AN APPLICATION OF THE NONLINEAR RECIPROCAL
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ALEXANDR BURYAK AND MIKHAIL TROSHKIN

ABSTRACT. We prove that the DR hierarchy corresponding to the family of F-cohomological
field theories without unit considered in a previous work of the first author together with D.
Gubarevich can be “trivialized”, i.e. reduced to two copies of the KdV hierarchy, using a simple
nonlinear reciprocal transformation. This gives the first manifestation of a role of nonlinear
reciprocal transformation in the theory of integrable systems associated to the moduli spaces
of stable curves, beyond the dispersionless limit.

1. INTRODUCTION

There are various ways to produce integrable hierarchies of evolutionary PDEs using the
geometry of the moduli space Mg,n of stable algebraic curves of genus g with n marked points.
The central role here is played by the notion of a cohomological field theory (CohF'T) introduced
by Kontsevich and Manin [KM94]|. CohFTs are systems of cohomology classes on the moduli
spaces ﬂg,n that are compatible with natural maps between the moduli spaces. The notion of
a CohF'T involves also a vector space called the phase space, a bilinear form on it called the
metric, and a special vector in the phase space called the unat.

One way to produce an integrable hierarchy from a CohF'T was proposed by Dubrovin and
Zhang [DZ01] (for homogeneous semisimple CohFTs) and then generalized in [BPS12] (for gen-
eral semisimple CohFTs). It is understood now [BS24] that a generalization of the Dubrovin-
Zhang hierarchy exists for an object that is more general than a CohFT, for a so-called F-
CohF'T, introduced in [BR21], where the is no metric and there are less requirements regarding
the compatibility with natural maps between the moduli spaces. All these more general hi-
erarchies will be also called the Dubrovin-Zhang (DZ) hierarchies. Note, however, that the
polynomiality property of the DZ hierarchy is proved only for semisimple CohFTs [BPS12] and
in some concrete examples [BR21, Bur23].

The DZ hierarchies include many important hierarchies from mathematical physics, for ex-
ample, the Gelfand—Dickey hierarchies, Toda hierarchies of various types, the ILW hierarchy,
the Drinfeld—Sokolov hierarchies, the discrete KdV hierarchy. Certain subclasses in the class
of DZ hierarchies can be conjecturally described independently of the geometry, using only the
language of integrable systems [DZ01, DLYZ16, LWZ21].

There is another way to produce an integrable hierarchy starting from a CohFT, which was
proposed by the first author in [Burl5], the resulting hierarchy was called the DR hierarchy.
The DR hierarchy is polynomial by construction, and it is endowed with a remarkably rich
algebraic structure, which can be described very explicitly. It is understood now that the DR
hierarchy can be associated to an arbitrary F-CohFT [BR21] (a systematic study is presented
in [ABLR21]), and it is again polynomial by construction, while the polynomiality of the
DZ hierarchy for an arbitrary F-CohFT is an open problem. Conjecturally, the DR and DZ
hierarchies are Miura equivalent: for CohFTs it was formulated in [Burl5], then in a more
precise form in [BDGR18], and currently the most general version of the conjecture is formulated
in [BS24].

Note that the DR hierarchy can be associated to a more general object than an F-CohF'T, to
an F-CohFT without unit: the first explicit examples were computed in [BG23]. A construction
of a DZ hierarchy associated to an F-CohFT without unit is not developed yet.
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Having a construction of a class of integrable hierarchies, it is important to understand
whether some of them are related by changes of variables or other transformations. A lot of
work was done regarding the action of Miura transformations on the DZ and DR hierarchies.
However, there is another type of transformations, the so-called reciprocal transformations (see
e.g. [CF89, CFA89| and the references therein about the literature on reciprocal transforma-
tions), whose role in the relation to the DZ and DR hierarchies is less studied. The disper-
sionless parts of these two hierarchies are hierarchies of hydrodynamic type, and the reciprocal
transformations of such systems are well studied (see [XZ06] and the references at the end of
page 1 in [LSV24]). However, the reciprocal transformations of dispersive deformations of the
hierarchies of hydrodynamic type are much less studied (see e.g. [LZ11, LWZ23, LSV24]), and
regarding the DZ or DR hierarchies (and more generally the hierarchies controlling CohFT-
type correlators) there are only works [Ale21, LWZ23, YZ24], where the authors consider the
simplest possible reciprocal transformations, the so-called linear ones.

