well as a tri-Hamiltonian structure as in

' We borrow the terminology from [60].
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[58,60] for a = b; on the other, it furnishes for all (a, b) a one-dimensional B-model-type
Landau—Ginzburg description for the dual-type Frobenius structure. Generalizing a result
of [9], we show that the resulting non-conformal Frobenius manifolds are isomorphic
to the (C*)2-equivariant orbifold cohomology of the local P'-orbifolds with two stacky
points of order a and b [45], or equivalently [22] of the (C*)?-equivariant cohomology
of one of their toric minimal resolutions (the toric trees). This establishes a (novel) ver-
sion of equivariant mirror symmetry for these targets via one-dimensional logarithmic
Landau-Ginzburg models, which has various applications to the study of wall-crossings
in Gromov—Witten theory as anticipated in [10], and it leads us to conjecture that the
full descendent Gromov—Witten potential for these targets is a T-function of the RR2T, a
statement that we verify in genus less than or equal to one.

The paper is organized as follows. In Section 2, after reviewing the Lax formalism
for the 2D-Toda hierarchy, we first construct the RR2T in the bi-infinite case, study the
reduction of the 2D-Toda flows, and discuss various examples. We then illustrate their re-
lation to biorthogonal ensembles on the unit circle and the factorization problem of block
Toeplitz matrices, and discuss the Hamiltonian structure of the hierarchy. Section 2.6 is
devoted to the study of the dispersionless limit of the flows. We analyze the Takasaki—
Takebe limit of the equations in the framework of Frobenius structures on double Hur-
witz spaces and determine explicitly the dual-type structures that arise, as well as the
extra flat structures that occur in special cases. Finally, Section 3 is devoted to the relation
to Gromov—Witten theory. We prove an equivariant mirror theorem for toric trees, and
outline the range of its implications. First of all, we verify up to genus one that the full
descendent Gromov—Witten potential is a T-function of the RR2T, upon establishing a
Miura equivalence between the dispersive expansion of the RR2T to quadratic order and
the analogue of the Dubrovin—Zhang quasi-Miura formalism applied to the local theory of
the orbifold line. Moreover, we discuss in detail the properties of the A-model Dubrovin
connection in the light of its connection with RR2T, prove that its flat sections are multi-
variate hypergeometric functions of type Fp, and discuss its implications for the Crepant
Resolution Conjecture at higher genus.

1.2. Relation to other work

Several instances of RR2T have made a more or less covert appearance in the literature.
In a prescient work [38], Gibbons and Kupershmidt® constructed a Lax formalism for
a relativistic generalization of the one-dimensional Toda hierarchy which would corre-
spond in our language to the RR2T of bidegree (a, 1), where the dependent variable in
the denominator has been frozen to a parameter equal to the speed of light. More recent
examples include the Ablowitz—Ladik hierarchy treated by the authors [9], corresponding
to the case (a, b) = (1, 1), and the somewhat degenerate example of the lattice analogue
of KdV [1], to which RR2T boils down for » = 0. Dual-type structures for the disper-
sionless limit of the RR2T have been computed in the special case of the bigraded Toda
hierarchy [59] and the RR2T of bidegree (a, a) (see also [63,72]). Closer to the discus-

2 Building on earlier work of Bruschi—Ragnisco [11]; see also [48,61].
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sion of Section 3 is a recent paper of Takasaki [65], where the (full-dispersive) RR2T
of bidegree (b, b) with suitable initial data is considered in connection with the partition
function of the melting crystal model [57] for the so-called “generalized conifolds” de-
formed by shift symmetries [64]. As the generalized conifolds correspond precisely to
the toric Calabi—Yau threefolds of Section 3 for a = b, it would be intriguing to bridge
Takasaki’s approach with our own, and in particular to intepret the 2D-Toda evolution
in the crystal model as suitable gravitational deformations of our prepotentials. We will
leave this open for future work.

2. Rational reductions of 2D-Toda

2.1. The 2D-Toda hierarchy

Denote by A = {(a;; € C); jez} the vector space of doubly-infinite matrices with com-
plex coefficients. Equivalently, this is the space of formal difference operators ), ., a- A"
where a, for every r is an element of the space .# of C-valued functions on Z, and the
shift operator A acts on f € .Z by AK f(n) = f(n + k). For A = Y orenarA” € A, the
C-linear projections

Ap=YaA, 2.1)
reZ*

A=) a (2.2)
reZa

define a canonical decomposition A = A, & A_, corresponding to the projections of A
to its upper/strictly lower triangular part. We will denote by A7 its transpose

AT =Y A"a, (2.3)

rez

and, whenever defined, we denote its positive/negative order ord+ A as the degree of its
projections to A4 as formal difference operators,

ord+ A =deg +1(A)+. 2.4

Armed with these definitions, we construct an infinite-dimensional dynamical system
over an affine subspace of A @ A, as follows. The 2-dimensional Toda lattice [68] is the
system (9.1, 0. @), 7 > 0) of commuting flows given by the Lax equations

dmli= (LD, Lil, doli= [—(Ly)-, L], i=12, (2.5
where the 2D-Toda Lax operators are the formal difference operators

Li=A+ Zuj(.l)A_j, Ly=)Y uj(.z)Aj (2.6)
=0 j=1
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with u;k) € & forall j € NU{—1}, k = 1, 2. Commutativity of these flows follows from

the (simplified form of) the zero-curvature equations
0,0 Lf = 30 L] + LD+ (L)1 = [LD- (LH-1 =0, @7

which in turn is equivalent to a compatibility condition for the Zakharov—Shabat spectral
problem

LV = w¥y, LIw; = wi,, asén‘l’l = (L1,
(2.8)
asén‘lfz = —(LHi w3, 3S;2>‘111 = (LHTw, aslga W = —(LHT w3,

for wave vectors ¥; € C((w)) ® Z#,i = 1,2 [68].
An equivalent formulation of the 2D-Toda hierarchy can be given in terms of the Sato
equations
8‘”(,-)51 =—(L))_Si, 8&(",-)S2 =—(LH)_-% (2.9)

for the dressing operators
Si=14+p"A 4., S =pP 4+ pPA+- . (2.10)
The Lax operators are expressed in terms of the dressing operators by
Li=SiASy!,  Ly=SA"'s;!, 2.11)

and the commutativity of the flows 8r(i) on S; again follows from (2.7).
Under suitable assumptions, the initial value problem for the 2D-Toda equation can
be solved in terms of a factorization problem [62]. Let u € A be a matrix depending on

the times s,(i) according to

ou

Sy

au _r
= nAT (2.13)
Sy

or equivalently
W= exp(z sr(l)A’)uo exp(Z sr(z)A_’). (2.14)

r>1 r>1

Assume the factorization

=S (2.15)
exists and uniquely determines S; and $; as in (2.10). Differentiating this expression with
respect to sr(i) and projecting it onto A+ we find that S, S satisfy the Sato equations
(2.9), hence the associated Lax operators of (2.11) solve (2.5). In the semi-infinite case
the factorization problem can be directly solved using biorthogonal polynomials, as we
will show in Section 2.4.
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2.2. The rational reductions

Consider now the difference operators
A=A +ag A"+ tage Ay, (2.16)
B=1+BA"+ +8/A 1+ A (2.17)
for a, b > 0. We define two factorization maps L; : Ay & A_ — Aby
LY =AB"', L5=BA7!, (2.18)

notice that they give Lax operators in the form of (2.6). It is convenient to define also the
dual operators L1, L, by

L¢=B"'A, IL=4A"'B. (2.19)
Theorem 2.1. Fori = 1,2, r > 0, the equations

d.wA=(L)+A - AL, (2.20)
9.0 B =(L))+B — B(L)), (2.21)

define commutative flows on A, B that induce the 2D-Toda Lax equations (2.5).
Proof. We first check that these flows are well-defined. From
ATTLA = (AT LAY = (AL A = (BT A = T (2.22)
we obtain
LA = AL}, (2.23)
and similarly
L'B = BL!. (2.24)

With the aid of these identities we can rewrite (2.20) and (2.21) as

A =—(LD-A+ AL, (2.25)
8xr(i)B =—(L)-B+ B(L))-. (2.26)

The r.h.s. in both (2.20) and (2.25) is a difference operator in A of order ord; = a — 1,
hence the flow given by (2.20) is well-defined on operators of the form (2.16). Similarly
2.21) glves a well-defined flow on operators of the form (2.17). In general if 9,A =
WA — AW and 4B=WB— BW for some difference operators W, W, then

~

OLi =[W,Lil, &L;=I[W, L. (2.27)
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Hence from (2.20), (2.21), (2.25) and (2.26) it follows that the operators L; satisfy the 2/1}
Toda Lax equations (2.5). To prove commutativity, observe that if 3, A = W'A — AW!
for some difference operators W', W', i = 1, 2, then

U 9y A — 3,0, A = (WL — W2+ W, W DA — AW} — W2 + W', W?). (2.28)

Applying this formula to the flows defined by (2.20) and (2.21) we see that the right-hand
side vanishes because of (2.7), hence the flows commute. ]

Remark 2.2. Notice that the dual Lax operators also satisfy the Lax equations (2.5)
with L; instead of L;,

owLi =T+ Lile  dwLi=[-LyH-, L, i=12 (229

Remark 2.3. The inverses of A and B appearing in (2.18) and (2.19) are defined as the
following upper (resp. lower) diagonal matrices:

AN =) —op' Ayt BT =) 0 - BN (2.30)

k>0 k>0

The pairs of matrices of the rational form given by (2.18) form a submanifold of the 2D-
Toda phase space of pairs of Lax operators (2.6). The previous theorem shows that, on
such a submanifold, the 2D-Toda flows coincide with the push-forward under the factor-
ization map (2.18) of the vector fields defined by (2.20) and (2.21) on the space of pairs
{(A,B) € Ay & A_}, where A and B are of the form given by (2.16) and (2.21). This
clearly implies that the submanifold of rational 2D-Toda Lax operators given by (2.18) is
invariant under the 2D-Toda flows.

Definition 2.4. A rational reduction of the 2D-Toda hierarchy (RR2T) of bidegree (a, b)
is the hierarchy of flows induced by the 2D-Toda flows on the invariant subset of matrices
of the form (2.18).

We may more generally consider Lax operators of the form
L; = (A"AB~HlYatm) 1, — (BATI AT/ b+m) (2.31)

The same analysis of Theorem 2.1 carries through to this case as well. Notice that in this
case the flows in (2.25) should be defined in terms of the operator A := A™A, rather
than A.

Definition 2.5. Let (L, Ly) be as in (2.31). The associated reduction of the 2D-Toda
lattice hierarchy will be called the m-generalized RR2T of bidegree (a, b).

Remark 2.6. We can partially lift the condition that a, b > 0 by considering the case
when a = 0 (resp. b = 0) as the degenerate situation in which only one half of the flows
given by BS@ (resp. asm) is defined by (2.5) and (2.18). All of the above then carries
through to this setting. '
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As it turns out, Theorem 2.1 gives rise to a variety of new reductions of the 2D-Toda hier-
archy, incorporating at the same time several known infinite-dimensional lattice integrable
systems.

Example 2.7 (The Ablowitz—Ladik hierarchy). The Ablowitz—Ladik system [1] is a dis-
cretization of the complexified non-linear Schrodinger equation given by the second order
system

iy = — 31— xu9) (1 + Xn—1) + X, (2.32)
¥y = 21 = X0 30) Gnt1 + Yn—1) = Y, (2.33)

for n € Z. This system is Hamiltonian, and it possesses an infinite number of local con-
served currents in involution [1]. As shown in [9], after work of Adler—van Moerbeke [3]
and Cafasso [15] in the semi-infinite case, its integrability is bequeathed from a rational
embedding into the 2D-Toda hierarchy. Explicitly, introduce lattice variables «, 8 € .F
through

oy = — 2", (2.34)
Yn+1
1— _

/3” _ ( xn))n)yn 1' (235)

Yn

Then [9] the Ablowitz-Ladik hierarchy is the pull-back under (2.34) and (2.35) of the
rational reduction of the 2D-Toda flows of bidegree (a, b) = (1, 1).

