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Abstract

We know that the degeneracy of solutions to PDE’s given in terms of

theta functions on Riemann surfaces gives important results about par-

ticular solutions as in the case of the NLS equation.

Here we degenerate the so called finite gap solutions of the Toda lattice

equation from the general formulation in terms of abelian functions when

the gaps tends to points.

This degeneracy allows to recover the Sato formulas, without using inverse

scattering theory or geometric or representation theoretic methods.

MSC2020 numbers:

35−XX, 35Cxx, 35Qxx

1 Introduction

Different formulations can be chosen to represent the Toda equation. In original
work of 1967 [93], the vibration of a uniform chain of particles with nonlinear
interaction was studied, and Toda considered the following equation for thr n-th
particle in the chain

m∂2x(un) = −∂r(φ)(un − un−1) + ∂r(φ)(un+1 − un), (1)

where m stands for the mass of the particles, φ(r) the interaction energy between
adjacent particles. Some solutions were constructed for particular interactions
φ.
The same equation was considered with m = 1 by Date and Tanaka in 1976 [3]
and they constructed some general solutions but in terms of integrals difficult
to use.
In the appendix of the paper of Dubrovin [6] published in 1981, Krichever con-
sidered the non abelian version of this equation and gave solutions in terms of
theta function on Riemann surfaces.
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Matveev and Stahlhoffen [91] considered in 1995 the following version of the
Toda equation

∂2x(un) = exp(un−1 − un)− exp(un − un+1). (2)

They used the Darboux transformation to contruct solutions of this equation in
terms of Casoratis.
In 2014, Zhang and Zhou [95] used the following representation of the Toda
equation

∂x∂t(un) = (∂t(un) + α(t)) (un−1 − 2un + un+1). (3)

They used the generalization of the exp-function to contruct multiwaves solu-
tions of this equation.
More recently, Sun, Ma and Yu [95] were interessed in 2020 in the following
representation of the Toda equation

∆(un) = 4(exp(un−1 − un)− exp(un − un+1)). (4)

They used a logaritmic transformation to get some particular solutions in terms
of logarithms.
Duarte [4] considered in 2020 the following representation of the Toda equation

α∂2x(u(x, y, n)) + β∂2y(u(x, y, n))
= exp(u(x, y, n− 1)− u(x, y, n))− exp(u(x, y, n)− u(x, y, n+ 1)).

He used a particular ansatz combined with the properties of Laplace’s equation
to contruct some solutions in terms of trigonometric functions.
Schiebold and Nilson [88] studied in 2020 another version of the Toda equation
in the form

∂2xy(log(1 + un)) = un+1 − 2un + un+1. (5)

They constructed solutions in the frame of linear algebra by means of determi-
nants.

Here, we consider the Toda equation in the following representation [1, 5,
81, 90]











rn

rn+1

√
cnψn+1 + vnψn +

rn

rn−1

√
cn−1ψn−1 = λψn

∂tψn =
rn

2rn+1

√
cnψn+1 + ∂t(ln rn)ψn − rn

2rn−1

√
cn−1ψn−1.

(6)

with

cn =
e2I0θ2(tV ′′ + nD + Z)

θ(tV ′′ + (n+ 1)D + Z)θ(tV ′′ + (n− 1)D + Z)
(7)

vn = −R0 + ∂t ln
θ(tV ′′ + (n− 1)D + Z)

θ(tV ′′ + nD + Z)
, (8)
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where θ is the classical Riemann theta function.

We know that the degeneracy of solutions of PDE’s given in terms of Riemann
theta functions gives some important particular solutions. In the case of the
NLS equation, we have managed to construct quasi rational solution involving
determinant of order N for each positive integer N depending on 2N − 2 real
parameters [13]. In the case of the KdV equation we constructed from Baker
Akhiezer functions, solutions in terms of Fredholm determinants and wronskians
[54].
In this study, we want to recover Sato formulas for the Toda equation using this
method.
From finite gap solutions given in terms of Riemann theta functions, we want to
construct by degeneracy, as given in the frame of the NLS equation [79], some
quasi-rational solutions and recover the Sato formulas.
Precisely, we derive multisoliton solutions from finite gap solutions by a limit
transition, i.e. by making gaps tend toward points in a certain Riemann sur-
face. This will be done in the spirit of the article [79] or more recently [54]. One
strength of this approach is that it does not rely on inverse scattering theory or
geometric and representation theoretic methods, which offers a fresh perspective
on the problem.

