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Abstract. In this paper, we study explicit correspondences between the integrable Novi-
kov and Sawada—Kotera hierarchies, and between the Degasperis—Procesi and Kaup—Kuper-
shmidt hierarchies. We show how a pair of Liouville transformations between the isospectral
problems of the Novikov and Sawada—Kotera equations, and the isospectral problems of the
Degasperis—Procesi and Kaup—Kupershmidt equations relate the corresponding hierarchies,
in both positive and negative directions, as well as their associated conservation laws. Com-
bining these results with the Miura transformation relating the Sawada—Kotera and Kaup—
Kupershmidt equations, we further construct an implicit relationship which associates the
Novikov and Degasperis—Procesi equations.
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1 Introduction

This paper is devoted to studying Liouville correspondences between certain integrable hierar-
chies and their interrelationships. One pair consists of the Novikov and Sawada—Kotera (SK)
hierarchies, which are initiated respectively from the Novikov equation [34, 55]

my = 3uugm + u’mg, m=u— U, (1.1)
and the SK equation [7, 62]
Qr + Quyyyy + 5QQyyy + 5QyQyy + 5Q2Qy =0. (1.2)

The second pair of integrable hierarchies is initiated by the Degasperis—Procesi (DP) equa-
tion [17, 18]

my = 3uzm + umy, m=1u— Ugy, (1.3)
and the Kaup—Kupershmidt (KK) equation [37, 39]
P; + Pyyyyy + 10PP,,, + 25P, Py, + 80P?P, = 0. (1.4)
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Furthermore, combining these explicit correspondences with the known Miura transformation
linking the SK and KK equations [23], we derive a nontrivial underlying correspondence between
the Novikov equation (1.1) and the DP equation (1.3).

The DP equation (1.3) was derived by Degasperis and Procesi [18] as a result of the asymp-
totic integrability method for classifying (a class of) third-order nonlinear dispersive evolution
equations. It was subsequently shown that the DP equation is integrable with a Lax pair invol-
ving a 3 x 3 isospectral problem as well as a bi-Hamiltonian structure [17]. Furthermore, the Lax
representation can be written in the form of a matrix spectral problem of Zakharov—Shabat (ZS)
form. The associated inverse scattering transform and the dressing method can be applied to
construct smooth soliton solutions for the DP equation [12, 13, 52]. Physically, the DP equation
provides a model describing the propagation of shallow water waves [14, 20]. It admits peaked
solitons (peakons) [17] as well as multi-peakon solutions which recover the soliton interaction
dynamics [17, 48] and exhibits a particular shock peakon structure [47]. The integrability, well-
posedness, wave breaking phenomenon and stability of peakons for the DP equation have been
studied extensively; see [9, 33, 43, 46] and references therein. The Novikov equation (1.1) with
cubic nonlinear terms was discovered as a consequence of the symmetry classification of nonlocal
partial differential equations involving both cubic and quadratic nonlinearities [55]. A Lax pair
formulation based on a 3 x 3 isospectral problem and the associated bi-Hamiltonian structure
were established in [34]. It was also shown that the Novikov equation possesses peaked solitons
and multi-peakon solutions [32, 34]. The well-posedness, wave breaking and blow-up phenom-
ena, as well as stability of peakons for the Novikov equation have been studied in a number of
papers, including [30, 45, 63].

The SK equation (1.2) and the KK equation (1.4) are two typical fifth-order integrable
equations [7, 37, 39, 62]. Their integrability can be verified from several different standpoints:
for instance, they both possess 3 x 3 isospectral problems and bi-Hamiltonian structures, enjoy
the Painlevé property, admit multi-soliton solutions, etc. Like the DP equation, the KK equation
also admits a Lax operator of ZS form, which can be applied to construct solitons of the KK hie-
rarchy, [2, 27, 52, 64]. In Section 2, we will see that both the Novikov and SK equations support
Lax operators of ZS form. Geometrically, the SK equation arises naturally from an integrable
planar curve flow in affine geometry [8, 59], while the KK equation comes from an integrable
planar curve flow in projective geometry [42, 54]. Interestingly, both equations are related to
the so-called Fordy—Gibbons-Jimbo-Miwa equation via certain Miura transformations [23].

Like the Camassa-Holm (CH) equation [4, 5, 25] and the modified Camassa—Holm (mCH)
equation [24, 60], the Novikov and DP equations exhibit nonlinear dispersion. Recent years have
seen a proliferation of papers for the CH and mCH equations studying their integrable properties,
geometric formulations, well-posedness for solutions of the Cauchy problem, and the stability
of peaked solitary waves solutions; see [1, 3, 6, 10, 11, 14, 15, 16, 29, 31, 35, 38, 41, 44, 51].
Interestingly, these equations support a notable variety of non-smooth soliton-like solutions and
can model the phenomenon of wave breaking.

The method of tri-Hamiltonian duality was developed [22, 24, 60] to systematically derive ad-
ditional nonlinear dispersive integrable systems. This method begins with the basic observation
that most classical integrable soliton equations that possess a bi-Hamiltonian structure, actu-
ally support a compatible triple of Hamiltonian structures using a particular scaling argument,
leading to a systematic algorithm [60], to construct their dual nonlinear dispersive integrable
systems. In particular, the CH and mCH equations appear as the duals to, respectively, the
KdV and mKdV equations.

In view of this duality, it is of interest to establish relationships between the full integrable
hierarchy and the corresponding dual integrable hierarchy. In [40] and [50], the correspondence
between the CH hierarchy and the KAV hierarchy is established through a Liouville transfor-
mation, the key point being that the two Hamiltonian operators of the CH hierarchy can be
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obtained directly from those of the KAV hierarchy. This argument does not work for the mCH
and mKdV hierarchies, whose correspondence through a Liouville transformation is based upon
a relationship between the corresponding recursion operators and some subtle identities relating
the respective Hamiltonian operators [36]. It demonstrates that the positive flow and negative
flow of the mCH hierarchy are generated by the negative flow and positive flow of the mKdV
hierarchy, respectively. The correspondences between the Hamiltonian conservation laws for the
CH (mCH) hierarchy and KdV (mKdV) hierarchy have also been derived [36, 40].