Example 2.8 (The g-deformed Gelfand—Dickey hierarchy). Denote by D, the scaling
(g-difference) operator on the real line, D, f (x) = f(xq), and write QO+ for the projec-
tion of a g-difference operator Q onto its g-differential/strictly g-pseudodifferential part.
Lax equations in the form

9, L= [£, (€")4] (2.36)
for the g-pseudodifference operator
2D+ ujx)Dy’ (2.37)
Jj=0

were proposed by E. Frenkel [35] as a g-analogue of the KP hierarchy. In particular, the
natural g-analogue of the Gelfand—Dickey (n-KdV) hierarchy,

n
gl = pitt 4 Z 7j(x) Dy, (2.38)
j=1
give rise to a completely integrable bi-Hamiltonian system. By rewriting the g-difference
Lax equations (2.36) and (2.38) as ordinary Lax equations for a discrete operator L [2],
the system (2.36) can be recast in the form of a reduction of the 2D-Toda flows under the

constraint
(L"H_ =o. (2.39)

This corresponds to the RR2T of bidigree (a, b) = (n + 1, 0).
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Example 2.9 (The bigraded Toda hierarchy). The bigraded Toda lattice hierarchy
of [17] also enjoys a representation as a (generalized) RR2T. By (2.18) and (2.31), the
Lax operator for (N, M) bigraded Toda

L=A" +un_ AV '+ qpu_yAa™M (2.40)

indeed corresponds to the Lax operator L11v M for the — M-generalized RR2T of bidegree
(N + M, 0). Notice that in this formulation we can only recover as reductions of the 2D-
Toda flows the standard flows and not the extended or logarithmic ones.

2.3. Rational reductions and the factorization problem

It is illuminating to consider the form of the constraint leading to the RR2T at the level
of dressing operators. By Remark 2.2, the dual Lax operators Z,- satisfy the 2D-Toda Lax
equations, (2.29). By introducing the corresponding 2D-Toda dressing operators S; as in
(2.9) and (2.10), which satisfy the Sato equations

8Sr(i)§] = —(Z{)_Tg\l, 8Sr(i)§2 = —(Z?)_S‘\z, (2.41)

the RR2T of bidegree (a, b) can be translated into the pair of constraints

SINTST! = 5,871 £ A, (2.42a)
S8 = 5A7PS A B (2.42b)

Proposition 2.10. The constraints given by (2.42) are preserved by the Sato equations
for Si, Si, hence define a reduction of 2D-Toda at the level of dressing operators that
corresponds to the rational reduction of bidegree (a, b).

Proof. Notice that in this case the operators A, B arise naturally as a combination of the
dressing operators of two copies of the 2D-Toda hierarchy. Clearly (2.42) implies that the
operators A, B are of the form (2.16), (2.17). The corresponding Lax operators L;, ii,
defined through (2.11), factorize as in (2.18), (2.19), i.e.

LY = SiAST = $1A%S7 - 81857 = ABTY, et (2.43)

and the Sato equations induce the flows (2.20), (2.21). It follows that the constraints (2.42)
are preserved by the Sato equations. O

As the simplest non-trivial rational reduction of the 2D-Toda hierarchy gives rise to the
Ablowitz—Ladik hierarchy [9], which is in turn related to a factorization problem for a
Toeplitz moment matrix, it is natural to ask whether the generic rational reduction may
be interpreted in the same way.

Definition 2.11. We say that u € A is a block Toeplitz operator of bidegree (a, b) if

AuAt = p. (2.44)
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Equivalently, its matrix entries satisfy ;14 j+» = ij, which reduces to the usual
Toeplitz condition when a = b = 1. Clearly the property of being block Toeplitz of
bidegree (a, b) is preserved by the time evolution as in (2.14).

Let now (uj);, jez be a block Toeplitz matrix of bidegree (a, b) depending on the

times s,(i) as in (2.14) and such that the factorization problems

nw=S"'5s, (2.452)
puAt =SS, (2.45b)

admit solutions for S;, TS’\, of the form (2.10). We have the following

Proposition 2.12. The dressing matrices S;, §, satisfy the Sato equations with the con-
straints in (2.42). The corresponding Lax operators (2.11) give a solution of the RR2T of
bidegree (a, b).

Proof. By substituting (2.45a) into (2.45b) we get
STISHATP =515, (2.46)

Left-multiplication by S; and right-multiplication by 5{ ! give (2.42b). By the block
Toeplitz property, (2.44), we can rewrite (2.45b) as

A u =SS, (2.47)

Performing the same substitution as before and rearranging terms we obtain (2.42a). O

2.4. Semi-infinite block Toeplitz matrices and biorthogonal polynomials on the unit
circle

All statements of the previous sections can be transferred almost verbatim to the so-called
o0

semi-infinite case, given by the algebra A2 = {(a;; € O); jez.,} of complex semi-

infinite matrices. In this case A and A~! denote the semi-infinite matrices

(A)ij :=8ir1j,  (A7D)ij = (AT)j =8 j+1. (2.48)

Here, with an abuse of notation, we denote by A~ the transpose of A, which is in fact
only a right inverse of A. We have

A'A=1-E (2.49)

where (E11)i; = 6;,08j,0.

2.4.1. The factorization problem for 2D-Toda and biorthogonal polynomials. In the
semi-infinite case and for generic initial data for the 2D-Toda flows, a sufficient con-
dition for the existence of the factorization (2.15) is given by Gauss’ elimination: if all
the leading principal minors of u € A7 are non-zero, this leads to the LU decomposi-
tion of (2.15). The factorization problem can then be interpreted as the construction of
biorthogonal polynomials with respect to the bilinear form (, ), associated to n. More
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precisely, let u € A7 and let (, ). be the C-bilinear form on C[z] defined by

(@, 2 = wij. (2.50)
Let pj(.i)(z), i =1,2, j >0, be monic polynomials in C[z] of degree j. The factorization
problem for p is equivalent to the requirement that p](.i)(z) form a biorthogonal basis
in C[z] with respect to (, ), i.e.

@

(" pP = 8ijhi. @.51)

Indeed, the coefficients of the biorthogonal polynomials are related to the matrices Sy, Sz

by .
1
pY @ =Y (Snu, (2.52)
k=0

i
PP @) = hi Y (S5 k. (2.52b)
k=0

The biorthogonality property (2.51) turns into
SiuSy 'h = h, (2.53)

Le. the factorization (2.15) of the moment matrix. Denote now by p (resp. p) the
semi-infinite vector having pj(.’) (resp. fa\;')) as its j entry. By (2.11) and (2.15), the Lax
operators L; act on biorthogonal polynomials as

LipP() = 2pM(2), (2.54)
hLIh ™' p@(2) = 2p@ (2). (2.55)

2.4.2. Semi-infinite block Toeplitz matrices. Let us now turn to the study of the (a, b)
RR2T in the semi-infinite case, or equivalently to the factorization problem for semi-
infinite block Toeplitz matrices. We start by defining two sets of biorthogonal polynomials

associated with the C-bilinear forms
(@, 2 = wij, (2.56)
;o

(', 2))a = Wij = Wi j+b, (2.57)

where I = wA~". Both i and [i satisfy the Toeplitz property, which translates, at the
level of bilinear forms, into

(2 f(2), 2"gd))e = (f(2), 8(2))e (2.58)

for any f, g € C[z]. The monic polynomials p](.i) and ﬁ](.i) satisfy the biorthogonality
conditions

(i, P = 8ijhi, (2.59)
", 1’5](2));7 = Sijhi. (2.59b)
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The corresponding dressing matrices Sj, TS‘\I are defined through (2.52); such matrices
solve the factorization problems (2.45a) and (2.45b). If we assume that the moment matrix
w depends on the times s( D as in (2.14), then, according to Proposition 2.12, (S;, §,~) give
a solution of the (a, b)-graded RR2T.

PrOpOSItlon 2.13. The biorthogonal polynomials p ) and the dual biorthogonal polyno-
mials ﬁj( are related by the identities

AP = z4pM, (2.60a)
hATh ' p® = 5@, (2.60b)
BpY = p, (2.60¢)
"B Th='p® = 5@, (2.60d)

Proof. Let us prove the first relation. Applying A to (2.52a) we get

APy = (AS)ut, 2.61)

k=0

where we have used the fact that the sum in (2.52a) can be extended to oo due to the
triangular structure of S;. The first part of (2.42a) gives

AS) = S1AY, (2.62)
which substituted above gives (2.60a). The remaining relations are proved in a similar
way. O
As a straightforward consequence, we obtain recursion relations for the biorthogonal
polynomials p(z) and p A(l)

Corollary 2.14. The biorthogonal polynomials p ﬁ(l) satisfy the relations
ApYD = BpY, (2.63a)
BTh='p® = b ATp=1p®@, (2.63b)

Remark 2.15. Fora = b = 1 we get from (2.63a)

P+ a0)p = 23" + BB, (2.64)

and from (2.63b)
P07+ p 2 B+ 1) = 22+ pPh i) (2.69)
for i > 0, and assuming p](.) ]5(’) = 0 when j < 0. Notice that in the general (a, b)

case the recursions in (2.63) 1nvolve a+ b+ 2 terms.
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Remark 2.16. For the Ablowitz—Ladik lattice, (a, b) = (1, 1), the moment matrix can
be seen to arise from the scalar product on functions on the unit circle,

dz
o

1 M),i_ @ -
<ﬁmu=—f/ﬂf@m&*m3w@2—%1” (2.66)
2mi sl
Correspondingly, the associated 2D-Toda t-function is the partition of the unitary matrix
model,

n—1
Zywy = [ [ - (2.67)
i=0

and the recursion relations of (2.64) and (2.65) imply the three-term recursion relations
of [43, 48] for the unitary ensemble. The general (a, b) case corresponds to complex
integrals of the form

1 _ Wi @ -1y dz
<ﬁmu:_f/~ﬂfm&“k5”WZSfZ)—- (2.68)
2mwi Jg1 Z
Notice that the bilinear form on C[z] thus defined is not symmetric anymore as soon as
a # b, and the unitary matrix model interpretation is correspondingly less obvious.

2.5. Hamiltonian structure

Since the 2D-Toda hierarchy admits a triplet of compatible Poisson structures [16], a nat-
ural question arises whether the RR2T flows admit a Hamiltonian formulation. Unlike the
case of the extended bigraded Toda hierarchy, the generic RR2T is not given by an affine
submanifold in field space, and correspondingly the Dirac reduction of the parent Pois-
son structures is not straightforward. Remarkably, however, at least one Poisson structure
can always be reduced to the locus defined by the factorization of the Lax operator as in
(2.18). The key to this is a degeneration property of the corresponding Poisson tensor, as
we now illustrate.

It is well-known that the 2D-Toda hierarchy can be formulated in terms of two Lax
operators of the form

_ . o
Ly=A"+ ) uj( 'ATL Ly= ) aP Al (2.69)
j=—a+1 j=—b

for two fixed integers a, b > 1. They are related to the Lax operators defined in (2.6) by
L= L‘l’ and Ly = le’. In the rest of this subsection we will always use the formulation
in terms of the Lax operators (2.69), and to keep the notation simple, we will drop the
bars and denote them by L and L5.

Denote by (L1, Ly) an element in the tangent space TAPT = (L, = nga—l L'tj(.l) A,

Ly= > i>—b uj.z)A/ )} of the 2D-Toda phase space and introduce the bilinear pairing

(L1, L), (X, Y)) = Te(L1 X + L,Y) (2.70)
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to induce differential forms in 7*.4?PT from operators (X, ¥) of the form X=3", _ xx A*
andY =3, . yx AK for some n, m € Z. S1m11arly, we denote by (A B) an element of
the tangent space TARR — {(A =y A o, B = ,81A + -4 /SbA b)}
to the phase space ARR of rational reductions. The same bilinear pairing descrlbed above
produces a differential form on ARR starting this time from an operator (X, Y) of the
more general form X = Y, , xxAXand ¥ = Y, , e AK.