We consider the Riemann surface Γ represented by ∪g
k=1akbka

−1
k b−1

k of the al-
gebraic curve defined by [1, 5]

ω2 =

2g+2
∏

j=1

(z − Ej),

with Ej 6= Ek, j 6= k.

Let us consider Ω′′
1 and Ω′

0 [90] abelian integrals verifying

∫

ak

dΩ′′
1 (P ) =

∫

ak

dΩ′
0(P ) = 0 k = 1, . . . , g (9)

with the following asymptotic behavior for P = (ω, z) ∈ Γ [90],

Ω′′
1(P ) = ±1

2
(z +R0 +O(z−1)), P → P±

∞ (10)

Ω′
0(P ) = ±(ln z − I0 +O(z−1)), P → P±

∞, (11)

ω = ±(zg+1 +O(zg)), P → P±
∞ (12)

The vectors V ′′, D, X and Z are defined by

V ′′
j =

1

2πi

∫

bj

dΩ′′
1 , (13)
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D = U(P+
∞)− U(P−

∞), (14)

X = K +

g
∑

j=1

U(Pj), Z = U(P+
∞)−X, (15)

where K is the vector of Riemann constants.
U(P ) is the classical abelian integral

∫ P

P0
dU .

The solutions of the system (6) can be written [81, 90],

ψn(P, t) = r̃n(t)e
nΩ

′

0(P )+tΩ
′′

1 (P )(
θ(U(P ) + tV ′′ + nD −X)

θ(U(P )−X)
), (16)

with

r̃n(t) = rn(t)

(

θ(Z)θ(Z −D)

θ(tV ′′ + nD + Z)θ(tV ′′ + (n− 1)D + Z)

)
1
2

, (17)

2 Degeneracy of solutions

Let us suppose that Ej are real, Em < Ej if m < j and try to evaluate the
limits of all objects in formula (16) when E2m, E2m−1 tends to −αm, αm = κ2m,
κm > 0, for 1 ≤ m ≤ g.
Like in the previous section, θ is constructed from the matrix of the B-periods
of the surface Γ, the coefficients cjk being relating with abelian differentials dUj

by

dUj =

∑g

k=1 cjkz
g−k

√

∏2g+2
k=1 (z − Ek)

dz, (18)

and coefficients cjk can be obtained by solving the system of linear equations

∫

ak

dUj = δjk, 1 ≤ j ≤ g, 1 ≤ k ≤ g.

In the following, we will use the notations:

κmj =
√

(αm + E2g+1)(αj + E2g+2), κjm =
√

(αj + E2g+1)(αm + E2g+2),

Ck(z) =
√

(z − E2g+1)(αk − E2g+2), Dk(z) =
√

(z − E2g+2)(αk − E2g+1),
Lk =

√

αk + E2g+1, Mk =
√

αk + E2g+2,

F (z) =
√

z − E2g+1, G(z) =
√

z − E2g+2.

(19)

2.1 Limit of P (z) =
∏

2g+2

j=1
(z − Ej)

We study in this paragraph, the limit of P (z) =
∏2g+2

j=1 (z − Ej).

The limit of P (z) =
∏2g+2

j=1 (z − Ej) is obviously equal to
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P̃ (z) =
∏g

j=1(z + αj)
2(z − E2g+1)(z − E2g+2),

or with (19)

P̃ (z) =

g
∏

j=1

((z + αj)F (z)G(z))
2. (20)

2.2 Limit of dUm =

∑g

k=1
cmkz

g−k

√

∏

2g+2

k=1
(z − Ek)

dz

In this paragraph, we study the limit of dUm =

∑g

k=1 cmkz
g−k

√

∏2g+2
k=1 (z − Ek)

dz.

The limit of dUm is equal to ˜dUm =
ϕm(z)

∏g

j=1(z + αj)
√

(z − E2g+1)(z − E2g+2)
dz,

where ϕm(z) =
∑g

k=1 c̃mkz
g−k. The normalization condition takes the form in

the limit
∫

ak

dUj →
2πiϕj(−αk)

∏

m 6=k(αm − αk)
√

(αk + E2g+1)(αk + E2g+2)
= δkj , (21)

which proves that the numbers −αm, m 6= k are the zeros of the polynomials
ϕk(z), and so ϕk(z) can be written as ϕk(z) = c̃k1

∏

m 6=k(z + αm).
By (21), we get in the limit

˜ck1 =

√

(αk + E2g+1)(αk + E2g+2)

2πi
.