The goal of this paper is to study the similar Liouville correspondences between the flows and
Hamiltonian conservation laws in both the Novikov and SK hierarchies, as well as the DP and
KK hierarchies. Furthermore, an underlying correspondence between the Novikov equation (1.1)
and the DP equation (1.3) is also constructed. Our motivations are three-fold. First, it was
shown that the Novikov equation is related to the first negative flow of the SK hierarchy [34],
while the DP equation is related to the first negative flow of the KK hierarchy [17]. Second, the
CH and mCH hierarchies are related, respectively, to the KdV and mKdV hierarchies through
Liouville transformations relating their isospectral problems. Third, the SK equation is related
to the KK equation by a Miura transformation [23], and there exists a transformation found
in [36] which maps the mCH equation to the CH equation.

However, in the Novikov-SK and DP-KK settings, due to the non-standard bi-Hamiltonian
structures [26], we neither have the dual relationship, as in both CH-KdV and mCH-mKdV
settings, nor the subtle relationship between their Hamiltonian operators, as in the CH-KdV
setting [40, 50], nor between their recursion operators, as in the mCH-mKdV setting [36]. On the
other hand, given that the Novikov and DP equations are both third-order nonlinear equations,
while the SK and KK equations are of fifth order, it seems difficult to establish any relationship
between the Novikov or DP equations with the flows in the negative direction of the SK hierarchy
or the KK hierarchy. Nevertheless, based on the Liouville transformation between the isospectral
problems of the Novikov and SK hierarchies, as well as the DP and KK hierarchies, we are able
to establish certain nontrivial identities which reveal the underlying relationship between the
recursion operator of the Novikov (DP) hierarchy and the adjoint operator of the recursion
operator for the SK (KK) hierarchy. Using these operator identities, we are able to prescribe
a Liouville correspondence between the flows involved in the Novikov-SK hierarchies and DP-KK
hierarchies.

It is worth noting that, in the Novikov-SK setting, in order to establish the explicit rela-
tionship between the flows in the positive Novikov hierarchy and the flows in the negative SK
hierarchy, we make use of a novel factorization of the recursion operator of the SK equation
to identify the equations transformed from the positive flows in the Novikov hierarchy as the
corresponding negative flows in the SK hierarchy exactly. The factorization is based on the
following nontrivial operator identity for the recursion operator of the SK equation [8]:

R =—(05 +2Q0, + 20,Q) (205 + 202Q0, " + 20, ' Q0 + Q%0, " + 0,'Q?)
= —2(04 + 5Q02 + 4Qy0y + Quy + 4Q +2Q,0,'Q) (92 + Q + Q,0, ).

Since conservation laws play a key role in the study of well-posedness of solutions, stability of
solitons, and wave-breaking phenomena, another topic of this paper is to establish relationships
between the Hamiltonian conservation laws for the Novikov and SK hierarchies, and the DP and
KK hierarchies. These rely on some new identities for Hamiltonian conservation laws related by
the Liouville transformations and certain known results.

This section is concluded by outlining the rest of the paper. In Section 2, we first present
the Liouville transformation relating the isospectral problems of the Novikov hierarchy and the
SK hierarchy in Section 2.1. Next in Section 2.2, several operator identities are combined with
the Liouville transformation to establish the one-to-one correspondence between the flows in the
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Novikov and SK hierarchies. It is proved in Section 2.3 that the Liouville transformation estab-
lishes the correspondence between the series of Hamiltonian conservation laws of the Novikov
equation and the SK equation. The Liouville correspondence between the DP hierarchy and the
KK hierarchy, and the relationship of their conservation laws will be studied in Section 3. In
Section 4, we obtain a nontrivial relationship between the Novikov equation (1.1) and the DP
equation (1.3) by exploiting the Miura transformations relating the SK equation (1.2) and the
KK equation (1.4) and the results in previous Sections.

2 The correspondence between the Novikov and SK hierarchies

2.1 A Liouville transformation between the isospectral problems
of the Novikov and SK hierarchies

In this section, we first obtain the Liouville transformation relating the Novikov and SK hi-
erarchies. In accordance with standard terminology, a Liouville transformation is defined by
a change of variables which maps one spectral problem to another [53, 56]. If the transformation
does not affect the independent variables, it is referred to as a Miura transformation.

The Novikov equation

my = u’myg + 3uugm, m=u— U, (2.1)

can be expressed as the compatibility condition for the linear system [34] consisting of

0 xm 1 Y1
v,=(0 0 Im| WP, W= 11|, (2.2)
1 0 0 (0F
and
%)\_2 —uuy A lugy — Auim ui
U, = Al —Z)\72 —A "ty — AuPm | .
—u? Ay %)\_2 + vy

Note that equation (2.2) is reduced to a scalar equation by setting ¥ = )3, namely

Uope = 2m ' myWoy + (M mgy — 2m%m2 + 1), + Nm? 0. (2.3)
It was proved in [34] that by the reciprocal transformation

2 2 9

dy = m3dz + m3u~dt, dr = dt, (2.4)
the isospectral problem (2.3) is converted into

Pyyy + QPy = p®, (2.5)
with

_10 1 7 _

4
d=0, =\ Q= g™ ?mm—gm_§mm—m , (2.6)

ol

which is a third-order spectral problem for the SK equation. Note that the isospectral problems
for the Novikov equation and the SK equation can also be written as the Zakharov—Shabat (ZS)
form

\i’y + (Ql - S\J)\i/ =0,
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where \ = )\%, while

—g gy 0 0
Q= 0 g gy +hthy 0 ,
0 0 —h~h,

is a diagonal s[(3) matrix. The functions here, g(y,t), h(y,t) satisfy the system

1 2
9yy +h " hygy +hg =0, W hyy — 207 g + h = 7§m_1myy + §m_2m§, —m”3,

in the case of the Novikov equation, and
gyy + B hygy +hg =0,  h'hy, —2hThI 4+ h = Q,

for the SK equation.
Moreover, using (2.4),

O = 0r + miu20,,

the t evolution of ¥ = 1) in (2.2) is transformed into

1 2 , 1
o, — —(V&,, — V@) + —2=0, with V =ums. (2.7)
% 3p
Notice that (2.7) is equivalent to
1
O, + — (W, — W,d,) =0 (2.8)

3

after gauging ® by a factor of €27/(3#) and setting W = —3V. Indeed, the linear system (2.5)
and (2.8) provides the Lax pair for the first negative flow in the SK hierarchy [28] (see also [33,
34]), and the compatibility condition ®yyyr = Pryyy yields

Qr =Wy, Wyy + QW =T, Ty, =0. (2.9)

Therefore, we conclude that there exists a Liouville correspondence between the Novikov equa-
tion (2.1) and the first negative flow (2.9) of the SK hierarchy, where their corresponding Lax
pairs are related by the transformations (2.4) and (2.6).