In our paper, we give the first application of the nonlinear reciprocal transformations in
the theory of DR hierarchies. We consider the 3-parameter family of F-CohFTs without unit
of rank 2 from the paper [BG23| and the associated DR hierarchy. In [BG23], the authors
computed explicitly the primary flows of the DR hierarchy. In our paper, we give an explicit
description of all the flows of the DR hierarchy: we prove that after the composition of a Miura
transformation and a nonlinear reciprocal transformation the two dependent variables of the
hierarchy become splitted and the resulting flows can be simply described in terms of the flows
of the KdV hierarchy (see Theorem 3.3).

Note that in the theory of DR and DZ hierarchies the KdV hierarchy is considered as the
simplest possible hierarchy, because it corresponds to the trivial CohFT where all the classes
are just units in the cohomology. The fact that the DR or DZ hierarchy corresponding to some
CohFT or F-CohFT with nontrivial R-matrix can be “trivialized”, i.e. reduced to the KdV
hierarchy, using linear reciprocal transformations was observed in several papers, see e.g. [Ale21,
Corollary 3.1] and [YZ24, Corollary 2]. As far as we know, our paper gives the first example
where this trivialization is obtained using a nonlinear reciprocal transformation. So we believe
that our result shows the importance of the role of nonlinear reciprocal transformations in the
theory of DR and DZ hierarchies, which should be clarified in the future research.

Notations and conventions.
e We use the standard convention of sum over repeated Greek indices.

e When it doesn’t lead to a confusion, we use the symbol * to indicate any value, in the
appropriate range, of a sub- or superscript.

e For a topological space X, we denote by H*(X) the cohomology groups with the coef-
ficients in C. Let H**(X) := @5, H*(X).

Acknowledgements. The work of A. B. is an output of a research project implemented as
part of the Basic Research Program at the National Research University Higher School of
Economics (HSE University).

2. A FAMILY OF F-CoOHFTS WITHOUT UNIT OF RANK 2 AND THE ASSOCIATED DR
HIERARCHY

Here we recall the construction of the DR hierarchy associated to an F-CohFT without unit
and the main result from [BG23].

Definition 2.1. An F-cohomological field theory without unit (F-CohFT without unit) is a
system of linear maps

Comi1: VF@VE — HY(Myni1), 29—1+n>0,
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where V' is an arbitrary finite dimensional vector space, such that the following axioms are
satisfied.
(i) The maps ¢, ,+1 are equivariant with respect to the Sn-actioi permuting the n copies of V'
in V*® V®" and the last n marked points on curves from M., 1, respectively.
(ii) Fixing a basis ey,...,eqmy in V and the dual basis e!,... eV in V* the following
property holds:

* ag ni+ng _ ag . 2] .
gl Cg1+g2,n1+na+1 (6 ® ®z‘:l eai) - Cgl,n1+2<€ ® ®Z€I€a¢ ® eu) ® Cg2,na+1 (e ® ®]€J€aj)

for 1 < ag,aq,...,00, 40, < dimV, where IUJ ={2,...,n1 +no+ 1}, |I| = ny, |J| = no,
and gl: Mg, 42 X Mg, not1 — Mg 4o ni+no+1 18 the corresponding gluing map. Clearly
the axiom doesn’t depend on the choice of a basis in V.

The dimension of V is called the rank of the F-CohFT without unit.

We will use the following standard cohomology classes on M, ,,:

e The psi-class 1; € H*(M,,), 1 < i < n, is the first Chern class of the line bundle
over Mg,n formed by the cotangent lines at the i-th marked point of stable curves.

e The Hodge class \; := ¢;(E) € H¥(M,,), j > 0, where E is the rank g Hodge vector
bundle over Mg,n whose fibers are the spaces of holomorphic one-forms on stable curves.

e The double ramification (DR) cycle DRy(ay,...,a,) € H*(M,y,), ai,...,a, € Z,
> a; = 0, is defined as follows. There is a moduli space of projectivized stable maps
to CP! relative to 0 and oo, with ramification profile over 0 given by the negative num-
bers among the a;-s, ramification profile over co given by the positive numbers among
the a;-s, and the zeros among the a;-s correspond to additional marked points (see,
e.g., [BSSZ15] for more details). This moduli space is endowed with a virtual fundamen-
tal class, which lies in homology of degree 2(2g—3+n). The DR cycle DR,(ay, ..., a,) is
the Poincaré dual to the pushforward, through the forgetful map to M, ,, of this virtual
fundamental class. The crucial property of the DR cycle is that for any cohomology
class § € H*(M,,,) the integral fﬂg i ADRyg (=> a;,aq,...,a,)0 is a homogeneous
polynomial in aq, ..., a, of degree Zg’ (see, e.g., [Burls]).