So

ϕk(z) =

√

(αk + E2g+1)(αk + E2g+2)

2πi

∏

m 6=k

(z + αm).

Moreover

dŨk(z) =
ϕk(z)dz

√

(z − E2g+1)(z − E2g+2)
∏g

m=1(z + αm)

in other words

dŨk(z) =

√

(αk + E2g+1)(αk + E2g+2)

2πi
√

(z − E2g+1)(z − E2g+2)(z + αk)
dz,

and with (19)

dŨk(z) =
LkMk

2πiF (z)G(z)(z + αk)
dz, (22)
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2.3 Limit of Bmk

The subject of this subsection is the study of the limit of Bmk.
We have

I =

∫ E2g+2

αm

dUk → 1

2
B̃mk.

The integral I can be easily evaluate along the real axis on the upper sheet of
surface Γ and we get

B̃mk =
i

π
ln

∣

∣

∣

∣

∣

√

(αm + E2g+1)(αk + E2g+2) +
√

(αk + E2g+1)(αm + E2g+2)
√

(αm + E2g+1)(αk + E2g+2)−
√

(αk + E2g+1)(αm + E2g+2)

∣

∣

∣

∣

∣

.

or with the previous notations (19)

B̃mk =
i

π
ln

∣

∣

∣

∣

κmk + κkm

κmk − κkm

∣

∣

∣

∣

. (23)

So iBkk tends to −∞.
Moreover, we have :

∫ P

E2g+2

dŨk =
−i
2π

ln

∣

∣

∣

∣

∣

√

(z − E2g+1)(αk + E2g+2) +
√

(z − E2g+2)(αk + E2g+1)
√

(z − E2g+1)(αk + E2g+2)−
√

(z − E2g+2)(αk + E2g+1)

∣

∣

∣

∣

∣

.

or with the previous notations (19)

∫ P

E2g+2

dŨk =
−i
2π

ln

∣

∣

∣

∣

Ck(z) +Dk(z)

Ck(z)−Dk(z)

∣

∣

∣

∣

. (24)

2.4 Limit of Ω
′′

1

In this subsection, we study the limit of Ω
′′

1 .
Ω

′′

1 is an abelian integral of the second kind satisfying the conditions
∫

ak

dΩ
′′

1 (P ) = 0, 1 ≤ k ≤ g.

and such that

Ω′′
1 (P ) = ±1

2
(z +R0 +O(z−1)), P → P±

∞

The limit of dΩ′′
1(P ) is equal to dΩ̃

′′
1 (P ) =

φ(z)
∏g

j=1(z + αj)
√

(z − E2g+1)(z − E2g+2)
dz,

where φ(z) =
∑g+1

k=0 c̃kz
g+1−k.

Ω′′
1(P ) satisfying the condition Ω′′

1 (P ) = ± 1
2z + O(1) when z → ±∞, we have

c̃0 = 1
2 .

Moreover, the conditions
∫

ak

dΩ′′
1 (P ) = 0, 1 ≤ k ≤ g,
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proves that −α1, . . . ,−αg are the zeros of φ;
thus φ(z) = 1

2

∏g

m=1(z + αm)(z − β).

We have, P (z) =
√

∏2g+2
k=1 (z − Ek) tends to

P̃ (z) =
√

(z − E2g+1)(z − E2g+2)
∏g

m=1(z + αm), we get

dΩ̃′′
1 (z) =

z

2
√

(z − E2g+1)(z − E2g+2)
dz,

and Ω′′
1 (P ) tends to

Ω̃′′
1 (P ) =

∫ z

E2g+2

u

2
√

(u− E2g+1)(u− E2g+2)
du.

It can be evaluated and it gives

Ω̃′′
1(P ) =

E2g+1 + E2g+2

4
ln

∣

∣

∣

∣

∣

√

z − E2g+1 +
√

z − E2g+2
√

z − E2g+1 −
√

z − E2g+2

∣

∣

∣

∣

∣

+
1

2

√

(z − E2g+1)(z − E2g+2).