It was shown in [16] that, fora = b = 1, A?PT can be endowed with three com-
patible Poisson structures with respect to which the 2D-Toda flows are Hamiltonian. The
construction of [16] can be easily extended to the general a, b > 1 case. In particular,
what was referred to in [16] as the “second” Poisson tensor reads as follows. When ap-
plied to a differential form corresponding via the pairing to the operator (X1, X7), it gives
the vector

P((- (X1, X2))) = (3[L1, (L1 X1 + X1L1)— — (L2X2 + X2L2)-]
+ L1, (A + DAY = D' Res([Ly, X1]+ [L2, X2])]
— 3Li([L1. X11+ [L2. X2l <o — 3([L1. X11+ [L2. XaD)<oL1.
5[La. (LaXy + XoLo)y — (L1 X1 + X1L1)4]
+ $[L2, (A" + D(A® — 1) ' Res([L1, X1] + [L2, X2])]
— SLo(IL1, X111+ [L2, XoD=0 — 5([L1, X11+ [L2, XaD)=oL2).  (2.71)

This Poisson structure degenerates on the submanifold of .4%PT given by the image
of ARR as shown by the following lemma, hence it yields, simply by restriction, a well-
defined Poisson structure on that submanifold.

Lemma 2.17. For L; = AB~!', Ly = BA™!, we have
P((, (X1, X)) = (A—AB™'B)B™', (B- BA 'A)A™!)
where (A, B) € T ARR js given by
A= (X2BA™' = AB7'X)_+ (A= D7¢)A
—A(A'X2B - B7'X 1A + (1 - A7),
B=(BA 'Xo— X{AB™HY_+(1—-A9)""0)B
—B((A™'X2B - B7'X14)_ + (1 - A9 7'¢),
and
¢ =Res([Ly, X1]+ [L2, X2]).

In other words, the vector given by the image by the Poisson tensor of the differential
form (-, (X1, X2)) is the push-forward of a vector in T ARR  i.e., it is tangent to ARR,

For any functional f = f(L1, L») on A?PT we denote by (561{ | ;{2) a pair of opera-

tors such that we can express the derivative of f along (L, L») as

. 5f 8f
f= <<8L 8L>(L1’L2)> (2.72)
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In other words, the vector (%, %) is a preimage of the differential d f with respect to

the bilinear pairing above. The Poisson bracket of two functionals f, g on A?PT is

(2 3 (28 %8
-l () e

From the lemma and skew-symmetry, it follows that { f, g}, when restricted on ARR does
not depend on the choice of the functional f (resp. g) on A?PT as long as it restricts to
the same f| gre (resp. g 4rv). In other words, ARR is a Poisson submanifold of A?PT.
The explicit form of RR2T Poisson brackets for the coefficients «p, ..., o¢z—1,
Bi,...,Bp of A and B can be computed starting from the 2D-Toda (second) Poisson
bracket for the first a and b coefficients u(()l), R ufllll, u(f}, R u}(72) of L1 and L, re-
spectively® and applying the change of coordinates induced by the equations L= AB™!,
LS =BA""
Incase (a,b) = (1,1), where A= A+aand B =1 —i—,BA’l, one readily computes
{a(n), a(m)} =0,
{loga(n),logBm)} =86(n —m+1) — §(n —m), (2.74)
{log B(n),logB(m)} =d(n —m+1) —8(n —m — 1),
which coincides with the Poisson structure introduced by Adler—van Moerbeke [3] for the
Ablowitz—Ladik hierarchy.
Since the 2D-Toda flows are Hamiltonian with respect to (2.71), with Hamiltonian
functions given by

. 1 )
HY = —-TrLl, j=12 (2.75)
;L

the Ablowitz—Ladik flows are Hamiltonian with respect to (2.74), with the same Hamil-
tonian functions.

2.6. Long-wave limit and semi-classical Lax formalism

Starting from the 2D-Toda lattice hierarchy of Section 2.1, a continuous integrable sys-
tem of 2 + 1 evolutionary PDEs can be constructed by interpolation. For a fixed real
parameter € > O—the “lattice spacing”—introduce dependent variables U j(’)(x) such
that U j(i)(en) = (uj(.i)),,, and accordingly define a shift operator A, = €% by one unit
of lattice spacing. Replacing the unit shift A| by the e-shift e’ and rescaling the time
variables by tr(') = gs,(’) gives a system of evolutionary partial differential equations in
the time variables £ in the form

0.pU @) =Y &P W, U, . U%)
8>0

=Y P e Ul + 0D, (2.76)
k,l

3 See [16] for explicit formulas.
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where ’P,.[’gj]’p (U, Uy, ...,U) is an element of the vector space Z, of differential
polynomials in U (x) homogeneous of degree 2g + 1 with respect to the independent
variable x. Following [19], we will call this the interpolated 2D-Toda lattice.

We will be particularly interested in the quasi-linear limit of the interpolated 2D-Toda
lattice, where the dispersion parameter € is set to zero. As noticed in [66], the dispersion-
less limit € — 0 of (2.76) can be formulated as the quasi-classical (Ehrenfest) limit of the
Lax equations (2.5), as follows. Write A;(z) = oa(L;) € C((z)) for the total symbol in
the variable z € C of the difference operators L; in (2.6),

) _—j 2)
M@ =24y UV @@= P .77
Jj=0 j=—1
Furthermore, define the Orlov functions

BV () £ [(a)"]+,  BP (@) 2 [()"-, (2.78)

where [ ]+ denotes the projection to the analytic/purely principal part of f € C((z)),
and for f, g € C((x, z)) define the Poisson bracket

Jaf dg og daf
, =zl ——=—-—=—= . 2.79
{f, 8Iax Z(Bx 32 9x 92 (2.79)
Then the semi-classical Lax equations
—5 2B hidvax, (2.80)
ot

where the time-derivatives are understood to be taken at fixed z, induce the dispersionless
limit of the interpolated 2D-Toda flows of (2.76) on the coefficients U,El) of Ay,

' 01,p, !

00U ) =Y PO WU (2.81)
kil

Consistency of the dispersionless Lax equations (2.80) requires the existence of a poten-

tial function F of the long-wave time variables t,(] ) such that

S (2.82)

sim »

*F 3 P F 1
azg”az,?) = e o) ma

BP (z(0))) = 837" + 82

where s; = (—1)*!. By the general dToda theory [66], the potential F yields the eikonal
limit of the logarithm of the long-wave limit of the 2D-Toda t-function,

F = log TdToda- (2.83)

2.7. Rational reductions and Frobenius manifolds

The integration of the consistency conditions for F has a natural formulation in the lan-
guage of Frobenius manifolds [18]. An even more poignant picture emerges in the case
of RR2T: by [27, 60] the dispersionless limit (henceforth denoted as dRR2T) coincides
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with the Principal Hierarchy of the Frobenius manifold defined on a genus zero double
Hurwitz space, as we now show.

2.7.1. Flat structures and the Principal Hierarchy. We start by giving the following

Definition 2.18. Let M be a complex manifold, dimc M = n. A holomorphic Frobenius
structure M = (M, n, -) on M is the datum of a holomorphic symmetric (0, 2)-tensor 7,
which is non-degenerate and with flat Levi-Civita connection V, and a commutative, as-
sociative fiberwise product law X - Y with unit on vector fields X, Y € X (M), which is
tensorial and satisfies

Compatibility:
n(X-Y,Z)=n(X,Y-Z) forall vector fields X, Y, Z; (2.84)
Flatness: the pencil of affine connections
VOY2VxY +¢X-Y, CeC, (2.85)
is identically flat for all ¢ € C.

Following the terminology introduced in [60], extra flat structures on M will be charac-
terized according to the following

Definition 2.19. Let M = (M, n,-) be a holomorphic Frobenius manifold structure
on M, and let e € X' (M) be the unit of the --product. We will say that M is

o semi-simple if the product structure -|,, on 7, M has no nilpotent elements for a generic
pEM,;
e of dual type if there exists d € Z such that for all f € Oy,

d—1

Vdf =0 = <ae+T)f=Cf (2.86)
for some constant cr € C;

e conformal if Ve = 0 and there exists E € X' (M) such that VE € TI'(End(T M)) is
diagonalizable and horizontal with respect to V, and the pencil of affine connections
(2.85) extends to a flat meromorphic connection V) on M x }P’é via

v@)i =0, (2.87)
a¢
9 1
vgjg{X - @X +E-X— Eﬁx, (2.88)

where 11 is the traceless part of —VE;
e tri-Hamiltonian if it is conformal, n is even and [ has only two eigenvalues +d /2 with
multiplicity n/2, where d = 2(1 — Tr(VE)).
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A Frobenius manifold structure M on M embodies the existence of a Hamiltonian hier-
archy of quasi-linear commuting flows on its loop space [27]. Let t = {r&) € Omll_,

be the datum of a marked system of flat coordinates for V(&) depending holomorphically
on ¢ around ¢ = 0; this is determined up to a C[[¢]]-valued affine transformation in gen-
eral, a freedom which reduces to a complex affine transformation when M is conformal
by virtue of (2.88). Write hy, S nalg([g“p]r&)) € Oy for the p™ Taylor coefficient of
Na,B ré) at ¢ = 0. In terms of the flat metric 1, we define [27] a hydrodynamic Poisson

structure {, },, on the loop space L = Maps(S', M) as
{78 (X). Tl (N} = 18/ (X — 1), (2.89)

where X, Y € S! are coordinates on the base of the loop space, as well as an infinite set
of quasi-linear Hamiltonian flows via
ath N
rer

{(t?, Hy p)y = 9x 9P he, p. (2.90)

These flows generate a commuting family of Hamiltonian conservation laws [27], which
is complete as long as M is semi-simple [67].

Definition 2.20. The hierarchy of hydrodynamic type equations (2.90) will be called the
Principal Hierarchy associated to (M, t).

2.7.2. Frobenius dual-type structures for the RR2T. Leta,b € Zi and m € Z. In this
section we will construct a Frobenius dual-type structure [60] on the space of symbols of
the Lax operator L{ ™" = L3 b=m of the generalized RR2T of Definition 2.5.

Definition 2.21. Let v, q—441,...,qp—1 € C,a,b € Z" and v € C*. We define Hy p.,
to be the space of multivalued functions on P! of the form

a—1 _
v_v+b [Tico(@ — %)

Az) =ez = . 2.91)
[l= G —e)
Remark 2.22. Write
0 fork =1,
ed2—k fork=2,...,a-+1,
k=13 _ (2.92)
e +2-a fork=a-+2,...,a+b+1,
00 fork=a+b+2.
Then the meromorphic function z7"A(z) has, for generic values of the parameters, a zero
of order b at 71, simple zeroes at zx42,k =0, ...,a—1,apole of order a at z,4p+2 £ o,
and simple poles at z,42+x L e % k=0,....,b—1. When v = m € Zy, this func-

tion is the total symbol of the (a + m)™ power of the Lax operator L; (or equivalently
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the (b + m)™ inverse power of L) of the m-generalized RR2T of bidegree (a, b), up
to a trivial rescaling of the argument z. The space H, p m is then a genus zero double
Hurwitz space, a moduli space of rational curves with a marked meromorphic function
A : P! — P! having specified ramification profile k € Z4T?*?2 at zero and infinity. In our
case, the latter reads

k=b+m,1,...,1,—1,...,—1,—a —m). (2.93)
N —  —
a b

Forv =m € Z, we deﬁng on the (a + b)-dimensional cqmplex manifold H, ; , a triplet
D, n®, n®), where n® e 1"(Sym2 T*Hap.m), det n® #£ 0, by the Landau—Ginzburg
formulas

a+b+2 2
XMWY ) (dz
WX = Y ReSZfT(—) , (2.94)
i=1 z
Ox. 1) “*sz X(logx)lmogA)(dz)2 205
n ,Y) = esy; ——— | — | .
= dlog A z
a+b+2 -1 -1 2
XA Hhya Y [/dz
(X, Y) = Z Res,, T(?) , (2.96)
i=1

for X, Y € X(Ha,p.v). We further equip 75 Ha,p,m With a triplet (e, %, x) of commutative,
associative products defined by

a+b+2 2
X(MYW)ZO) (d
1V(XeY,2Z) = Z Res:, %(i) ) (2.97)
i=1 2
a+b+2 2
X (log 1)Y (log &) Z (log A
(X *Y,Z)= Res., (log 1)¥logh)Z(log4) (dz , (2.98)
“ dlogx
i=1 0g <
a+b+2 —1 —1 —1 2
X~ hrya—Hzoh /d
VXY, 2)= Y Res, ( )d()rl) ( )<?Z> , (2.99)
i=1

depending holomorphically on the base-point A € H4 p,,n. When v ¢ Z, equations (2.94),
(2.96), (2.97) and (2.99) are ill-defined, but the definitions (2.95) and (2.98) of the met-
ric and product (n®, %) carry through unscathed. The main result of this section is the
following

Theorem 2.23. Leta,b € Zt, v € C. Then

(1) Equations (2.95) and (2.98) define on Hyp, a semi-simple Frobenius structure
M3 = (Ha.p.v, 1P, %) of dual type of charge one.

a,b,v
(i) Let v = m € Z and suppose that both b + m, —a — m are either equal to one or
negative. Then (2.94) and (2.97) define a conformal Frobenius structure ./\/l(l)

a,bm —
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Ha,p.m; 17(1), ) of charge one on Hy pm. The unit of this structure is flat iff m #*
1 —band m # —a — 1, and we have

M2 —pMmDY ), (2.100)

a,b,m a,b,m

where D is Dubrovin’s duality morphism of Frobenius structures [29].
(iii) Letb = a and v = 1 — a. Then (2.94)—(2.99) define a tri-Hamiltonian Frobenius
structure on Hy q.1—q.