Let us briefly recall main notions and notations in the formal theory of evolutionary PDEs
with one spatial variable:

e We fix an integer N > 1 and consider formal variables u',...,u". To the formal
variables ©® we attach formal variables u§ with d > 0 and introduce the algebra of
differential polynomials A, = C[[ug]][u%,][[e]]. We identify uf = u* and also denote

« «

ug = uf, ul, = ug, .... Denote by A,q C A, the homogeneous component of
(differential) degree d, where degu$ :=i and dege := —1.

e An operator 0, : ./Zl\u — ./Zl\u is defined by 9, := Zdzo ug, 0

==
oug

e An operator H: ju — ﬁu is called evolutionary, if H satisfies the Leibniz rule and
commutes with 0,. An operator H is evolutionary if and only if it has the form

H = Hp = ano(agpa)a% for some P = (P',...,PY) € AY. If the differential
polynomials P* satisfy the condition P

wi=o = 0, then we will write H|,:—o = 0.

e We assign to an evolutionary operator Hp the system of evolutionary PDEs (with one
spatial variable) %L: = P* 1 < a < N. Two such systems are said to be compatible if

the corresponding evolutionary operators commute.

e An element f € .,Zl\u is called a conservation law for an evolutionary operator H (or for

the corresponding system of evolutionary PDESs) if there exists an element R € .%Tu such
that H(f) = 0, R.
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e A Miura transformation is a change of variables u® — u*(uf, €) of the form u®(uf,e) =
g% (ug)+e fo(ur, ), where f* € A, and g € C[u]] satisfy g ws—0 = 0 and det (%)
Yo

0.

+

*__,
ug=0

1

Lemma 2.2. Consider the case N = 1 and denote u, := u,. Consider a pair of compatible

PDEs
ou
— =P
ot ’
ou
% - Q7

where P = uu, + O(e) € A\u;l, Q= f(u)u, +O0(¢e) € ,Zu;l, and f € Cl[u]]. Then the differential
polynomial Q) is uniquely determined by P and f.

Proof. This is a slight generalization of [BR21, Lemma 4.14], with the same proof, so we
omit it. [

Consider now an arbitrary F-CohFT without unit of rank N and define differential polyno-
mials P, € Ay, 1 <a,8< N, d>0, by

o 629 d e n - o
Pg = Z —Coef (g, )01 (a0 / AgP5Coni2(e” ® ep ® R eq;) H ! -
n: DRg(—>_ j=1

n
9:n>0,2g+n>0 j=125,0,01,:-,0n)
KL eskin >0

The DR hierarchy is the following system of evolutionary PDEs:
ou”
d

All the equations of the DR hierarchy are pairwise compatible.

Ezxample 2.3. Consider the trivial F-CohFT without unit given by V =C,e; =1€ C =V,
and

c;invﬂ(el @ef") = 1€ H' (Mgpni1)-

Then the corresponding DR hierarchy is the KdV hierarchy [Burl5, Section 4.3.1] (we denote
gl 4l
ug := uy and t4 :=t})

ou
7 8$PKdV,
Otq d
where
u? g2 ur g2 g
Pgdv = u, PleV =3 + Eum, PQKdV =5 + ﬂ(Quum + ui) + mumm,
and a general formula for PX4V is
a PKdV €2d+2 Ld+1 L L 82 2
= —_— 2 = 2 -
wd 2@d+1W{< >+’]’ A
defining Pfdv‘u _, := 0. Note that
v L+ R

d+1)!
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In [BG23], the authors considered the following family of F-CohFTs without unit, with phase
space V' = C?, parameterized by a vector G = (G, G?) € C*
triv,G / ig n L (Gio)ga if lp =1 =...= ina
QR Q_164;) = .
Conti(€ j=1¢4) {O, otherwise,

where ey, €5 is the standard basis of C2. Then the authors of [BG23] applied to this F-CohFT
without unit the R-matrix Id + Rz with