In light of this, we are led to generalize the Liouville correspondence between the Novikov
equation and the first negative flow of the SK hierarchy to their entire hierarchies, establishing
the correspondence between the flows of the Novikov and SK hierarchies. Motivated by (2.4)
and (2.6), we pursue this study by utilizing the Liouville transformation

_ 10 1 7

xr
4
y= / m%(t,ﬁ)df, T =1, Q= §m ?mi — gfm_ﬁmm —m”3.

ol

(2.10)
Note that the first expression in (2.10) has the form of a reciprocal transformation [61].

2.2 The correspondence between the Novikov and SK hierarchies

Let us now study the correspondence between the Novikov hierarchy and the SK hierarchy. First
of all, the Novikov equation (2.1) can be written in bi-Hamiltonian form [34]
0Ho 0H1

mt:Kl :K%ZJ%, m=u— Ugg, (211)
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ms0,ms (40, — 02) 'msoyms, T = (1—0)m ' a,m (1 - 92) (2.12)

are the compatible Hamiltonian operators. The corresponding Hamiltonian functionals are given
by

H0:9/(u2+ui)dx

and

Hqi = é/um@;lm(l — 85)_1 (u2mx + 3uuxm)da:.

Moreover, since

8;1(mut) = / (U — gy )updr = —(uguy — wug)(t, ) + / w(up — Ugqt)da

—00 o0
x

—(ugup — uug)(t, ) +/ u(u my + 3uu,m )d:r;

—0o0

= (Ut — uguy + u3m) (t,z),

using the Novikov equation (2.1),

1 1
Hi= / um@;l(mut)dx = - / um(uumt — Uy Ut + u?’m)dx
6 Jr 6 Jr
=— [ u'muydr — = | vuymwdzr + = | wmdx
6 Ja 6 Jn 6 Ju

1 1
= / (—3uu$m - u2mx)utdx + - / u*m?de,
6 Jr 6 Jr

which implies that H; can be written in the following local form in terms of u and m:
Hi= / (u4m2 — mtut)dx.

According to Magri’s theorem [49, 57, 58], an integrable bi-Hamiltonian equation with two
compatible Hamiltonian operators K and J belongs to an infinite hierarchy
OHp— 4]
m

om

of higher-order bi-Hamiltonian systems, in both the positive and negative directions, where H,,,
n € Z are all conserved functionals common to all members of the hierarchy.

The Novikov equation (2.11) serves as the first member in the positive direction of (2.13).
As for the negative direction, observe that

Ko=J5"=0,

and the Hamiltonian operator I admits the Casimir functional

He

om

o=

Heo = g/mgdw with =3m
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Therefore, we conclude that the negative flows of the Novikov hierarchy are generated from the
Casimir equation
OH_4 He

=K =7+ =72 " =3Tms. (2.14)

The SK equation

QT + nyyyy + 5Qnyy + 5Q9ny + 5Q2Qy =0 (215>

exhibits a generalized bi-Hamiltonian system, whose corresponding integrable hierarchy is ge-
nerated by a recursion operator R = K7, with

K = —(82 +2Q0, +20,Q) (2.16)
and
J =205 +202Q0," + 20,1 Q0% + Q%9 + 0,1 Q. (2.17)

As noted in [26], K maps the variational gradients of the conservation laws of the equation under
consideration onto its symmetry groups, while J works in the opposite way.

Definition 2.1. The equation Q, = K[Q)] is called a generalized bi-Hamiltonian system if there
exist an implectic (Hamiltonian) operator K and a functional Hy such that
- §Hy
K|Q| =K——,
Q)= K55
as well as a symplectic operator J and a corresponding functional H; satisfying
_ 6t
K[Ql = —.

The term “generalized bi-Hamiltonian system” is taken from [26], and refers to the fact that
we do not assume any nondegeneracy or invertibility conditions for the operators K and .J.
These are particular instances of the general notion of compatible pairs of Dirac structures,
whose properties are developed in Dorfman [19].

Therefore, defining

_ 1 . oH
=g [(@-3@hay  win 0102 1q,, (218)
one finds that the SK equation (2.15) can be written as
. _0Ho
Q, = K1 =K%,

and the positive flows of the SK hierarchy are generated by applying successively the recursion
operator R = KJ to Ki, namely

Q- =K,=(KJ)" 'K, n=12,.... (2.19)

On the other hand, in the negative direction, note that the trivial function f = 0 satisfies the
equation

_ OH
Tf="55
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Then the n-th negative flow is proposed to take the form
R"Q, =0, n=12,.... (2.20)

Furthermore, it has been discovered in [8] that the recursion operator R satisfies the following
decomposition

R=KJ =—(0; +2Q0, +20,Q) (20 + 20,Q0, " +20,'Q0; + Q*9, " + 8, Q*)
= —2(0, +5Q0; +4Qy0y + Quy +4Q* +2Q,0,'Q) (0, + Q + Q,9,"). (2.21)

This factorization result demonstrates that the first negative flow (2.9) in the SK hierarchy
derived in [34] satisfies RQ, = 0. We have thus confirmed the formulation (2.20) for the
negative flows.

We are now in the position to establish the theorem which shows how the transforma-
tions (2.10) affect the underlying Liouville correspondence between the Novikov and SK hie-
rarchies. In this theorem and hereafter, we denote, for a positive integer n, the n-th equation in
the positive and negative directions of the Novikov hierarchy by (Novikov),, and (Novikov)_,,
respectively, while the n-th positive and negative flows of the SK hierarchy are denoted by (SK),
and (SK)_,,, respectively.

Theorem 2.2. Under the Liouville transformation (2.10), for each nonzero integer n € Z, the
(Novikov),, equation is mapped into the (SK)_,, equation, and conversely.