Proof. Theorem 2.23 is essentially a verbatim translation of [60, Theorem 2] to the set-
ting of RR2T. We sketch the main points of the proof below. For (i), flatness of the residue
pairing n® follows from checking, through a direct computation of (2.95), that the co-
ordinates v, g_a41, - .., qp—1 form in fact a flat coordinate frame for n®. Further, by
the explicit form of (2.95) and (2.98), the x-product structure is clearly compatible with
the metric 7® in the sense that the two form a Frobenius algebra on the tangent spaces
of Ha p.v; it is immediate to check that the algebra is unital, the identity being the flat
vector field e = d,,. Moreover the a + b critical values of log A,

u; 2logh(y), yi €P'withA'(y;))=0,i=1,....a+b, (2.101)

are a set of local coordinates on H4 b \ Agp,v, Where the discriminant A, p ), is
(A € Hapy | ui # uj Vi # j}. In these coordinates, the product and the metric take

the form
aul‘ * auj = Sijaul‘v

N @By, 0)) = 07 ()8 (2.102)

for functions nf?) () € O(Ha.p.v \ Aa.b.v), possibly singular on A, . Moreover, thanks
to the flatness of n® and its compatibility with the product, we can write

2
0P ) = 0@ @y, 80,) = 1@ (e. ).

and by the flatness of e we get 771-(1-2) = dy; 11 (u), where dt; (u) = n® (e, -). This means that

n® isa Egoroff metric, which implies (see for instance [44]) that Vxn@ Y « Z,K) is
symmetric in all four vector fields X, Y, Z, K.

The above proves that (2.95) and (2.98) endow H,, ., with a semi-simple Frobenius
dual-type structure, which has charge one by the flatness of the unit vector field.

As for (ii), notice thatif v = m € Z, then A is single-valued and H, 5, is a genus zero
double Hurwitz space. Under the further condition that the zeroes of A be simple, H, 5 m
becomes a Hurwitz space in a standard sense, with the only proviso that the divisor where
A has multiple zeroes is removed. Then under the conditions of (ii) the existence of a
conformal Frobenius manifold structure is a direct corollary of [27, Theorem 5.1] for
m#=1—a,1—b;whenm = 1—a or 1 — b, the proof of the above theorem goes through
almost unscathed except for the covariant constancy of the unit vector field, which fails
to be satisfied in these cases. Furthermore, (2.100) follows from a standard argument
(see [30, Proposition 5.1]), which together with (i) above proves semi-simplicity and the
charge one condition.

Finally, (iii) is an immediate consequence of (ii) together with [60, Theorem 2]. O
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Under the conditions of (ii), the statement of Theorem 2.23 implies that the metrics 5"
and 7 form a flat pencil, which is exact if and only if m # 1 —a,1 — b: @ is
the (inverse) of the intersection form on M;lzm
zeroes and poles, this is enhanced to a triple of compatible flat metrics n, @, .
And finally, if the unit of the first structure is flat, the resulting Frobenius structure is
tri-Hamiltonian.

By comparing the formulas for the flat coordinates for n® and 7" one easily sees
when the pencil (n®)~! — (M)~ is resonant, namely, when " and n® have com-
mon flat coordinates. This happens if and only if A has more than one pole; there is one
common flat coordinate for each pole after the first.

As an immediate consequence of Theorem 2.23, the semi-classical limit of the RR2T
with equations (2.80) and (2.81) has a neat description in terms of the Principal Hierarchy

of M i—=1,2.

a,b,v’

Corollary 2.24. (1) Forany (a,b) € 72 . meZandt € Aff, 5 (C[[z]]), the Principal

Hierarchy of (/\/12237 e D) s a complete system of commuting Hamiltonian conserva-

tion laws of the m-generalized dRR2T of bidegree (a, b).
(2) Let —a —m < 0, b+ m < 0 as in Theorem 2.23(ii), and fix t € Aff,45(C) such that

Moreover, when A has only simple

Amra TP dz
ha,p=—R€Sz:oo - —, a=1,....m+a, (2.103)
(m_-Q—a)lan <
)\—ba—m+p dz
hﬁt+m+£l,P:_ReSZ=0W?7 Ot=1,...,—m—b—1, (2104)
—b—m ) 1+4p

where (x), £ T'(x +n) / T'(x). Then the Hamiltonian flows of the Principal Hierar-
chy (2.90) of M;lzm associated to hy p, o« = 1,...,a — b — 1, coincide with the

semi-classical Lax flows (2.80) for the m-generalized dRR2T of bidegree (a, b) upon
identifying

(mL—i-a)H-p 1)

@+ p(m + a) @tponta; a=1,....,m+a, (2.105)

la,p >
(—ba_—m)l+p %))

fatmsap > gyt @ = Lo mm b= 1 (2.106)

Proof. Point (2) is an immediate application of Proposition 6.3 and Theorem 6.5 in [27].
Notice in particular that Proposition 6.3 warrants the existence of a flat coordinate sys-
tem t for the deformed connection on H, p m x C ((2.87) and (2.88)) which is compatible
with (2.103) and (2.104); the scaling factors in (2.105) and (2.106) are required for con-
sistency with the definition of the semiclassical Lax flows.*

To see why (1) holds, consider the Taylor expansion in the variable ¢ of the deformed
(D" in the tangent directions to H, p,m (see (2.85)). Then, from

flatness equations of M, ;

4 See e.g. [20, Section 1].
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(2.94), (2.95), (2.97) and (2.98), writing the pth Taylor coefficient in flat coordinates for
the intersection form n® yields the deformed flatness equations of the dual Frobenius
structure Mflzim with ¢ = p [9,29]. The first statement then follows immediately. m}

Remark 2.25. The dispersionless limit of the Poisson structure for RR2T obtained as
a reduction of the second Poisson bracket of the 2D-Toda hierarchy [16] corresponds
to the Poisson structure associated to the metric 7® via (2.89), as one can promptly
check by computing the Poisson brackets for the coefficients of A and B, as described in
Section 2.5, and taking their quasi-classical limit.

Remark 2.26. Under the conditions of Corollary 2.24(2), it should be stressed that the
dToda Hamiltonian flows, (2.80), are generated by a strict subset of the flat coordinates of
the deformed connection, (2.87), (2.88). The remaining flows, which by semi-simplicity
of Mfll’z,m make the Principal Hierarchy a complete family of conservation laws [67], are
a genuine extension of the dRR2T, analogous to the extension of the ordinary 1D-Toda
hierarchy [19]. On the other hand, as soon as the conditions of (2) are not matched, it can
readily be checked in examples that the metric in (2.94) is typically curved if either of
b 4+ m or —a — m is greater than one. The conditions on the range of m leave only two
possibilities form > 0: b =0, m = lorb =1, m = 0. The case m < 0 displays instead
a wealth of flat structures: as longas —a — 1 <m <1 — b and m # —a, —b, the metric
nV in (2.94) is flat. Equivalently, for any fixed bidegree (a, b) there exist a +b+ 1 gener-
alized RR2T (see Definition 2.5) such that their semi-classical limit has a dispersionless
bi-Hamiltonian structure of Dubrovin—Novikov type. This structure is exact when both
b + m and —a — m are negative, and tri-Hamiltonian if a = b, m = —a + 1.

Remark 2.27 (Flat coordinates of n1). Flat coordinates for the first Frobenius structure
on Hy p.m can be constructed using standard methods from [27, 60]. For definiteness,
consider the case when b = 1 and m = 0. By applying the change of variables z >
e 9 (z 4+ 1) we obtain

2q0 _ 1 4=} q-k+4qo d

€ e Z

r=¢e’ “qoz—i—l“(l— )ll(l— ), ¢ = . 2.107
( ) 4 =1 z+1 z+1 ( )

We denote by z = z(X, ¢) a local inverse of the function A(z, ¢), and from the equation
dy(A(z(X, g), q)) = 0 we obtain the “thermodynamic identity” d,A = —(9;1)(9,42), from
which we can rewrite the residue formula (2.94) as

a+3

n(X,Y) = ZResZi X (log(z + 1))Y (log(z + 1))dA. (2.108)

i=1
Now notice that we can expand the local solutions log(z(A, g) + 1) in the following way
as a series of A:

log(z+ 1) = Llog — (v—aqo) — X f_, /A1 + 01 /A1 F/0), 7z — oo,

log(z+1) = O(1/4), .0,
log(z+1) =logA+co+ O(A), 7= —1,
log(z+1) =c;j+O0(R), 7 — ed-itd0 _ 1,

(2.109)
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This shows that the only contribution to the sum in (2.94) comes from z = oo and that
the coefficients

0 = V—aqo,

)\k/a
log(z+ DA | = & Res,coo Z—dz, k=1,....a,
k z+1

_ a k/a
Tk = E Reskl/":oo I:)\. 8)\1/‘1

are flat coordinates for (1.

Example 2.28 (Bi-Hamiltonian structure of g-deformed dispersionless 2-KdV). Let us
consider the dispersionless limit of the g-deformed Gelfand-Dickey hierarchy of Ex-
ample 2.8 for n = 2. The symbol of the Lax operator reads

AMz) =2 4+az’+bz+c (2.110)

and a quick inspection of the semi-classical Lax equations reveals that c is invariant under
the flows of (2.80). When ¢ = 0, the hierarchy manifestly reduces to the generalized
dRR2T of bidegree (a, b) = (2,0) withv=m =1,v=0.