Rlz(g g)a 66@,

see the details about this action in [BG23]. The resulting F-CohFT without unit is denoted
by ((Id + Rlz)cm‘“a)gn - In [BG23, Theorem 4.1], the authors considered the corresponding
DR hierarchy and proved that after the Miura transformation

2\2 2 1
~1 _ 1 (u?) € 2.2 G ~2 2
U =u +£—2 +2481,<§Gu +1—|—§u2)’ ut = u”,
the flows % and a%% of the DR hierarchy become
out ul
2.2 — =0, | ——= |,
(22) ot} [1 + §u2}
ou?
2. — =
~1 ~1~9 1 (a2 2071 ~1 1 1
(2.4) %Zf&c v 1 (u)~ G L _ |
ot? 1L+&u?  2(1+ &u?)? 12 1+ &u?) 14 &u?) 14 Eu?
ou?
2.5) 5 =u
and moreover
ou* ou? KdV
(26) a_t}l =0, 8_t?l - axpd ’unﬁﬂ%,eﬁx/@s ’

3. RECIPROCAL TRANSFORMATIONS AND THE MAIN RESULT

3.1. Linear and nonlinear reciprocal transformations: overview. Here, without speci-

fying technical details, we recall the definitions of two types of reciprocal transformations.
Consider a compatible system of PDEs

ou®

at;

A linear reciprocal transformation is a change of the spatial variable x of the following form:

(3.1) —P* P'ecA, 1<a<N, i>1

x'—>y:70x—|—2%t,, ’707/717727'”EC-
i>1

These transformations will not be considered in this paper. Suppose now that f € ./Zl\u is a
nonconstant conservation law for our system (3.1):

of ~

= = ale, RZ € ue
ot; A

A nonlinear reciprocal transformation is a change of the spatial variable x — y of the form
dy = fdz+ _ Ridt;.

i>1
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In the next section, we will describe how this transformation changes the system (3.1). In
particular, some conditions on our system and on f will be added, so that the transformed
system does not go beyond the class of systems of evolutionary PDEs that we consider.

3.2. Nonlinear reciprocal transformations: formal definition. Proofs of the properties
of nonlinear reciprocal transformations can be found, for example, in [LZ11], however for com-
pleteness we present short proofs in the appendix.

Consider two N-tuples of variables u', ..., u" and v',...,v", and the associated algebras of
differential polynomials A, and A,. In the algebra A, let us denote the spatial variable by v,
i.e. we denote 9, :== >, - Ungl%, and also vy :=of, vy, :=vg, .... Choose a nonzero element

fe .Zl\u;o such that f|,:—o = 0. Then the element 1+ f € Au;O is invertible. Define an algebra
homomorphism ®;: A, — A, by

Os(P) = Plyar gty P E A

The homomorphism ®; is an isomorphlsm. It is called a nonlinear reciprocal transformation.

We have
(1+f) " 0s 0@ =500,

and therefore under the isomorphism @ .,Zl\v — ./Zl\u the operators 9, and (1 + f)~'9, become
identified.

By abuse of notation, we will identify elements of .%Tv and their images under ® in .Zu, as well
as the operators 9, and (1+ f)~'d,. Note that under this identification evolutionary operators

on Av in general do not correspond to evolutionary operators on A However, suppose f
is a conservation law for an evolutionary operator H on A,, so that H (f) = 0.R for some
R e .A Then H — RO, is an evolutionary operator on .A Moreover, let us denote Hy := H,

Ry := R, and suppose that f is a conservation law for another evolutionary operator Hy on Au,
Hy(f) = 0, Ry, which commutes with Hy. Suppose also that H|,:—0 = Hs|u:=0 = 0. Then the

corresponding evolutionary operators Hy — R,0, and Hy — R0, on A, commute.