With the notations defined in (19), it can be rewritten as

Ω̃′′
1 (P ) =

E2g+1 + E2g+2

4
ln

∣

∣

∣

∣

F (z) +G(z)

F (z)−G(z)

∣

∣

∣

∣

+
1

2
F (z)G(z). (25)

2.5 Limit of Ω
′

0

We consider Ω
′

0 and we study its limit.
Ω

′

0 is an abelian integral of the third kind satisfying the conditions
∫

ak

dΩ
′

0(P ) = 0, 1 ≤ k ≤ g.

and such that

Ω′
0(P ) = ±(ln z − I0 +O(z−1)), P → P±

∞,

The limit of dΩ′
0(P ) is equal to

dΩ̃′
0(P ) =

∑g

k=0 c̃kz
g−k

∏g

j=1(z + αj)
√

(z − E2g+1)(z − E2g+2)
dz.

Ω′
0(P ) satisfying the condition Ω′

0(P ) = ± ln(z)+O(1) when z → ±∞, we have
c̃0 = 1.
Moreover, the conditions

∫

ak

dΩ′
0(P ) = 0, 1 ≤ k ≤ g,

prove that −α1, . . . ,−αg are the zeros of φ;
thus φ(z) defined by φ(z) =

∑g

k=0 c̃kz
g−k can be written as

7



φ(z) =
∏g

m=1(z + αm).

As P (z) =
√

∏2g+2
k=1 (z − Ek) tends to

P̃ (z) =
√

(z − E2g+1)(z − E2g+2)
∏g

m=1(z + αm), we get

dΩ̃′
0(z) =

1
√

(z − E2g+1)(z − E2g+2)
dz,

and Ω′
0(P ) tends to Ω̃′

1(P ) =
∫ z

E2g+2

1
√

(u− E2g+1)(u− E2g+2)
du.

It can be calculate and it gives

Ω̃′
0(P ) = ln

∣

∣

∣

∣

∣

√

z − E2g+1 +
√

z − E2g+2
√

z − E2g+1 −
√

z − E2g+2

∣

∣

∣

∣

∣

.

It can be written with (19)

Ω̃′
0(P ) = ln

∣

∣

∣

∣

F (z) +G(z)

F (z)−G(z)

∣

∣

∣

∣

. (26)

2.6 Limit of X

We deduce the limit of X .
From the previous sections

B̃mk =
i

π
ln

∣

∣

∣

∣

κmk + κkm

κmk − κkm

∣

∣

∣

∣

,

Ũk(P ) =
i

2π
ln

∣

∣

∣

∣

Ck(z) +Dk(z))

Ck(z)−Dk(z)

∣

∣

∣

∣

.

As K is defined by Km =
∑g

j=1 Bjm − m
2 , and X = K +

∑g

j=1 U(Pj), we can
write

Xm → X̃m =
i

π

g
∑

j=1, j 6=m

ln

∣

∣

∣

∣

κmj + κjm

κmj − κjm

∣

∣

∣

∣

−m
2
+
i

2π

g
∑

j=1

ln

∣

∣

∣

∣

Cm(zj) +Dm(zj)

Cm(zj)−Dm(zj)

∣

∣

∣

∣

+i∞.

(27)

2.7 Limit of U(P+
∞
), U(P−

∞
), D and Z

In this subsection, we study the limit of U(P+
∞), U(P−

∞), D and Z.
From the previous sections, it is easy to get the limits of Ũk

lim
P→P

+
∞

Ũk(P ) =
−i
2π

ln

∣

∣

∣

∣

∣

√

αk + E2g+2 +
√

αk + E2g+1
√

αk + E2g+2 −
√

αk + E2g+1

∣

∣

∣

∣

∣

,

or

lim
P→P

+
∞

Ũk(P ) =
−i
2π

ln

∣

∣

∣

∣

Mk + Lk

Mk + Lk

∣

∣

∣

∣

. (28)
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Dk = Uk(P
+
∞)− Uk(P

−
∞) → D̃k = − i

2π
ln
Mk + iLk

Mk − iLk

. (29)

Thus

lim
P→P

−
∞

Ũk(P ) =
−i
2π

ln

∣

∣

∣

∣

∣

√

αk + E2g+2 +
√

αk + E2g+1
√

αk + E2g+2 −
√

αk + E2g+1

∣

∣

∣

∣

∣

−Dk

or

lim
P→P

−
∞

Ũk(P ) =
−i
2π

ln

∣

∣

∣

∣

Mk + Lk

Mk + Lk

∣

∣

∣

∣

+
i

2π
ln

∣

∣

∣

∣

Mk + iLk

Mk + iLk

∣

∣

∣

∣

. (30)