By Theorem 2.23, the space of coefficients H> o, 1 is endowed with a conformal Frobe-

nius manifold structure ./\/lél()) 1 = (H2,0,1, r;(l), ) of charge one. The discussion of Re-

mark 2.27 shows that flat coordinates for the metric ") are given by
fh=—a/3, tn=>b—al6. (2.111)

In this chart, n") takes the off-diagonal form ’71'(}) = &i4j2, and the algebra structure

on Mélz) | is induced by the polynomial prepotential

FO@, 1) = 210 — 1} + Li36f — 15 /144, (2.112)
As far as the dual-type Frobenius structure M;Z()) | = (H2.0.1, 17(2), %) is concerned, from
the proof of Theorem 2.23(i) we know that the zeroes (e?°, e?-!) of A are exponentiated

flat coordinates of 7. Then the Miura transformation

f = %(eqo +el1), (2.113)

= %(4eqo+q—1 — 20 _ g24-1) (2.114)

and (2.95) yield ;) = (3 + (—1)"*/)/2 in the chart (go, ¢—1). Finally, the +-product is
given by (2.98) by the dual prepotential

F®(qo,q-1) = 2q3 + Yq-143 + ¢* 190 + 24>, — Liz(e?-17%), (2.115)

where Liz(x) =), _ox"/ n3 is the polylogarithm function of order 3.
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Example 2.29 (Tri-Hamiltonian structure of dispersionless Ablowitz—Ladik). Let now
a = b =1, m = 0. This case corresponds to the dispersionless limit of the Ablowitz—
Ladik hierarchy of Example 2.7. For this case, the Frobenius manifold structures Mﬁl)l‘o

and Mﬁ,o on H1,1,0 were constructed in [9]; we will review and expand on that in light
of the general result of Theorem 2.23. In this case, the symbol of the Lax operator reads

— er

Z
Az) =€z

— (2.116)

By the proof of Theorem 2.23(i) we know that (v, gg) are flat coordinates for the met-

ric n(z) defined by (2.95). Furthermore, Theorem 2.23(ii) implies that the metric 77(1) is
flat in this case. By the discussion of Remark 2.27, flat coordinates for 5! are given by

v = y(log(t1 +¢€?) + 1), (2.117)

q0 = (log(t +¢?) — 1). (2.118)

Notice that r,v — g is a flat coordinate for both n(!) and ®, and the flat pencil is resonant

in this case. The Frobenius potentials in the respective flat frames are
F(t1, ) = Stot] + €5y + 457 log(sy), (2.119)
F® (v, g0) = v*qo + 2vq + 343 + Liz(e). (2.120)

A further consequence of Theorem 2.23 is the existence of a third compatible flat met-

ric @, along with the corresponding Frobenius manifold structure M(ﬂ o- Introducing
a local chart (s, sp) via

v=—1(s2 4+ 3log(e ™™ — s51)), (2.121)
q0 = 5(s2 +log(e™ — 51)) (2.122)

gives a flat coordinate system for n(3) as defined in (2.96), as indeed ng) = 8;i1j,3; the

pencil (r;(3))_1 — 6(7’)(2))_1 is again resonant, since so = v + 3qo. It follows from (2.99)
that the third product structure is induced by the prepotential

FO(s1,50) = Lsos7 — e 251 — 157 log(sy), (2.123)
which shows that the first and third Frobenius structures are isomorphic,
M~ A3
Mi1o= M, (2.124)
The isomorphism is non-trivial, in that ! and 7® do not share a common flat system

and the associated Frobenius structures are not related by an affine change of flat coordi-
nates.
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3. Equivariant mirror symmetry of toric trees

Let X be a smooth quasi-projective variety over C with vanishing odd cohomology, and T
an algebraic torus action on X with projective fixed loci i; : X].T — X,j=1,...,reN.
If X is projective, the equivariant Gromov—Witten invariants of (X, T) [39] are defined
as

(Bars - Ben)gn g 2 Hev (¢a;) € Hr (pt), 3.1)

/[Mg DX BT
where ﬂg,n(X , B) is the stable compactification [49] of the moduli space of degree
B € H>(X,Z) morphisms from n-pointed, genus g curves to X, [Mg,n(X , B) VT“ is the
T -equivariant virtual fundamental class of ./Vg, n(X, B), ¢o; € Hr(X) are arbitrary equiv-
ariant cohomology classes of X, and ev; : Hg 2(X, B) = X is the evaluation map at the
i!" marked point. Equation (3.1) still makes sense if X is non-compact as long as X; T is
for all i; in that case, we define invariants by their localization to the fixed locus by the
Graber—Pandharipande virtual localization formula [42,49]. For T -equivariant cohomol-
ogy classes ¢1, ¢2 € Hr(X), write n for the non-degenerate inner product

i} (¢1U ¢2)

11, o) 2 Z / (32)

T e(Nx/XT)

We will denote by the same symbol the flat non-degenerate pairing on 7' (Hr (X)) ob-
tained from (3.2) by identifying T: Hr(X) ~ Hr(X) for all T € Hr(X). For vector
vields ¢; € X(H7(X)),i = 1, 2, the genus zero equivariant Gromov—Witten invariants
(3.1) define further a product structure ¢ o ¢ on the tangent fiber at t through

n(p @209 2 Y Y (b1 2,63, T s (3.3)

n>0 BeH,(X,Z)

which is commutative, associative, and compatible with  [39]. The corresponding Frobe-
nius manifold structure Q Hr (X) £ (Hr(X), n, o) on Hr (X) is the T -equivariant quan-
tum cohomology of X.

Let n; = c1(Opr; (1)) be the hyperplane class on the classifying space BT; of
the i™ factor of 7 = (C*)!, and write K £ C(uy, ..., i) for the field of fractions
of H*(BT). Then Q Hr (X) is a finite-dimensional dual-type Frobenius manifold over K
of charge one: it has a flat identity by the Fundamental Class Axiom of Gromov—Witten
theory, and it is generally non-conformal as a consequence of the non-trivial grading of the
ground field K. The purpose of this section is to exhibit an isomorphism of such Frobenius
dual-type structures with the second Frobenius structure on H, p,;, of Theorem 2.23 for a
suitable family of targets. When X is the total space of the bundle Opi (—1) @ Opi (—1)
and T ~ C* is the one-torus action that covers the trivial action on the base and scales
the fibers with opposite weights, it was already shown in [8,9] that Q H7 (X) =~ ﬂ 0

Moreover, it was proved in [10] that M( ) ,, is isomorphic to the T -equivariant orbifold
cohomology of the A,_1-surface smgularlty, where T >~ C* acts with generic weights
specified by v. We will see how this correspondence with Gromov—Witten theory gener-
alizes to arbitrary (a, b, v).
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3.1. Toric data
LetS,p = {vi € Z3}§‘:1b *2 be the set of three-dimensional integer vectors
0, 11—, i=1,..., 1,
T “t (3.4)
(l,a+2-i,1), i=a+2,....,a+b+2.

Sa b 1s the skeleton of the fan of a toric variety, given by the cone over a triangulation of
the rays v; (Figures 1 and 2). We can construct it as a GIT quotient CA+0+2 j(C*)a+b-1
[23] by considering the exact sequence

0 — za+b=1 M garbi2 Noy3 (3.5)
where
1 =2 1 0 0 0 0 0
01 -2 1 0 0 0 0
s |o 1 =2 1 0 0 0 0
M==10 1 -1 -1 1 ol (3.6)
0 0 0 0 1 -2 1 0
0 0 0 0 1 -2 1
000 01 1 ... 1
N=[o 1 2 a 0 -1 ... —b]. (3.7)
111 111 .1

A triangulation of the fan corresponds to a choice of chamber in the GIT problem, as
in Figures 1 and 2. The picture in Figure 1 corresponds to the orbifold chamber in the
secondary fan of (3.6) and (3.7); we will denote by X, ; the resulting singular variety. It
is obtained by deleting the unstable locus

a—1 b—1
x5, 2 V(T [T xass) (3.8)
i=2 j=2

in C4t2*2 and quotienting by the (C*)**?~!_action with weights specified by M in (3.6).
The picture in Figure 2 corresponds instead to the smooth (large volume) chamber: we
remove the Zariski-closed set Y;’Sb defined by

a—1 a+b+2
v 2v( TT @ [Jeen s [T tezx) 69
j>i+1, jEa+l,a+2 j=1 j=a+4

and then quotient by the (C*)?*>~l.action with weights specified by M in (3.6). The
resulting variety, which we will denote by Y, 5, is a smooth quasi-projective Calabi—Yau
threefold, and the variation of GIT given by moving from Figure 1 to Figure 2 is a crepant
resolution of the singularities of X, p.
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° o

Fig. 1. The toric diagram of the orbifold Fig. 2. The toric diagram of the minimal
Xypfora=3,b=2. resolution ¥, j, fora =3, b = 2.

3.1.1. T-equivariant cohomology. The resolution Y, ; can be visualized as a tree of two
chains {Li}f:_l1 and {Li}fié:ll of P! with normal bundle © + (O(—2), which are then
connected along a (—1, —1) curve L,. We will refer to the resulting geometry as a toric

tree, to reflect the shape of the corresponding web diagram (Figure 3). Explicitly, we have

V(xit1, Xa42), 1 <a,
L; £ V(Xa+1, Xa+2), 1 =a, (3.10)
V(xa+1, Xi42), i >a.
The fundamental cycles [L;] € Hy(Y4p, Z) of the links of the chain are a system of
generators for Hy (Y, p, Z) = 7410=1 Define wj € Hz(Ya,b, 7Z) to be their cohomol-
ogy duals, and O(w;) the corresponding line bundles; by definition, they restrict to O(1)
on L;, and to the trivial bundle on L;, i # j. Consider now the following T' ~ (C*)2-
action on C4+b+2;

al_lxa, i=a,

0201Xg+1, I =a+1,

(xi; 01, 02) —> (3.11)

-1 .
0y Xat2, IL=a+2,

Xi, else.

This descends to an effective torus action on X, , which preserves Ky,, >~ Oy, ,. Let
{ pi}?i]b denote the fixed points of the torus action, so that p; and p;1 correspond to the
poles of each P! in the chain. Turning on a torus action as in (3.11) we obtain an action
on the bundles over the links of the chain, linearized as in (3.11); their equivariant first
Chern classes provide lifts of w; to T-equivariant cohomology, which we will denote by
the same symbol w; € Hr (Y, p).
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P1

P2

n/

P4

ps

Fig. 3. The toric web diagram of Y, ;, fora = 3, b = 2.

3.2. Mirror symmetry

Denote p; £ c1(Opr; (1)) where C* >~ T; — T are the two cartesian projections of the
two-torus 7" acting on Y, ,. We have the following

Theorem 3.1. Let (a, b, v) be as in Definition 2.21. Then

QHr (Yap) ~ M) (.12)

a,b,v
upon identifying v = 1/ us.

Proof. The proof is given by explicit calculation of both sides of (3.12). For the r.h.s.,
we will use the fact that in positive degree all genus zero Gromov—Witten invariants can
be computed by a combined use of the deformation invariance of GW invariants and the
Aspinwall-Morrison formula [5, 13,70]. The result is [13,47]

Yo, T
(a)il yeeey a),-")o’n’ﬂ
3 o — : _ a—1 a+b+1

1/d if ij = a forsome j, B = d([Lal + 3i, [Lil+ 3257215, IL;D),

ke = min({i;}, o),
=93-1/d® ifky = max({i;}) < a or k_ = min({i;}) > a, (3.13)

B=d(Li—+-+ L),

0 else.

When 8 = 0 and n = 3, Gromov—Witten invariants are defined as the equivariant triple
intersection numbers of Y, ,, which can be computed explicitly by localization to the
T -fixed points from (3.11). Explicitly, the restrictions of the Kéhler classes to the fixed
loci read

(@—=Dpu2+py forj<i<a-1,

0 fori <a-—1, j>i

. o (3.14)
0 fori >a, j <i,

wi'pj =

(a—i)puy—py forj>i=>a,
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and the moving part contribution to the Euler class is computed as

er(TM)|,, = —u2((@ —Dua + p)(ur + pal@a—i+ 1)) fori <a, (3.15)

mo(py + (@ —a—Du) (i —a)uz +p1)  fori >a+1.