We know that any evolutionary operator H on ﬁu has the foom H = Hp, where P =
(P, ..., PN) e AY and we assign to H the system of PDEs

ou”

2 =P 1<a<N.
(3.2) v <a<

Given a conservation law f € ﬁu;o of H, H(f) =

evolutionary operator H — R0, on ,Zl\v, to which we assign the system of PDEs

o o N
(3.3) v =P*— Ry, 1<a<N.
We will say that the system (3.3) is obtained from the system (3.2) by the nonlinear reciprocal

transformation given by the conservation law f.

wr=0 = 0, we obtain the

Remark 3.1. Let us describe how the nonlinear reciprocal transformations act on solutions
of systems of PDEs. Consider a collection of pairwise commuting evolutionary operators H;,
1> 1, on ﬁu, H; = Hp_, and suppose that P wieo = 0 Suppose that 0 # f € le\u;O satisfying
wr=0 = 0 is a common conservation law for the evolutionary operators H;, H,f = 0, R;.
Consider a solution (u', ..., u") € C[[z, ., ]|, u®|s=t,—0 = 0, of the system of PDEs

ou®
ot;

(3.4) =P 1<a<N,i>l.
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Define a formal power series y € C[[z, t., ¢]] satisfying y|,—,—o = 0 by the equation

dy = (1+ flug=opue) dz + Y (Rilug—opue) dt;.
i>1
The 1-form on the right-hand side is closed because H;(f) = 0,f and H;(R;) = H;(R;). The
last equality is true because 0,(H;(R;) — H;(R;)) = H;(H;(f)) — H;(H;(f)) = 0, which implies
that H;(R;) — H;(R;) € C[[¢]]. However, since H;|,:—0 = H,|u:=0 = 0, we immediately obtain
H;(Rj) — H;(R;) = 0. Let v* € C[[y, t., €]] be a unique formal power series satisfying

Vo y=y = u”.
Then (v, ...,v") is a solution of the system
o
BT =P’ —Rv,, 1<a<N,i>1,
i

which is obtained from the system (3.4) by the nonlinear reciprocal transformation given by
the common conservation law f of the evolutionary operators H;.

Example 3.2. Consider the KdV hierarchy
ou
Otyg

We see that u is a common conservation law of the flows of the KdV hierarchy. So for any
¢ € C* we have the nonlinear reciprocal transformation of the KdV hierarchy given by the
conservation law &u:

= 0,PXV. d>0.

@ PKdV £PKdVy, y d>0.
Oty

::Qg KdVEAU

Since u? is a conservation law of the KdV hierarchy, we obtain ud,PX4V € Im(d,), which

implies that (1 4 &u)d, P — ¢ PKVy, € Im(9,), and therefore Q5" € Im(d,). Thus, the
nonlinear reciprocal transformation of the KdV hierarchy given by the conservation law {u has
the form

Ov = 9,P5 "V d>o,

8td
where Pd{_KdV = 0. For example,
vx=0
KdVv Kdv _ v? v? g?
Péi =, P£ +£ + =1 +£U)3Uyy-

12

Consider again the DR hierarchy associated to the F-CohFT without unit ((Id + Rlz)ctriV’G)g il

from Section 2. Since P7; = 0 and Pj; doesn’t depend on w,, for any n > 0, after any Miura
transformation that doesn’t change the variable u2, this variable will be a conservation law for
the transformed hierarchy.

Theorem 3.3. Consider the F-CohFT without unit ((Id + Rlz)ctri"’G)gnH, with £ # 0, and
the associated DR hierarchy. Then the composition of the Miura transformation

2)\2 1
CE R —— @wf%)+5$@@ﬁ+ ¢ », @ =,

1+ &u? 24" 1+ &u?
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and the nonlinear reciprocal transformation given by the conservation law £u? transforms the
DR hierarchy to the system

81}1 8U2

i xPKdV R —

8t(11 (a d ) ’ul»—w},e»—n/@e ’ 87% 0,

ov! KV v £—KdV

a_t?l - (gaxpd+1 )|ulr—>vl1,er—>\/as’ a_t?i - (aypd > o2, eV G2e ’

4. PROOF OF THEOREM 3.3

4.1. Computation of the dispersionless part of the hierarchy. Let us recall how to
compute the dispersionless part, i.e. when € = 0, of the DR hierarchy associated to an arbitrary

F-CohFT without unit {cgn41: V* @ V" — H™(M,,11)}. For this, define an N-tuple of
formal power series (F, ..., FN) € C[[u!,...,uM]]" by

Peyh X ([, e ese) T

n>2  1<ar,.,an<N \Y Mon+1

Let ¢, = 1 and define N x N matrices C, = (¢§,)1<ap<n. Then the N x N matrices

Oub ou
POEO] = (P§4le=0)1<a,<n are uniquely determined by the relations
apPY
(4.1) 8—ud"Y —c,-PY Py = 0, d>0,1<y<N,

where PLO{ = 1d.