The proof of this theorem relies on the following two lemmas.

Lemma 2.3. Let m(t,z) and Q(1,y) be related by the transformation (2.10). Then the following
operator identities hold:

m (1 - 02)m™s = —(Q + 82), (2.22)
m '\ Ims = %ayjay, (2.23)
m”5 (40, — F)m 5 = K. (2.24)

Proof. (i). In view of the transformation (2.10), one has 0, = m%Oy. It follows that

o L 2 2 o 2 _1
Oym™3 =m39ym3 0y, = md, + (m B)M,

where, by (2.10), a direct computation yields

(178, = g n~m), = 3 (G imd = (Gt = 3m Q) )
=m(m™5 + Q).
We thus arrive at
m (L= ) ms = (mh — (ma + o+ mQ)) = —(Q + 92).
(ii). Thanks to (2.22), we deduce that

m~ (1= 02)m9,m (1 - 02)m 30, = (Q +82)0,(Q + 82)9;, " = %ayj,

verifying (2.23).
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(iii). Using the transformations (2.10) again, we find

2 2 5 2 5
8§m_% = m%(?y <8y - 3m_§mz> —m3 (85 — gm_ﬁmxﬁy — gm_% (m_Smx)m)
2 8 o _2 2 2 2 5
=3™ smy + 2m 3+2m3Q—§m mg0y +m30,.
Hence,
m=3 (4835 — 6§)m_% = m_%ay(zl — 8§)m_%
2 2
— m_gay (2m_§ — §m_%m§ — ngQ + gm_lmxay m§8y>
4 2 8 _4

2 2
+ <2m_§ — §m_13*0mi +agms (m~tmg) — 2Q) oy
2, 2 2 2 _ o3
+ [m 3(m3)x—§m my | 0, — 0y,
then (2.24) follows. [

The relationship between the recursion operator for the Novikov hierarchy and the adjoint
operator of recursion operator for the SK hierarchy is given by the following result.

Lemma 2.4. Under the transformation (2.10), the relation
m~H(TK)"m = 9,(TK)"9," (2.25)
holds for each integer n > 1.

Proof. We prove (2.25) by induction on n. First, using the inverse operator KX~! along
with (2.10), we deduce from (2.23) and (2.24) that

m Y TK 'm = 2m_1jm_%6;1m_% (4635 — 8§)m_%8_1m% = (%jl@ﬁy_l,

which shows that (2.25) holds for n = 1. Next, we assume that (2.25) holds for n = k, say
m~ Y (T m = 8,(TK)" 0, .

Then for n = k + 1, thanks to the result when n = 1, one has
mH(TE)  m = m T TN (TR = 0, (TK) o,

This completes the induction step, and thus proves the lemma. |

Proof of Theorem 2.2. The proof of Theorem 2.2 contains two parts:
(1). Let us begin with the (Novikov)_,, equation for n > 1. First, since the relation (2.10)
can be rewritten as

Q=-m(1-08)m 3, (2.26)

we deduce from (2.22) that the first negative flow (2.14) of the Novikov hierarchy satisfies

my=K_1=-3(1- 8§)m*1Q$ =3m(Q + 85)@?; = 3md, (;QQ + ny) :
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Hence, the n-th member in the negative hierarchy takes the form
n— _ n— 1
my=K_, = (JK)" ' K_1 =3(7K)" 'md, <2Q2 + ny> , m=1,2,....(227)

Next, suppose that m(¢, x) is the solution of the equation (2.27). We calculate the t-derivative
of the corresponding function Q(7,y) defined in (2.26). More precisely, we deduce that, on the
one hand,

QtzQTwy/( H(1,),06 = Qr +5Qu07 M Smy = Qr + Q0 m .

and on the other hand, in view of (2.26),

L =

Q= m~m (1= R)m S+ T (1= Z)m b, = <Q— (1_ag)m—§>mt,

Hence, combining the preceding two equations, we arrive at
2 -1, -1 -1 " 2\, —4 Loy
Q= —ngGy m —m Q-+ 3™m (1 - Gx)m 3 ) my = glCay m” my, (2.28)

where we have made use of the formula (2.22).
Finally, according to Lemma 2.4, we deduce that if m(¢, x) is the solution of the (Novikov)_,
equation (2.27), the corresponding Q(7,y) satisfies

Q. = Koy m (757 ), (30 + Q)
1 o _
= IC(jIC) ! <2Q2 + ny> = Rn lKl - Kn

This immediately implies that Q(7,y) solves the (SK),, equation (2.19).

Conversely, if Q(7,y) is a solution of the (SK),, equation for n > 1, since the transforma-
tion (2.10) is a bijection, tracing the previous steps backwards suffices to verify that the reverse
argument is also true.

(ii). Now, we focus our attention on the (Novikov),, equation for n > 1, which can be written
as

Mo _

K52 = 9(Kg )" msd,ms (40, — 0) 'm3dmiu. (2:29)

Plugging it into (2.28), we find
Q, = 3K, 'm = (KT )" ' m30,m5 (40, — 82) " 'm3dmsu.

As a consequence, the operator factorization identity (2.21), when combined with (2.25), allows
us to deduce that, for each n > 1, if m(¢, x) solves the (Novikov),, equation (2.29), then for the
operator B defined by

B = —2(9, + 5Q0; +4Qy0, + Qyy +4Q* + 2Q,0, ' Q),
the corresponding Q(7,y) satisfies
R"Qr = B(92+Q+Q,0,")(KJ)" Qs
= 389, (92+ Q)9 (/Cj)” o (I T Y ms 8,ms (40, — 82) " ms dymu
= 3B9,(92 + Q) 9, ' Km5 (49, — %) 'm30,m5u
— 380, (02 + Q)m%u = —3B0,-1=0,



Liouville Correspondences between Integrable Hierarchies 11

where we have made use of the operator identity (2.22). This immediately reveals that Q(7,y)
solves the (SK)_,, equation (2.20). We thus prove that, for each n > 1 the (Novikov),, equation
is mapped into the (SK)_,, equation under the transformation (2.10).