Then, denoting s; . = Y f_; (et (TM))™!|,,,, we get

i —c—1
t—c¢ - fori <c<a,
. pa((@ — c)pua +fi)§(ff —p2 + 1) (3.16)

fora <i <ec,

m2((a —cypa — )@+ 11—z — py)
and therefore
T b—a

()il = 51 iy = S10-p = : (3.17)
0.3.0 “r ¢ w2 (bpo + pi)(aps + (1)

Furthermore, fori < j <k < a,

Yau.T . i
12, w;) ((a—=Du2+ p1)s1, = ——, (3.18)
110.3,0 ' palamy + 1)

Yo T _ —i(@ = Ppa + p1)

1, w;j,w (3.19)
i w030 (ap2 + p1)
Yop T 1((a — jpa + pu1)((@ — k)pa + p1)
(w1, wj, wx) = , (3.20)
v 0.3,0 walaps + )
andfori > j >k > a,
i—a—b
12, Y"bT—( (i—a - S L, 3.21
( )03() Y2 = W1)Si+1,at+b = (b + 101) ( )
Yoo T (—a—=>b)((a— juz — 1)
1, w,w = (3.22)
Lo @idoso = pa(bps + 11)
b o OV —
(5, 03, wk)g"gboT _ (i —a—>b)(a— juz — p)a—kuz m). (3.23)

wa(bpa + )

Write T = 191 + Z“+b ! tjw; for t € Hr (Y, ), where wp £ 1y. Then (3.13)—(3.23)

. Yap,T . Lo
imply that the generating function FG%;,’7 of the genus zero Gromov—Witten invariants
of Y, , takes the form

aT on Yap. T
’ ()—Z< n!>

n,p 0,n.8
T a—1b—1
Z w,,a)j,a)k Oébé LT +ZZL13(eTa+Ta 1+ Tt +Tatp—1+F+Tath— k)
i,j,k 1=0 k=0
a+b—1
- Z Lis(e+F7) — 3" Lis(e™* ). (3.24)

k<Il=1 k<l=a+1
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As far as the r.h.s. of (3.12) is concerned, the prepotential of Mfyz’v can be computed an-

alytically in closed form from (2.95) and (2.98). A rather tedious, but completely straight-
forward residue calculation shows that the prepotentials coincide,

FMebo (v, g1, q)) = Fod T (o), (325)
upon identifying flat coordinates as
a—1
v="To/p2 + (@ —V)7/2+ Y jTj. (3.26)
j=1
G =—(Ta/2 4+ Tact 4+ Tax), k=0,...,a—1, (3.27)
G =—(ta/24p1+ -+ Tay), I=1,...,0—1 (3.28)

O

Theorem 3.1 prompts the following immediate generalization of the conjectural corre-
spondence of [8] for the Ablowitz—Ladik hierarchy.

Conjecture 3.2. The full descendent all-genus Gromov—Witten potential of (Y, p, T') for
W1 = muy is the logarithm of a T-function of the m-generalized RR2T of bidegree (a, b).

In other words, the parameter m in Definition 2.5 corresponds to a choice of weights
of a resonant subtorus C* >~ T’ C T. Its proof up to genus one will be the subject of
Section 3.4.

Remark 3.3. When b = 0, the GIT quotient in (3.5) yields Y atl0 ~ ¢ x A,, where
A, is the canonical resolution of the A, surface singularity. Conjecture 3.2 then suggests
that a suitable r-function of the g-deformed a-KdV hierarchy should yield the total GW
potential of C x A,. This has interesting implications already for the case @ = 1 and
Ao = C?, where it would imply that the T-function of the scalar hierarchy highlighted
in [7] to be underlying the generating functions of triple Hodge integrals on M, , should
be a t-function of the g-deformed KdV hierarchy of [35].

3.3. Twisted periods and the Dubrovin connection

Information on the genus zero gravitational invariants of Y, ; is encoded into the pencil
of affine connections of (2.85), or the Dubrovin connection on Q Hr (Y, ). An immediate
spin-off of Theorem 3.1 is an explicit characterization of its space of solutions.
Letv=m e Zand 7w : Uy p,m — Ha,p,m be the universal curve over the genus zero
double Hurwitz space H, p,m. For A € Hg pm we write Cy, for the fiber of 7 at A, and
Cpy = G\ {e?0, e, {esg“(k)q’f}f;(l):l_a}. Let now p : Cpy — Cpy be the universal
covering map and, for ¢ € C, fix a choice of principal branch for A = exp(¢ log A) as

0 b—1
)f(z) — Z{(m-i-b) H Iz — qi|€“e1§ arg; 4 (2) 1_[ Iz — qul |—§e*1{ arg; _(2) (3.29)
i=1-a j=0



Rational reductions of the 2D-Toda hierarchy 31

where arg; 4 (z) € [0, 27) is the angle formed by z — e with Jm(z) = 0. On the com-
plex line L, parametrized by A%, we have a monodromy representation p : 7y Cny) —
L; =~ C defined by local coefficients /,;, around e? resulting in multiplication by ¢; :=
prly) = e27i80i whereo; = i+m+b+1ori+m+b+a—1fori > 0ori < 0 respec-
tively, and we set q+ = qo+. Then the sheaf of sections of ] X, (pp L. = €y defines
a locally constant sheaf L, on C[j, and we denote by He(C[pj, L) (resp. H*(Cpy1, Ly))
the homology (resp. cohomology) groups of C[y; twisted by the set of local coefficients
determined by q;. Integrating AS¢ € HI(C[A], Ly) over y € Hi(Cjy), L)) defines the
twisted period mapping

M : Hi(Cppy, Ly) — O(Hapm)s v+ f A% dlog y. (3.30)
Y

Let now Sol, p,,¢ be the (a+b)-dimensional C(¢)-vector space of horizontal sections
for the Dubrovin connection,

Sol;, = {s € X(Hapm) | VTP s = 0}. (3.31)
(e8]

a,b,m

As for the ordinary periods of M [28], twisted periods are an affine basis for the

(@)

space of flat coordinates of the deformed flat connection on M7 .

Proposition 3.4 ([29]). The gradients with respect to n'® of the twisted periods of
(3.30) generate over C(¢) the solution space of the horizontality condition (2.85) for
the Dubrovin connection on Q Hr (Yyp),

@
Sola.b.m.c = spang (V" TL(Y)}yen (. Ly)- (3.32)

Remark 3.5. Except for the double Hurwitz space interpretation, all of the above gener-
alizes trivially to the case when v € C.
3.3.1. The twisted period mapping for M;ziv For generic monodromy weights, the ho-
mology with local coefficients L, coincides with the integral homology of the Rieman-
nian covering [69] of Cpj,

H*(Cp, Ly) = H*(Cpy/[m1(Ciay), w1 (Cppl, Z). (3.33)

A basis of Hi(C[y), L)) can then be presented in the form of compact loops yx =
o, laggsenir 1, v+ = [lo, lo+40] given by the commutator of simple oriented loops around
zero and each of the punctures of C;). Then the twisted periods

N T (vk)
Qi - (1 _ eZyri{v)(l _ e¥2ni§) ’ (334)
& = L) k#0, (335)

(1— e2ni§v)(1 _ efsgn(k)2r[i§) ’

give a C(¢, v)-basis of Sol,p,, [10, 69, 71]. In turn, the period integrals of (3.34)
and (3.35) are hypergeometric functions in exponentiated flat variables for n®.
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()]

a,b,v

Proposition 3.6. The twisted periods of M are given by

b—1
_ LOTA D) cw42g0) 240 [ e

T TA+Ex0) j=1=a, j#0

x q)[a—G(il),b—Q(il)](g’ =01+ &6+ {eiqo_qi}i_:ll—a’ et240, (eF90F4i }57:—11)’

(3.36)

b—1
_ I+ sgnk)g) £ (4240) GEsen(k) g l_[ ol

(14 £ +sgn(k)?)

Qe
j=1=a, j#0
x q)[a—G(k),b—Wk)](g’ ¢, =, 1+&+sgnk)e; {esgn(k)qk—qi }?;ék=]7a’ {eSgn(k)lIk"rlIi}}?_l:O)’

i#k
(3.37)
where 0 (x) is Heaviside's step function and we define
M Na, by, by, c,wi, .. warw)
M times N times
— e ~
2 FMN by, b by, bos s wn, L waen), (3.38)

and € = ¢t (v +b).

In (3.38), FL()M)(a; b1, ...,by; c; wy, ..., wy) is the Lauricella function of type D [34]:

@y i; M (b0

1_["’

Oy o1 0!

M
FpP@iby, ... byiciwr, ..., wp) 2 Y

iy

(3.39)

where we use the Pochhammer symbol (x),, £ T'(x + m)/I'(x). The proof is an im-
mediate consequence of (3.34) and (3.35) and the Euler integral representation of the
Lauricella function,

M
FL() Na: by, ... by ciwy, ..., wy)

I'(c)

1 M
_ PO T i e T — oy
“Tarc—al* 479 ,Lll(l wi) Pdz. (3.40)

3.4. Dispersive deformation and elliptic Gromov—Witten invariants

In this section we study the dispersive deformation of the m-generalized RR2T at order
0 (€?), and describe in detail the workflow of the proof of Conjecture 3.2 at the genus one
approximation. In order to do so, we first offer a reformulation of Conjecture 3.2 in the
language of the theory of formal loop spaces.
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3.4.1. Conjecture 3.2 as a Miura equivalence of dispersive hierarchies. Recall that the
Principal Hierarchy of Definition 2.20 can be thought of as a triplet (M, {, }[1, 01
where M is an n-dimensional complex Frobenius manifold, {, jor & ¢ }y in (2.89) is
a local Poisson structure on the loop space L4, and HIY = (H,, )a,p 18 a family of
local functionals HY'p = [q hlydx, hli), € Opq fora = 1,...,n and p € Z*,
giving rise to commuting Hamiltonian vector fields on L4 as in (2.90). When M =
OH;(Yap) = Mflz’;,,u, the isomorphism of Theorem 3.1 induces a Poisson morphism

Lonp,, = L@ such that the dispersionless Toda densities Ay, pull back to the

a,b,v

expansion of the Hamiltonian densities of the Principal Hierarchy of Q H7 (Y, 5), proving
Conjecture 3.2 at the genus zero approximation.

For the higher genus theory, we have two, a priori inequivalent deformations of {, }{!
and H!Y, depending on a formal parameter €. The first one is the spatial interpolation
of the Toda lattice of Section 2.6 applied to the 2D-Toda Hamiltonians (2.75) and to the
second 2D-Toda Poisson structure reduced on the factorization locus ARR (Section 2.5):
we call this the RR2T deformation. The second is the Buryak—Posthuma—Shadrin defor-
mation of the Poisson structure and Hamiltonians induced by Givental’s formula for the
higher genus Gromov—Witten potential [14,41]; we will refer to this as the GW deforma-
tion. In either case, ({, }[%, (Ho[l(?},)a, p) deforms as

{r*(X), PN = (22 (X), P )

00 g+1
={*X), PO+ et Y PPy, T8O (X - ),
g=1 s=0

(3.41)

o
0
hl > bl = 0% (1) + 3" (kL @),
g=1

where hl,f },, ﬁgf are polynomials in the jet variables ) = 9% 7 (i > 0), graded homo-
geneous of degrees g and g — s + 1 respectively; these vanish for the GW deformation
when g is odd.

Both deformations come with a canonical system of coordinates for the jet space
of M: the tau-symmetric coordinates t* for the Gromov—Witten deformation, and the
coefficients (o, B) of the Lax operators (2.16)—(2.18) in the deformation by lattice in-
terpolation. Conjecture 3.2 can then be stated as the existence of an e-dependent Poisson
morphism which matches the Poisson structures and the Hamiltonian densities, up to total
derivatives, of the two deformations. Such a morphism, if it exists, should take the form
of an element of the polynomial Miura group of transformations of the form [32]

(a, B) — t(a, B) + Zegf[g](a, B, ax, By, ..., a®, &), (3.42)
g>0

The leading order in € of the sought-for Miura transformation is just the change of vari-
ables to flat coordinates given by (2.16), (2.17), (2.91) and (3.26). We can then rephrase
Conjecture 3.2 as follows:
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Conjecture 3.2 (reloaded). There exists a polynomial Miura transformation (3.42) match-
ing the GW and the (a, b) RR2T deformations to all orders of the dispersive expansion.