Let us return to our F-CohFT without unit ((Id + Rlz)cmV’G)g -

Lemma 4.1. We have

(u 1. Ew®)?  gw?)? 2
F'u' u?) = -2 tu e e (A du ), Fu',u?) = (u?)?
1+ &u? 2

Proof. We proceed in the same way as in [BG23, proof of Theorem 4.1]: in order to compute
the integrals

/ ((Id + Rw)ctriV’G)Om+1 (e” ® ®_€q;),
Mo,nt1

triv. () (e ® ®}_ eq;) as a sum over stable trees. All the

we express the class ((Id + Riz)c _—
trees that give a nontrivial contribution to the integral are depicted in Figure 1, where the first
four trees contribute to F*(u',u?), and the last one contributes to F?(u!,u?). The respective

summs are

T Ui N U B i W S L U WY

14 € 1+ Eu? 1+ Eu? 6 '

Lemma 4.2. For any d > 0, we have

(al)d—o—l
plol_ [ @+Dr My
d O (EQ)d+1 9

(d+1)!

where
Ly £(u?)?
_1 o /\1 _
U =0 |ezo =

U o . f ((al)d+2 _ (d + 2)ﬂl(ﬂ2)d+1 + (d + 1)(112)d+2)
1+&u? " ' (d+2)! '
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€1

€1

FIGURE 1. Stable trees contributing to (F*, F'?)

Proof. We compute

1 {(@*—ul) {(@?—ul) g(a'—u?)(1+¢al)
(4.2) C, = | 1@ I+ea? | Cy = | 1@ Téu? ‘

0 0 0 1

Then one directly checks the relations (4.1), expressing

o 1 0 6_§a2—a16+6
oul 1+ &u?out’ ou? 14 &u?out  ou?’

Proposition 4.3. After the composition of the Miura transformation (3.5) and the nonlinear
reciprocal transformation given by the conservation law 42, the DR hierarchy of Theorem 8.3
has the form

vt () o0
ag ~ (i) 00 o "

aUl ( )d+2 302 B _Kav

atQ _f ((d+ 2)> + O<5)7 8_75?1 = (aypd ) vl»—wf,s»—)\/@s.

Proof. This is a direct computation. We apply the Miura transformation (3.5) to the disper-
sionless part of the DR hierarchy, computed in Lemma 4.2, and obtain

aa1 1 (al)d-&-l 8@2

ot~ 1+ga28$((d+ 1)!)+O(€)’ o =

aal al ((al)d-i-l - (a2>d+1) 8@2

ov _ T Dl pKdV N .
o~ arnaran 090 o = s e

One can easily see that after the nonlinear reciprocal transformation given by the conservation
law {12 the hierarchy has the desired form. O
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4.2. The full hierarchy. We are ready to finish the proof of Theorem 3.3. We know that after
the composition of the Miura transformation (3.5) and the nonlinear reciprocal transformation
given by the conservation law £u?, the DR hierarchy has the form

ovt ov?

a1 Sd7 a1 07

ot ot

ovt ov?

% _T, ov _ <0 P&}Kd\/) 7
8753 d 8753 yhd vp—)vf,a—)\/GQs

where

Sy =0, <%> +0(e) € Ay,  Ty=—€0, (%) +0(e) € Ay

A direct computation using formulas (2.2)—-(2.5) gives that

(Ul)2 €2G1
vy, | -

2+12

So = 1}57 Ty = _fay (

Let us prove that Sy and T; don’t depend on the variables v2. Indeed, the fact that the flows %

and atl commute gives that

o ovt 0 ot 05,
Y RV R VR Zanrl 1 :ZUiH_Q’
ot ot; Oty ot = v ~ ov?2
which implies that gTSg = 0 for any n. In the same way, the commutativity of the flows a%%
Ty

and (% gives that = 0 for any n. Since the flows of the KdV hierarchy pairwise com-
d

ov2
mute, Proposition 4.3 and Lemma 2.2 imply that S; = (8 PKdV)‘
= (€0 P

ﬁe and Td ==

up—)v},z—:*—) G

Jari.- This completes the proof of Theorem 3.3.