In analogy with the proof of part (i), the reverse argument follows from the fact that (2.10)
is a bijection. |

2.3 The correspondence between the Hamiltonian conservation laws
of the Novikov and SK equations

According to Magri’s theorem, one can also recursively construct an infinite hierarchy of Hamil-
tonian conservation laws of any bi-Hamiltonian structure. In particular, for the Novikov equa-
tion (2.1), at the n-th stage we determine the Hamiltonian conservation laws H,, satisfying the
recursive formula

OHn—1 0Hn

K== =g=" nel, (2.30)

where K and J are the two compatible Hamiltonian operators (2.12) admitted by the Novikov
equation. On the other hand, the recursive formula

jl@éHn_l _ 5’Hn,
0Q 0Q
formally provides an infinite collection of Hamiltonian conservation laws for the SK equa-
tion (2.15), using the operator pair K and J given in (2.16) and (2.17).
In this subsection we investigate the relationship between the two hierarchies of Hamiltonian
conservation laws {#H,} and {#,}. Let us begin with two preliminary lemmas.

n ez, (2.31)

Lemma 2.5. Let {H,} and {H,} be the hierarchies of Hamiltonian conservation laws of the
Novikov and SK equations, respectively. Then, for each n € Z, their corresponding variational
derivatives satisfy the relation

OHp 1,4 _1 0H_(ny9)
5o 3% mok—5,

. (2.32)

Proof. The proof relies on an induction argument. First of all, since

5H Ly OH - “1oym” E
s =K =3 (1= ) m T e (1 - 9F)m S ]
= 3K (1= )m™' Qs = 3K"'m(Q + 9})Q, = 3’Clmay§57220’

by (2.10), (2.22), and (2.26), and so, clearly, (2.32) holds for n = 0.
Suppose by induction, that (2.32) holds for n = k with k£ > 0, say

OHr 1, _1 0H (19
20 ~ 3% moh—

Then, for n =k + 1, by (2.30) and (2.31), we deduce that

OHirr  »p0He 1 oo 1 OH (i)

50 _jKdQ —3JIC8I m- 3K 5
_}—— -1, —1 -1 5H—(k+3) _1 -1, -1 5H—(k+3)
fBJICQ/ m KJ Kiém f38x m SICi(Sm ,
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where we have made use of Lemma 2.4 with n = 1. This verifies (2.32) for n > 0, completing
the first step.
Next, in the case of n = —1, it follows from dH_;/ém = 3m~1/3 that

1_ — 1
YkortmcM= Z Lta, 10,
3 om

which, together with the fact that K - (0H_1/6Q) = 0 shows that (2.32) holds for n = —1.

Finally, to prove (2.32) holds for all n < —1, we assume that (2.32) holds for n = k. Then
for n = k — 1, using the recursive formulae (2.30) and (2.31) and Lemma 2.4 with n = 1 again,
we infer that

57‘[,@,1) 1 OH _1 57:lk_2 1 == 57:[k_3 1 1 57‘7[19_3
which establishes the induction step for n < —1 and thus proves the lemma in general. |

In order to establish the correspondence between Hamiltonian conservation laws admitted by
the Novikov and SK equations, we require the formula for the change of variational derivatives.

Lemma 2.6. Let m(t,z) and Q(1,y) be related by the transformations (2.10). If H(m) = H(Q),
then
M1

-m~ 39, 'K

oH IH
om 3

Q’
where K is the Hamiltonian operator (2.16) admitted by the SK equation (2.15).

(2.33)

Proof. First of all, motivated by (2.10) and (2.26), we introduce
Flm(t,2) = —m™ (1= 92)m™% = Q(r,y).

Then the Fréchet derivative of F[m] is

4
Dpjm) = gm_% — m_g(m_%) s

— g - é(Q + 02l = f%(m +02)mL

On the other hand,

d
de
where, by (2.10),

y fixed
Flm + ep),

e=0

E:Oy(m +ep) + P

d
F[m+6p] :Qy&

e=0

d

2
= zKWl+ep)==§aZ”n’%ﬂ

e=0

Next, it follows from

d 1 2\ —1
| Fln -+ ep] = Drguy ) = —5 (4@ + Fym
that
d y fixed 1 ) . 9 o 1 o
dele=o F[m+6p]:_§(4Q+ay)m P—ngay m p:§IC8y m-p.
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Finally, the assumption of the lemma implies that

% H (F[m + ep)).

e=0

d
6:03'-[(771 +ep) = I

According to the usual definition of the variational derivative, we have, on the one hand,

d OH

— = | — - pdx. 2.34
de e:OH(m+€p) /5m pet (2:34)

On the other hand, using the fact that K is skew-symmetric, we infer that

OH  d jyfixed oH

d _
— F = | 5= F dy = < Koy 'm ™ pd
Ge | P + €pl) 50 dc oo [m + epldy = 50 pdy
1 2/ =A * H _1 1
=3 ms3 (/CE)y m- ) pdx = m 8 IC— pdx,
which, in comparison with (2.34) verifies (2.33), proving the lemma. [

Finally, referring back to the form of the Hamiltonian operator X, one has
K~ 'm30, = 2m~ 30, 'm ™5 (40, — 03)m™3 = 2m~ 30, 'K.

It follows that the relation (2.32) can be written in an equivalent form, namely

OHn o1 1, OH_(ni2) L OH (o)
5 = 3K m38$76Q v Ko

(2.35)

Therefore, subject to the hypothesis of Lemma 2.6, if we define the functional

Hn _ 1 140G,
om 3" "% Mg

This, when combined with (2.35), immediately leads to

GI(Q) = 18H_(n42)(Q),

and then

Hn (m) = 187:[—(n+2) (Q)

follows. We thus conclude that there exsits an one-to-one correspondence between the sequences
of the Hamiltonian conservation laws admitted by the Novikov and SK equations.
Indeed, we have proved the following theorem.