3.4.2. The genus one case—strategy of the proof. On the RR2T side, we have all the
ingredients that are needed to compute the dispersive deformation of the Principal Hi-
erarchy: all we have to do is to take the spatial interpolation of (2.71) and (2.75). On
the other hand, closed-form expressions for the Gromov—Witten dispersive deformation
of the Poisson bracket and the Hamiltonians from Givental’s formula require control to
all orders of the steepest-descent asymptotics of the oscillating integrals of M, which is
typically out of computational reach.” However, a workaround to this problem exists in
genus one, corresponding to the O (e?) approximation. In this case, the rational Miura
transformation [31]

2 2
0
To(x) > 10(x) + < (logdet M + G (1)), (3.43)
24 950,00
where
Map = capyTl s capy = 335, F (D), (3.44)

deforms the Principal Hierarchy associated to quantum cohomology to the O (e?) trun-
cation of the full higher genus hierarchy; here F' and G denote respectively the genus 0
and 1 primary Gromov—Witten potentials. Dubrovin—Zhang show [31, 32] that the associ-
ated t-function satisfies the genus one topological recursion relations, and it restricts (by
construction) on the small phase space to the primary Gromov—Witten potential.

As all the ingredients in (3.43) are explicitly known by localization in our case, the
proof of Conjecture 3.2 at order O (¢?) becomes practically feasible. Our strategy to prove
it can be structured in the following four steps.

Step 1: Compute the deformation of the Poisson structure and the Hamiltonian densities
on the phase space of the Principal Hierarchy from the quasi-Miura transformation
(3.43).

Step 2: Compute the reduction of the second Poisson structure for the 2D-Toda lattice on
the phase space of the (a, b) RR2T, from (2.71), and the associated Toda Hamiltonian
densities, from (2.75). Interpolate and expand in the lattice spacing to O (€2).

Step 3: Find a family of Miura transformations matching the deformed Poisson tensors
of Steps 1 and 2.

Step 4: Find a Miura group element such that the Hamiltonian densities agree after pull-
back, up to total derivatives.

5 An alternative approach, which would lead to a proof of Conjecture 3.2 sidestepping the issue
of the Hamiltonian structure, would be to derive the Hirota bilinear equations for the RR2T directly
from Givental’s formula—an approach successfully pioneered by Milanov and Tseng [51, 52] for
the extended bigraded Toda hierarchy. Unfortunately, the fact that we are dealing with the dual
Frobenius structure hampers a straightforward generalization to the case at hand.
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This method of proof can be automated for given (a, b) and verified symbolically; a para-
metric statement in (a, b) hinges on performing Step 1 (in particular the computation
of (2.71) on the factorization locus) parametrically in these two variables. The relevant
computer code is available upon request.

Remark 3.7. A priori there is no guarantee that a Miura group element satisfying
Steps 3—4 exists. However, solutions to Step 3 are guaranteed to exist by the vanish-
ing of the loop space Poisson cohomology in degree 1 and 2, as soon as M has trivial
topology [24,32,37]: in this case there are Miura group elements (%rrot, #Gw) such
that the deformed Poisson brackets are trivialized to their € = 0 limit,

yﬁRzT{ ) }El]uT ={. }[O] = ﬁéw{ ’ }[égv (3.45)

to all orders in €. Furthermore, such Miura group elements are far from unique: for any
formal e-series K with values in graded-homogeneous differential polynomials,

K = ZegK[g](t, e ‘l,'(g)), deg K1 = g, (3.46)
g>0

composing .Fgpor» FGyw on the left with the time-e canonical transformation,

g times

g [0]

s T4 Y S {K [K.... (K, r“}'ol}“”} (3.47)
g!

g>0

leaves {, }I invariant to all orders in €. Proving Step 4 amounts then to showing that
there exists (at least) one such K up to 0 (€2) such that the Toda-deformed Hamiltonians

pull back to the GW-deformed ones under composition.

Remark 3.8. In fact, when it comes to Step 4 it is sufficient to show that the two defor-
mations agree on a single Hamiltonian H!¢). Once this is done, the involutivity condition
with the perturbed Hamiltonian,

(A, vy =0, (3.48)

admits, order by order in €, a unique solution for the dispersive deformation of the Hamil-
tonian densities in Section 3.4.1 [30]. The simplest choice is to pick H!°! to be the dis-
persionless limit of the Toda Hamiltonian given by Tr L1, i.e.,

) d
A = /S Res—0 1(2) ?Z (3.49)

with the RR2T and GW perturbations computed from (2.16), (2.17) and (3.43) respec-
tively.

Remark 3.9. A further simplification in the computations comes from the fact that it is
sufficient to prove Conjecture 3.2 for the genus one deformation of the Principal Hierar-
chy with G = 0; switching G—the elliptic GW potential—to an arbitrary function on the
small phase space amounts to composing the result with an explicit, polynomial Miura
group element. This simplifies the proof of Conjecture 3.2 considerably.
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3.4.3. Step 1. We start with the following technical

Lemma 3.10 ([31]). The genus 1 topological deformation of the Principal Hierar-

chy associated to a semi-simple Frobenius manifold with potential F, flat coordinates
1 N

T, ..., 1" and flat metric n is Miura equivalent, up to higher genera, to the following
deformation of the Poisson structure:
2

> 4( PR (T (x)) + 4P (2 (1)))8" (x — )

{79, POy = 1788 (v — ) +

2
— Z—4(ax (P (T (x))) + dy (P (T ()))8 (x — y) + O(eh)  (3.50)

and to Hamiltonian densities
8h[0] 3h[ ]
GW 0 B, 5 4
hg', = h'[g]p + 24( auf (cvycg;i —clmxcy”) 12 caﬂcuﬂca)/)r )+ 0,
(3.51)

where cq, and cqpgys denote the third and fourth derivatives of F, respectively, and the
indices are raised and lowered by n.

As per Remark 3.9, the Miura equivalence appearing in the above theorem is a change of
coordinates of the form

T = 1%+ (A% (D)Tl1) + BU()T) + O(eh), (3.52)
which can be explicitly computed in terms of the G-function of the Frobenius manifold.

Remark 3.11. Equation (3.51) expresses the dispersive deformation of the p™ Taylor co-
efficient of the canonically normalized flat sections of the Dubrovin connection for Y, ;.
However, by Remark 3.8, we will be mainly interested in deforming the dToda flow gen-
erated by the residue of the Lax symbol at infinity: since we are dealing with the second
structure M, 5, on M, this is equivalent to the twisted period around a Pochhammer
loop encircling 1 and oo (see (3.30)), with the parameter ¢ in (3.29) set equal to one. This

little twist in the story amounts to resumming ¢ ” hg‘;’ with respect to p in (3.51), and then
evaluating the result at ¢ = 1, which gives

2 —10]
d
A L

24 otP (e 57 g/‘j‘ Cﬁvacﬁv _Cgcr #Mcay)-[ Dt 0(64). (3.53)

Example 3.12 ((a, b, m) = (1, 1, 0)). This is the case of the Ablowitz—Ladik hierarchy.
Here, (3.24) and (3.50) together imply that the deformation of the Poisson bracket is
trivial at O (€2),

(@), PP MG = =1y 818 (x — ) + 0(eh, (3.54)
whereas the first Hamiltonian density gets corrected as
ROV = e/l (1 —e™) + ﬂpm((e” — D(())? + €™ (7] (0))?)
24pp(™ — 1)

— (4" = DTH @) — 1{()) 7] ()] + 0(eH.  (3.55)
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Example 3.13 ((a, b) = (1,2, 0)). In this case the dispersionless Poisson bracket does
get corrected from (3.50). Setting o = 1 for notational simplicity, we find

0, a=0o0rpB =0,
« Bronlel _ (- a B0l , 2 I, a=B=1,
{T9), TP WMlgw = (T x), T7 I +€°T (7, T, Tax) C2 @B =D ),
4, a=p=2,
(3.56)
with

etz(x)
12(en® — 1)4[
+ (@e”™ + 20 4 DY ()? — @2 - DY )8« —»].  (B.S57)

T, T, Tax) = @2 = D289 (x = ) +3€>Y + D5 (08" (x — y))

The first dToda density reads here
A0l — efo(X)(efl(X) 4 et WFnM) _ D, (3.58)

and its full O (e?) GW-deformation can be read off from (3.53).

3.4.4. Step 2. This step is a straightforward application of e-interpolation to (2.71)
and (2.75). For the sake of readability, we exemplify it in the two instances considered
above.

Example 3.14 ((a, b, m) = (1, 1,0)). As opposed to the GW-deformation, the RR2T-
deformed Poisson bracket receives in this case corrections to all (even and odd) orders
in €, as is apparent from (2.74). The continuous interpolation leads to

{o(x), a()}kdor = 0, (3.59)
{logar(x), log B kpor = € 1(6(x —y +€) —8(x — y))
=8 (x —y)+ 1ed"(x —y) + t2 + 0(e), (3.60)
{log B(x), log B por = € 1(8(x —y +€) —8(x —y — )
=268'(x — y) + 328" (x — y) + O(eh). (3.61)

In the same vein, (2.75) fori = 1 gives

RRRT = q(x) — B(x +€) = a(x) — B(x) + B/ (x) — 12" (x) + O(€Y),
= a(x) — B(x) + (total derivative). (3.62)
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Example 3.15 ((a,b,m) = (1,2,0)). Equation (2.71) computes the full-dispersive
Poisson bracket on the factorization locus as

{a1(x), Otl(y)}RRzT =
efay(x), ﬂl(Y)}RRZT = ﬁl(y)(al(y —e)8(x —y+€) —a1(y)sx — y)),
a1 (), oo = B2 (@1 (v — 26)8(x — y +2€) — a1 (NS (x — ),
(B1(x). BLIpor = (B + ) = BI(BI(Y + )8 (x — y —€)

+ (BI)BI(Y —€) — B2(0))8(x — y +€),
e{B1(x), ﬂz(y)}RRzT =B (B1(y —26)8(x — y +2€) —an(y + €)3(x —y —€)),
e{B2(x), ﬂz(y)}RRZT =B (W[(=B2(y +26)8(x —y —2€) — Bo(y +€)8(x —y —€)

+a3(y —€)8(x —y +€) + oy — 26)8(x — y + 2¢)].

It should be noticed that the Poisson bracket is not logarithmically constant in these coor-
dinates. The full-dispersive deformation is given by Taylor-expanding the r.h.s. in €. As
before, the full-dispersive first Hamiltonian is here given as

IRRT = o (x) — Bi1(x + €) = a1(x) — Bi1(x) + (total derivative). (3.64)

(3.63)

3.4.5. Step 3. The next step is to match the Poisson structures {, }g\]zv and {, }1[161]12T com-
puted in Steps 1-2. We will do this by explicitly computing the trivializing polynomial
Miura transformation that transforms them back to their undeformed expression. We start
from the GW-deformation.

Lemma 3.16. The Miura transformation

T > 1% — L2 (97¢) + 0(e?) (3.65)
transforms the Poisson bracket (3.50) to
(T2, TPy = 18" (x — y) + O(eh (3.66)
and the Hamiltonian densities (3.51) to
o)’ anly)
=l = e (L + P22 e, Jekel + 0. B0

Proof. The proof is an immediate consequence of the formula P*f = (L) 0o P* o Lf
for the transformation of the differential operator P/ associated to the Poisson bracket,
where (L*)), = Zr>0 oc] Hav and Lg = D =0(=x) 0 81“’ with t¥ = 9§7“. For the
Hamiltonians one simply evaluates the functions at the shifted values and performs Tay-
lor’s expansion. O
One by-product of the lemma is that the expression for the deformed Hamiltonian densi-
ties simplifies as well in this Miura deformed coordinates. On the RR2T side, we act in
the same way—by plugging an arbitrary Miura transformation that trivializes {, }EI]QZT to
0 (€?) and solving the ensuing overconstrained differential system.
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Example 3.17 ((a,b,m) = (1,2,0)). In this case, a trivialization of the RR2T-de-
formed Poisson bracket reads, at O (€2),

0[( _l / 2 i " _ a/l('x)z 0 3 368
1(x) = ai(x) zéal(X)+6 24061(36) 01 (0) + O(e”), (3.68)

€2

24(B1(x)2 — 4p2(x))2 B2 (x)?
—142(x)B1(x)* B5 (x)? + 16B2(x)? B1 (x)% B} (x) B3 (x) — 2082 (x)* B1 (x) ] (x)?
+ 3282 (x)* B () B (x) — 2B2(x)B1(x)° By (x) + B2 (x)* 1 (x)* B (x)

[2p1] + 10B2(x)B1(x)* B5 (x) + 4B2(x)* B1 (x)* B (x) — 8B2(x)* B1 (x) By (x)
= 32B(0)* B/ ()] + O(e), (3.69)

4B2(x)

so that in the new variables we have

{1 (x), e M} =0,

{o1(x), BLONY = a1 (0)8(x — y)B1 (x) + 1 () B1 ()8 (x — y),

{o1(x), BN = 2001 (0)8(x — ) B (x) + 201 (X) B2 ()8 (x — y),

{B1x), BL O = 281 (x)B] (x) — B5(x)8(x — y) (3.71)
+2(B1(x)* — Ba(x))8 (x — y),

{B1x), B = 3B1(x)8(x — ) B (x) + 3B1(x) B2 (x)8 (x — ¥),

{B2(x), B2 = 6B2(x)8(x — ¥)By(x) + 682(x)*8 (x — y).