)’uy—)v E—

APPENDIX A. NONLINEAR RECIPROCAL TRANSFORMATIONS

Here, for completeness, we present short proofs of the properties of nonlinear reciprocal
transformations mentioned in Section 3, see Parts 1 and 2 of Proposition A.1. There are also
Part 3 in Proposition A.1 and Remark A.2, which we think are of independent interest, and
which as far as we know didn’t appear in the literature before.

Proposition A.1. Suppose 0 £ f € A, :

evolutionary operator H on A\u, so that H(f) 0:R for some R € A Consider the associated
nonlinear reciprocal transformation @ : A — A

1. H — RO, 1is an evolutionary operator on AU.

2. Denote Hy := H, R, := R, and suppose that f is a conservation law for another
evolutionary operator Hy on A,, Hs(f) = 0,Ra, which commutes with Hy. Suppose
also that Hi|ys—o = Hs|yz=0 = 0. Then the evolutionary operators H, — R0, and

Hy — Ry0, on JZ commute.

3. The map g — % gives a one-to-one correspondence between the conservation laws

of the operator H on .,4 and the conservation laws of the operator H — RO, on A

Moreover, if H(g) = O, Ry, then (H — RO,)( Oy (Ry — L),

1+f) 1+f
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Proof. 1. The Leibniz rule holds for H — Rd, by linearity, so we only need to check the equality
[H — ROy, 0y] = 0. Indeed,

} [RO,,0,] =

[H — RO,,8, = [H,9,) — [RD,.,] = [
—m( a(f) R,
- < y; e e =0

2. We observe that Ho(Ry) — Hi(Rs) = 0. Indeed, 0.(Ho(Ry) — Hi(Rs)) = HyHy(f) —
HH>(f) = 0, which implies that Hy(R;) — Hi(Ry) € Cl[e]]. However, since H;
Hs|yr—o = 0, we immediately obtain Hy(R;) — Hi(R2) = 0. We further compute

[Hy — R0y, Hy — R20,| = [H1, Ho| — [Hy, R20,] — [R10,, Ha] + [R10,, R20,] =

&+
_i_Kh

(8 R)&y =

VH

ui=0 —

Ry Ry
|:H17 1+fa:| |:1+fa:v7H2 + [Rla:lhRQay]?

] - (2 B (i mnmy,

B [ﬁfax’m} B (Hf(f}) B (11 = ;32)> % (?(f}) B ]?i fj‘%) .

[R10,, R20,) = (Ry - O,Ry — Ry - 9,R1) 0, (Ry - 0,Rs — Ry - 9, Ry) O,

B 1
C(1+ )2

We see that all terms in the resulting sum cancel out.

3. It H(g) = 0, R,, then we have
B g \_ H(g) g -H() R-O9  gR-9f _
=m0 (157) =125~ fa gy Tt A -
g~(9yR_R-3yg QR'ayf:
1+ f 1+ f (14 f)?

_ gR
_8y(Rg 1+f>

Conversely, if (H — R0,)g = 0,Ry, then in the same way we check that H ((1+ f)9g)
Oy (Rg + §R)

—O0,R, —

O

Remark A.2. We see that the nonlinear reciprocal transformations give an action of the set
CL(H) = {f € A\U;O\H(f) € Im(0,), flur=o = 0} on the evolutionary operator H: given
f € CL(H), we transform the operator H to the operator H — R;0,, where R; is given by
H(f) = 0,Ry with Ryf|,s—0 = 0. Since, by Part 3 of the proposition, there is a one-to-one
correspondence between the conservation laws of the operator H and the conservation laws of
the operator H — R0, we can further act on H — R;0, by any g € CL(H), meaning that

we act on H — R;0, by % € CL(H — R;0,). Let us compute the composition of two such
N

transformations. Indeed, for this we consider another N-tuple of formal variables w!, ..., w
and the nonlinear reciprocal transformation P o - Ay, — A,. Let us denote the spatial variable

in the algebra A, by z. Acting by the conservatlon law 7 € CL(H — Ry0,) on the operator

1

H — R;0,, we obtain the evolutionary operator H — R0, — ( g — %) 0, on Aw, and a direct

computation shows that it is equal to the operator H — (R;+ R,)0.. So the result is the same as
the result of the action on H by f+g¢g € CL(H). Thus, the constructed action of the set CL(H)
on the evolutionary operator H is actually a group action with the respect to the standard
additive group structure on CL(H).
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