Theorem 2.7. Under the Liouville transformation (2.10), for each n € Z, the Hamiltonian con-
servation law H,(Q) of the SK equation is related to the Hamiltonian conservation law H_,(m)
of the Novikov equation, according to the following identity

Hn(m) = 187:[,(n+2)(Q), n € Z.
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For instance, in the case of n = 2,

57’[-2 _ IciljéH—]_

om om "’

which can be expressed in terms of ) according to (2.26), say

OH 2

om

1o g (1 _1 5
As a consequence,
z (1 L 3 2
with @ being determined by (2.10) and (2.26), which, when compared with (2.18), shows that
H_2(m) = 18Ho(Q), in accordance with Theorem 2.7.
3 The correspondence between the DP and KK hierarchies

3.1 A Liouville transformation between the isospectral problems
of the DP and KK hierarchies

The Lax pair for the DP equation
ng = Ny + 3vgn, n=1v— Vg, (3.1)

takes the form [34]

0 10 (01
T, = 0 0 1|¥, =], (3.2)
-n 1 0 @Dg
and
Vg —v -1
v, = v 2! —v v,
An+v, 0 —Al—u,

These can be rewritten in scalar form by setting ¥ = 11, namely
Upow — Uy + AT =0, Uy + AN, + 00, — 0, ¥ = 0.
Consider the KK equation
P; + Pyyyyy + 20PPyy,, + 50P, Py, + 80P*P, = 0. (3.3)

It has been shown in [34] that the Lax pair for the first negative flow of its associated hierarchy
is

O,y + 4PD, + 2P,® = ® (3.4)

and

1 1
O, +pt (Ucbyy — 35Uy + E(Uyy + 16PU)<I>> =0, (3.5)
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which is a reduction of a (2 + 1)-dimensional non-isospectral Lax pair given in [28]. The com-
patibility condition for (3.4) and (3.5) gives rise to

P, = ZUy, AU =0, (3.6)

where A is the fifth-order operator
A =095 +6(0,P02 + 02P0,) + 4(05 P + POy + 32(9,P* + P?0,).

In analogy with the Liouville correspondence between the Novikov equation and the first
negative flow of the SK hierarchy, there exists a similar correspondence between the DP equation
and the first negative flow of the KK hierarchy. In fact, it has been found [17] that the following
coordinate transformations

dy = n3de +n3odt,  dr = dt,

together with
1 /7
V=n"5®, A=-p,  P=- ("n2 -

will convert the scalar form of the isospectral problem (3.2) into (3.4).

As before, in this section we investigate the Liouville correspondence between the DP and
KK hierarchies. More precisely, the respective flows in the two hierarchies are related by the
Liouville transformations

- [whegae -t (3.7
and
1 2 1
P = 1 (;n_§n§ - gn_%nm — n_§> = Zn_% (402 — 1)n_%. (3.8)

In addition, the relationship between the Hamiltonian conservation laws for the DP hierarchy
and those for the KK hierarchy is also clarified.

3.2 The correspondence between the DP and KK hierarchies
The DP equation (3.1) is also a bi-Hamiltonian system [17]

nt:Glzﬁ@:D&, n=19v— Vg,
on én
where
L=n50,n5(0, — ) 'n3oms,  D=0,(1-0%)(4—0?) (3.9)

are a pair of compatible Hamiltonian operators, and the corresponding Hamiltonian functionals

are
9 1
& = 5 /nda:, &= 6 /u?’dx.

Applying the recursion operator R = LD} successively to the initial symmetry n; = G;
gives rise to an infinite hierarchy
0&-1 0&

n=G =1L i :D%,

leZ,
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of commuting bi-Hamiltonian flows and consequent conservation laws &;. As far as the associated
negative flows are concerned, noting that

Go = D20 _,
on
and £ admits the Casimir functional
Ec = 18/n§daz with 56—0 = 6n7%.
on

Therefore, we conclude that the first negative flow of the DP hierarchy is the Casimir equation

ng=G_1 = D&:—C = 6Dn*%
on
and applying R1=pr! successively to it produces the hierarchy of negative flows, in which
the I[-th member takes the form

=G =6(DL ) 'Dn7E, 1=1,2,....

Analogous to the SK hierarchy, the integrable hierarchy of the KK equation also arises from
a generalized bi-Hamiltonian structure, the flow is governed by P; = G;[P], where G;[P] are
determined by the relations

and DGZ [P] = <=

with

L =—(9; 4 2P0, + 20,P),
D — A3 2 -1 -1 2 29—1 -1 p2 (3‘10)
D = 9, + 6(Pd, + 0,P) + 4(9, P9, + 8,/ Po;) + 32(P*9, ' + 9, P?),

and R = LD is the consequent recursion operator. It is easy to see that the KK equation (3.3)
in this hierarchy is exactly
~6&

Py = Gi[P] = Lom = L(Pyy + 8P?),

with the corresponding Hamiltonian functional

= 8 1
= —P3——P?)dy.
a-| (3 2 y) ’
Similarly, if we use the fact that D -0 = 6&y/6 P, we may conclude that the negative flows of
the KK hierarchy take the form

(£D)'P, =0, 1=1,2,.... (3.11)

It is worth noting that since D = 0y 1./48?; 1 so the equation (3.6) arising from the compatibility
condition of the Lax pair (3.4) and (3.5) is a reduction of the first negative flow LDP; = 0.

As before, we hereafter denote, for a positive integer [, the [-th equation in the positive and
negative directions of the DP hierarchy by (DP); and (DP)_;, respectively, while the I-th positive
and negative flows of the KK hierarchy by (KK); and (KK)_;, respectively. With this notation,
we state the main theorem on the Liouville correspondence between the DP and KK hierarchies
as follows.
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Theorem 3.1. Under the Liouville transformations (3.7) and (3.8), for each nonzero integer

0 #1 € Z, the (DP); equation is mapped into the (KK)_; equation, and conversely.

The proof of this theorem is based on the following two preliminary lemmas, which clarify

the relations between certain operators.