B1(x) > Bi(x)+ [281(x)° By (x)? — B2 (x)2B1(x)* B} (x)*

1 1
Bar(x) = Bo(x) + S ey (x) + e2< - gﬂé/(x)) + 0(e%), (3.70)

Relating now («, 8) to g as in (2.91) and composing with (3.26) to go to t-variables
returns { , }I0 = {, }», the dispersionless Poisson bracket in flat coordinates for the metric
n® of ./\/152% o- The general Miura group element trivializing {, JRR2T s obtained by
composing 63’.71) with (3.47), for an arbitrary K.

3.4.6. Step 4. All thatis left to do at this stage is to find a canonical generator K such that
hSW matches ARR?T in the resulting trivializing coordinate system, up to total derivatives.
The quickest way to do this is as follows: choose K such that the transformed /2RR?T has
1) no linear term in € and 2) no linear terms in t%, at O (€2): this amounts to the solution
of two inhomogeneous linear systems of rank a + b. Then compose ZR8R?T in the result-
ing coordinate system with a further canonical transformation generated by a differential
polynomial K, with vanishing linear term in €. Now imposing that the difference of the

transformed ARR?T with A6V is a total derivative is equivalent to a rank (“+g+l) linear

system in the derivatives of the components of K ; checking compatibility of the solution
then concludes the proof.
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Example 3.18 ((a, b, m) = (1,2, 0)). Letus see this explicitly at work in the case when
(a,b,m) = (1, 2,0). The GW- and RR2T-deformed Hamiltonian density in the coordi-
nates for which the Poisson is in standard form (3.67) read here

62

24(e™ — 1)(e™ — 1)2(en+2 — 1)
x [T (e — 1)(3e” — 272 4 5eT1HT _ 5eTiH2T 4 9eTiH3T 4)(1,2/)2
—2? — ("™ = )1y) +2(e™ — 1)(e™ — 2™ + D" — 1)(g))?
+ 4™ — 1)(E? — DE"T™? — 1)((e*? — D] +e2(? —2)1)7)
F (e — 1)2(—26” 4T — et 4 e2(TiHn) 4 pe2uitT _ peniH2n 1)(-[{)2
+2e7(e" — 1)(e? — 1)(—e™ — 4e" T2 4 2722 4 3y ] + 0(eh), (3.72)
RT0% = e™(e™ 4T — 1) + Se™((3e™ +3e™ T2 — 2)7) +3e™ (€ + 11| +e21)))
eZe™
+54eT 12 (e™ — 1)%7] 75 + 54e™ (e — 1)2T)((e™ + )] + e 1)) + 30e™ T2 (15)?
_ 516r1+2z2(T2/)2 4 27er1+3r2(_c£)2 £ 10(3e™ + 267 — 27 — 3T+ _ 3T +2n
+ 3¢ — ) +103e 1] — 3eT T 2] — 3eT 22 4 3en 3]

+ (2e™ 4 30e™ T2 — 60e™ T2 4 28e™T32) ] 4 O(e?). (3.73)

BGW — eto(etl + e‘[1+‘[2 _ 1) _

+ [ — D?(3(%™ +9e™H™2 — 4)(7))? + 27e™ (™ + 1)(1])?)

Let us first get rid of the linear term in € in ARR?T as well as of the terms linear in the

second derivatives. This is accomplished by an O (€?) transformation generated by

€e™ 2
24(e™2 — 1)[
— 10(e™ — ™)1 + (—8e™ + 2’2 — &2 — Ny| + 0(e?).  (3.74)

Ki=(-1-1—-1/2)— (—26e™ +26e*™ + 2 — )7

Composing this with a canonical transformation generated by
K = (K @ + kP (07! + kP (0)72) (3.75)

such that ARR2T — ,OW — 5 £ gives a system of six linear equations in the t-derivatives
of K, which is solved by

el + elit2 _ 9
24" — D(ente — 1)
ef‘rz(_erz + e2r2 _ e3‘L’2 + e‘[1+‘[2 + e‘l’1+4‘[2 _ 1)

24(e™ — D)(ent™ — 1)

e‘[1+‘[2 (e‘[l + efl-‘rrz _ 2)

24(e™ — 1)(e2 — 1)(en T2 — 1)

d,0kD =9,k —

00K = 9K — (3.76)

’

Brle(z) = 3T2Kél) —

’

which is immediately shown to be compatible.
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3.5. Further applications

Proposition 3.6 has a number of applications to the study of the gravitational quantum
cohomology of Y, , as well as of its higher genus Gromov—Witten theory. When b = 0,
these were explored in detail in [10]; we highlight below the main features of their gen-
eralization to arbitrary (a, b).

3.5.1. Twisted periods and the J-function. A distinguished basis of flat coordinates for
the Dubrovin connection is given by the generating function of genus zero one-point
descendent invariants of Y, 5, or J-function [40],

e )Aga’o+“+ ZZI o) 3.77
s T 7T ¢ M\T—cy " : (.77)

n>0 BeZ 0,n+1,8

where v is a cotangent line class and the denominator is a formal geometric series ex-
pansion in {v. Write i; : p; < Y, for the embedding of the j™ fixed point into
Y4 », and define ujc.llj =S i;‘(t"‘a)a) € Hr({p;}). The coefficients ujd are linear functions
ufl(r) => cjaT%, and they are canonical coordinates for the classical equivariant coho-
mology algebra of Y, . By the Divisor Axiom of Gromov—Witten theory, the coefficients
Cja = wqlp; are local exponents of (2.85) at the Fuchsian point LR = {7y = —o0}, and
the vector of the localized components J ){a . 1, = i;k J }‘i‘a ,@a) of the J -function diagonal-
izes the monodromy around LR with weights cj, € C,

K, ~ e+ 0. (378)

The asymptotic behavior (3.78) at LR characterizes uniquely the localized components
of the J-function as a flat coordinate system for (2.85). Knowledge of the monodromy
properties of the twisted periods of (3.36) and (3.37) at LR is then sufficient, by Proposi-
tion 3.6, to give a closed form expression for the J-functions as a hypergeometric function
in exponentiated flat variables. This can be achieved via an iterated use of the connection
formula at infinity for the Gauss function, as explained in [10, Appendix C]. In vector
notation, the final result in our case is

T,y =AY & APHI, (3.79)

where

Jriig ELU+ 2V — G+ 1))

L1 -y —it) ==

A = emin@v—c@j+1) $SM@TOTA — v+ EHIA + v LG+ 1) _j
701 —¢) ’ ;

0, i<—j.

(3.80)
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rije SPU+E+ @+ j + DO)
FA+OTE+G+a)0)’

A(h) — ] e—inE+eQ2j+1+a) Esin()1 —&§—¢(j+aNlA+&+¢a+j+1))
i al(1+¢) ’

i=j+a,

j>i+a,
0, j<i+a.
(3.81)

In the same vein, let Hob, 7(X4,p) denote the T -equivariant Chen—Ruan cohomology
of [ X, p]. This has two torus fixed orbi-points [p(“)] and [p(b)]—the North and South
pole of the base weighted projective line—with stackiness Z, and Zj, respectively. By the
Atiyah-Bott isomorphism, Homb, 7(X4 ) 1s then generated by the (Thom push-forwards)
of Lijas Ly =0,...,a—=1,=0,....,b—L.Write x = 3" 1, 1 ez X1 for
apoint x € Ho,7(X4,p). Then the orbifold J-function

y.c N 50 o L 1y ®n Xap
Jx., (. 0) = — +x +;ZZ—'<] X > (3.82)
’ ¢ n>0 BeZ n: ¢y 0,n+1,8
gives a system of flat coordinates for the Dubrovin connection on T (How, 7(X4,5)). As
Frobenius manifolds, the quantum cohomologies of X, 5 and Y, are isomorphic [21],
with the undeformed flat coordinates related as [12]

a1 b—1
x%4 = Zagyt“_l_” —e%,  xPb= Zsl’fyrwr‘”] - 85, (3.83)
y=0 =0

where g, = e2mi/c and by the Divisor Axiom the localized components of J Xab gre the

unique set of flat coordinates of the Dubrovin connection such that
TP @) 2 2 (14 o). (3.84)

This can be compared with the behavior of the twisted periods at x = 0, where the
integrals appearing in (3.34)—(3.37) can be explicitly evaluated in terms of the Euler Beta
function. The result is

M= BYeB)Jy,,, (3.85)

where

_ g D@+ kb/ald - ¢)

a forl <k<a-1,

@ _ G-n/devEa’ T(¢v+k)/a—¢)
B =e T revjard - o (350
fork =0,
(T +2(1+ v/a))
k2l ((E+a—k)/b+ DA +¢)

—jk | —¢&p forl<k<b-1,
BY — (U=n/DE+a) b F(E +a-k)/b—-¢+1)
kb b | F'@a+8)/D)Id+9) fork — 0
T+ E+a)/b—10) '
(3.87)

The composition U £ A@WB@ g AP B?) gives the transition matrix from the vector
form of the orbifold J-function to the one of the resolution. Closed-form knowledge of I/
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has important applications to the Crepant Resolution Conjecture [22], as well as to its gen-
eralization to open Gromov—Witten theory [10]; in particular, by the block diagonal form
of (3.80), (3.81), (3.86) and (3.87), the genus zero results in [10] generalize immediately
to the case at hand. Similarly, Proposition 3.6 makes it an exercise in book-keeping to
generalize to arbitrary (a, b) the quantized Crepant Resolution Conjecture proven in [10]
forb = 0.

3.5.2. Pure braid group actions in quantum cohomology. A further application of Theo-
rem 3.1 and Proposition 3.6 is a complete characterization of the monodromy group of the

Dubrovin connection. By Theorems 2.23 and 3.1, the open set M(Z) T8 4 M(Z) \Ag by

a,b,v a,b,v
of regular points for the pencil of flat connections of (2.85) on /\/lflziv is the complement
of the arrangement of hyperplanes {g; = g;}ix;. Equivalently, it is isomorphic to the

configuration space of a + b distinct points in P! \ {0, 1, oo},

2),
M ~ Mo aipia. (3.88)
Any simple loop o in Mf;r: £ then gives a monodromy action on Sol,,
My - i (ME)'%) — Aut(Soly), (3.89)

which is a representation of the colored braid group in a + b+ 2 strands, as 71 (Mo, 4+b5+3)
=~ PB,p+2. Monodromy matrices in the twisted period basis can be computed explic-
itly [53]; the resulting representation is the Gassner representation [25], with weights
specified as in (2.91).

Remark 3.19. By the T-equivariant version of Iritani’s integral structures in quantum co-
homology, this pure braid group action carries through to an action on the T-equivariant
K-groups of X, ; and Y, ;. Very recently, pure braid group actions on the derived cate-
gory of coherent sheaves were constructed in [26] for a family of toric Calabi—Yau ob-
tained from deformations of resolutions of type A surface singularities; when the variety
is a threefold, their examples coincide precisely with Y, ;. It would be interesting to es-
tablish a clear link between our D-module construction and theirs.
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