Lemma 3.2. Let n(t,x) and P(7,y) be related by the transformations (3.7) and (3.8). Then

the following identities hold:

Proof. (i). Define xy = n%, so from (3.7) and (3.8), we have d, = x0J, and

_ -1
P_ZX Xy — 53X Xuy — X

And then, a direct calculation shows that
9 _1 _1 3.9 1 1
Tox "2 = XOyxOyx "2 = X205 — 5x(X ")) s

where, by (3.15)

We thus have
11 1 3
OixF = X2+ x2 (P +3)),
which immediately leads to

1 5
(4 — 8%) Xﬁé = —X% (P =+ 3;),

and verifies (3.12).
(ii). To prove (3.13), according to (3.7) and (3.8), we only need to verify

L=x"0,(1-03)x"
In fact, since
(=) =x""+x(x""xy), +xy0y — x5,

one has

(3.15)

(3.16)

X0y (1= )X =T (T (T ),), X X (T ) Xaw) 9y — 9y

This, when combined with (3.15), proves (3.16).
(iii). In view of the explicit form of D, we deduce that

X DX P =x"Lx(4-92)x 2,
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where we have made used of (3.13). In the right-hand side of the preceding equation
X(4 = )X = x (7 2x (X ), +3x T g0y — 97)
= —16xP — 6xyy + 3xy0y — X@Z.
Hence,
X Lx(4-07)x?
=x (32XPPy + 64(XP)y P + 12xyy Py + 24Xyyy P + 16(XP)yyy + 6nyyyy)
+ x (64X P? — 6xy Py + 12Xy P + 48(XP)yy + 15Xyyyy) Oy
+x 7N (2xPy — 8xy P + 48(X P)y + 10xyyy)0; + 20P0; + 0}
= 4(16PP, + P,y,) + 2(32P° + 9P,,) 0, + 30P,0; + 20P0; + 0,

which implies

X_3DX_2 = 8y1_?(9y,
and then (3.14) follows. [
Lemma 3.3. Under the transformations (3.7) and (3.8), the relation

n Y (DL 'n = 8,(DL) 9, (3.17)
holds for each integer I > 1.

Proof. Due to the form of the inverse operator £~! and the identities (3.13) and (3.14), we
arrive at

n'DL ' = 8,D9,0; 05 (9, — 93)n 59, 'ns = 9,DL; ",

which verifies (3.17) for [ = 1. Then an obvious induction procedure allows us to prove (3.17)
in general. Hence the lemma is proved. |

Proof of Theorem 3.1. To prove this theorem, we take the analogous steps as in the proof of
Theorem 2.2. First of all, the derivative of P with respect to t is

z 1 1
P =P+ Py/ (né(t,f))tdé =P, + gPyﬁ;ln_%nt =P+ gPyay_ln_lnt.

On the other hand, it follows from (3.8) that

P = én_%nt(l — 48%)71_% + in_% (1 — 40§)n_%nt
1

_ 1 1 _z
:fiPn lntJrﬂn 2(1748£)n 6 M.

From the preceding equations and using the formula

—~

3.12), we have

1 1 1 =
P - (_3pyay—1 ol a;)) g = 207y, (3.18)

| =

Now, suppose n(t, z) is the solution of the (DP)_; equation

=G =6 ) 'Dn5, 1=1,2,..., (3.19)
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and n(t,z) is related to P(7,y) according to (3.7) and (3.8). Then plugging (3.19) into (3.18),
one finds that the corresponding function P(7,y) satisfies

l

Py = L0, ' (DL D05 = £(DL) 19 e DS

-1 = = _ 1.1 -0& _
— (£D) LD 0= (£D) 22 — G,
dP
This shows that by the transformations (3.7) and (3.8), the (DP)_; equation is mapped into the
(KK); equation.
When it comes to the (DP); equation for [ > 1, inserting the formula

ny =G = (w*l)l‘lﬁ% = (oY) e

| ©

for the (DP); equation into (3.18) yields

e,

3501 -1 -1
P = Z[ﬁy n (ED )
Therefore, referring back to the form of the operator D and using the identity (3.17), we deduce
that

(£D)'P. = 2£(DL) o) n M (£D ) 7L 1
= %Ea;lnflp 1= —Z(ag +4P +2P,0,') -0 =0,

which shows that P(7,y) is a solution for the (KK)_; equation (3.11). We thus have proved that
for each [ > 1, the (DP); equation is mapped, via the transformations (3.7) and (3.8), into the
(KK)_; equation.

As in Theorem 2.2, the converse argument is also valid. |

3.3 The correspondence between the Hamiltonian conservation laws
of the DP and KK equations

We now investigate the relationship between the Hamiltonian conservation laws of the DP and
KK equations. For the DP equation (3.1), with the Hamiltonian pair £ and D defined in (3.9) in
hand, the corresponding recursive formula formally defines an infinite hierarchy of Hamiltonian
conservation laws & determined by

0&-1 o0&

=D— Z. 2
L 5n 5 le (3.20)

For the KK equation, its Hamiltonian conservation laws & can be determined by the generalized
bi-Hamiltonian (bi-Dirac) structure
_ 561 &
DL = — leZ
5P 0P ST

with £ and D given by (3.10).

Before proving the main theorem for the correspondence between the two hierarchies of
Hamiltonian conservation laws {&;} and {&}, two lemmas regarding their variational derivatives
are in order.
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Lemma 3.4. Let {&} and {&} be the hierarchies of Hamiltonian conservation laws of the DP
and KK equations, respectively. Then, for eachl € Z, their corresponding variational derivatives
are related according to the following identity

0& 1 o 9 ura
= 6e7tng, (3.21)

Proof. We first consider the case of | < —2. Since

0€_1

= £ 'DE=L — 67D i = 6£7'n0,D - 0,
on

5n

then the fact D -0 = 6&y/J P reveals that (3.21) holds for [ = —2.
We proceed by induction on [. Assume that (3.21) holds when | = k, namely

0k a1 o O (k42)

From the recursive formula (3.20) and by the assumption,

55_*(’%1) A —58_*(1%2) 1,-1 0& 1,-1 1,08k L
5P DL 5P fD[,(‘) L— 5o fDEE) LD L—— 5
Then, thanks to Lemma 3.3 with [ = 1, we conclude that (3.21) holds for [ = k — 1.
Furthermore, for the case of [ = —1, we claim
5P 6 " e

Note that £_; is a Casimir functional for Hamiltonian operator £, it suffices to show that

0E_1
on

Fo—1 -1
Loy 'n et —o.

Indeed, from the definition of the operator £ and the formula (3.13), we have
Eﬁy_ln_lﬁn_% = n_éax -1 =0,

proving the claim and verifying that (3.21) holds for | = —1.
Finally, induction on [ shows that if (3.21) holds for [ = k, then for | = k + 1, from the
recursive formula (3.20) and the identities (3.13) and (3.14), we infer that

01 1 08k 1 o 0 ey o = 0E (jya
6E_ 5E_
2,91 -1 3\, —+ (k+3) -1 (k+3)
=6n 38x n 3(81—8x>n 3T:6£ nﬁyT,
which completes the induction step, and thereby proves the lemma. |

Lemma 3.5. Let n(t,z) and P(7,y) be related by the transformations (3.7) and (3.8). If
E(n) = E(P), then
1 s
) 8 1596 )

56" 5P (3.22)

where L is the Hamiltonian operator (3.10) admitted by the KK equation (3.3).
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Proof. As the first step, in view of (3.8), for convenience, we introduce the notation

Fn(t,z)] = —n"2 < - a2> n"s = P(r,y).

I 5 1 8, 1 I 1, 7
DF[n]:gn 3o gn 2(n 6)M_En 2(n e)m
1 _ 1 _ 1 _
=—n 1P—6(P—|—8§)n 1:—6(413—1—65)11 L

On the other hand, we get

yfixed .

d 1.4 _ 1o.1 —
Fln+epl =Dsp) - gPy(?y In=lp = 6£8y In=lp.

de

e=0
Secondly, by the assumption, one has

d d
4 e =2
de

L0 = | )

e=0

Furthermore, due to the fact that £ is skew-adjoint, the righ-hand side of the above expression
yields

d _ - 0  d yfixed -
— F = [ = — F d
delofFlterl) = [ 55 Gl oy Tt erldy
55 1 a—1 —1 1 72 -1 —65
:/5P. <6E8y n p) dy = 6/n 30, Eﬁpdx,
which, combined with the definition of the variational derivative, produces (3.22). n

Finally, it follows from (3.14) and (3.17) with [ = 1 that
Eilnay = Dflnayﬁﬁ_ = n%a;lﬁ,
which, together with (3.21), implies

0E_(142)
orP

L —6n 50, 'L (3.23)

Now, we suppose that n(t,z) and P(7,y) are related by the transformations (3.7) and (3.8).
Define a functional

Gr(P) = &(n),
for some k € Z. Then from Lemma 3.5, we conclude, for each k € Z,

66 1 _2_ | -6G
IR T

which, in comparision with (3.23) produces
Ei(n) = Gr(P) = 36E_(119)(P).

As a consequence, the following theorem is thereby proved.
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Theorem 3.6. Under the Liouville transformations (3.7) and (3.8), for each l € Z, the Hamil-
tonian conservation law E(P) of the KK equation is related to that &(n) of the DP equation,
according to the following identity

Sl(n) = 365—‘,(l+2)(P), leZ.

For example, in the case of [ = —2, it is inferred from (3.13) and (3.14), and using the fact
D-0=6E/5P = (P, + 8P?), that

0E_o 1.0E 1
= D
on £ on

__ 80
=639, 'LD-0=—6n"5 (Pyyyy +20PP,, + 15P; + 3P3> :

with P satisfying (3.8). Consequently, we arrive at

18
5_2(71) == 5/n
8 3 1 2 c

which is in accordance with Theorem 3.6.

ol

80
(Pyyyy +20PP,, + 15P; + 3P3> da

4 The relationship between the Novikov equation
and the DP equation

It has been shown in [23] that under the Miura transformations

BiQ,V)=Q -V, +V?=0 (4.1)
and

BAPV)= P4V, + 5V =0, (4.2)

the SK equation (2.15) and the KK equation (3.3) are respectively transformed into the Fordy—
Gibbons—Jimbo—Miwa equation

Ve + Vygyyy — 5(VyVyyy + Vi + V2 + AV, Vyy + V2V, — VIV, = 0. (4.3)

This, together with the fact that there exist the Liouville correspondences between the Novikov
and SK hierarchies, as well as between the DP and KK hierarchies, inspires a natural question
as to whether there exists some relationship between the Novikov equation (2.1) and the DP
equation (3.1).

We can regard (4.1) and (4.2) as Bécklund transformations. According to Fokas and Fuchs-
steiner [21], all the positive flows in the SK hierarchy admit the same transformation (4.1).
More precisely, set

Ty =ByyBig=(2V-9,)", (4.4)

where By and By are the Fréchet derivatives of (4.1) with respect to V and @, respec-
tively. Then, the recursion operator R of the SK equation and the recursion operator R* of
equation (4.3) satisfy

R* = TyRT .
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Similarly, each member in the KK hierarchy admits the Miura transformation (4.2), and its
corresponding recursion operator R is linked with the recursion operator R* according to the
identity

R* = TLRTy ',
where
Ty =ByyBap=(V+0,)"

is the operator arising from the function (4.2).
In light of these relations, we claim that both the first negative flow of the SK hierarchy and
the KK hierarchy are related to the same equation

RV, =0, (4.5)
via the Miura transformations (4.1) and (4.2), respectively. Indeed, we have the following result.

Proposition 4.1. Assume that V satisfies the equation (4.5). Then Q =V, — V2 and P =
-V, = %VQ satisfy the first negative flow of the SK hierarchy RQ. = 0 and the first negative

flow of the KK hierarchy ﬁPT = 0, respectively.
Proof. Thanks to (4.1), one has

Qr = Vyr —2VV, = =T 'V,
This, together with (4.4), implies

RQ, = —RT; 'V, = T 'R*V,.

Therefore, if R*V; = 0, then RQ, = —(2V — 9,)R*V; = 0, proving the SK part of the proposi-
tion. The KK part can be proved by in a similar manner. |

Finally, using Proposition 4.1, combined with Theorems 2.2 and 3.1, we are able to establish
a relationship between the Novikov equation (2.1) and the DP equation (3.1). This fact is
summarized in the following proposition.

Proposition 4.2. Both the Novikov equation (2.1) and the DP equation (3.1) are linked with
the equation (4.5) in the following sense. If V(T,y) is a solution of equation (4.5), then the
function m(t,z) determined implicitly by the relation

%—V2:—m_1(1—8§)m_%, y:/ m%(t,f)df, T =1,

satisfies the Novikov equation (2.1), while the function n(t,z) determined by

1

1 1 1 _1 T
%+§V2:Zn 2(1—48§)n G, y:/ n3(t,&)d¢, T =1,
satisfies the DP equation (3.1).
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