Therefore the limit of Z = U(P+
∞)−X is given by

Zk → Z̃k = − i

π

g
∑

j=1, j 6=k

ln

∣

∣

∣

∣

κkj + κjk

κkj − κjk

∣

∣

∣

∣

+
k

2
− i

2π

g
∑

j=1,

ln

∣

∣

∣

∣

Ck(zj) +Dk(zj)

Ck(zj)−Dk(zj)

∣

∣

∣

∣

−i∞− i

2π
ln

∣

∣

∣

∣

Mk + Lk

Mk − Lk

∣

∣

∣

∣

(31)

2.8 Limit of V ′′

In this paragraph, the limit of V ′′ is studied.
V ′′
k = 1

2πi

∫

bk
dΩ′′

1 is defined in (13).

We have I =
∫ E2g+2

−αk
dΩ

′′

1 → 1
2

∫

bk
dΩ̃

′′

1 .

As in the determination of the limit of Ω
′′

1 , we have

∫ E2g+2

−αk

dΩ̃′′
1 (P ) = −E2g+1 + E2g+2

4
ln

∣

∣

∣

∣

∣

√

αk + E2g+1 +
√

αk + E2g+2
√

αk + E2g+1 −
√

αk + E2g+2

∣

∣

∣

∣

∣

−1

2

√

(αk + E2g+1)(αk + E2g+2),

So

V ′′
k =

1

2πi

∫

bk

dΩ′′
1 → Ṽ ′′ = −E2g+1 + E2g+2

4πi
ln

∣

∣

∣

∣

∣

√

αk + E2g+1 +
√

αk + E2g+2
√

αk + E2g+1 −
√

αk + E2g+2

∣

∣

∣

∣

∣

− 1

2πi

√

(αk + E2g+1)(αk + E2g+2),

Ṽ ′′
k =

E2g+1 + E2g+2

4πi
ln

∣

∣

∣

∣

Lk −Mk

Lk +Mk

∣

∣

∣

∣

− 1

2πi
LkMk. (32)

2.9 Limit of θ(p)

We determine the limit of θ(p).
Let us denote A the argument of θ(p) =

∑

k∈Z
g exp{πi(Bk|k) + 2πi(k|p)}.

A can be rewritten in the form

A = πi

g
∑

j=1

Bjjkj(kj − 1) + 2πi
∑

j>m

Bmjkmkj +

g
∑

j=1

πi(2pj +Bjj)kj .

9



Using the inequality kj(kj − 1) ≥ 0 for all k ∈ Zg and the fact that iBkk tends

to −∞, we can reduce the limit θ̃ of θ(p) to a finite sum taken over vectors
k ∈ Zg such that each kj must be equal to 0 or 1.
In this section, we compute the limit of all the terms entering in the expression
of the solution ψ(P, t) in θ. We will denote pi the arguments of these different
expressions.
We first study the terms of r̃n corresponding to the arguments p1 = Z =
U(P+

∞)−X , p2 = Z −D, p3 = tV ′′ + nD − Z, p4 = tV ′′ + (n− 1)D − Z.
Then we will study the remaining terms of ψn corresponding to the arguments
p5 = U(P )−X , p6 = U(P ) + tV ′′ + nD −X .
With these notations, the solution ψ(n, , t, z) can be written as

ψn(P, z) = rn(t)

(

θ(p1)θ(p2)

θ(p3)θ(p4)

)
1
2 θ(p6)

θ(p5)
enΩ

′

0(P )+tΩ′′

1 (P ).

2.10 Limit of θ(p1)

We denote p1 the term Z = U(P+
∞)−X .

We stufy its limit.
Then θ(p1) → θ̃1 :

θ̃1 =
∑

k∈Zg, kj=0 or 1

exp







∑

j>l

2 ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

kjkl +

g
∑

j=1

kj

(

ln

∣

∣

∣

∣

Mj + Lj

Mj − Lj

∣

∣

∣

∣

+
∑

l 6=j

2 ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

+ jπi+

g
∑

l=1

ln

∣

∣

∣

∣

Cj(zl) +Dj(zl)

Cj(zl)−Dj(zl)

∣

∣

∣

∣











2.11 Limit of θ(p2)

We consider p2 = Z −D.We study its limit.
Then θ(p2) → θ̃2 : As Dj → D̃j , it is easy to see that

θ̃2 =
∑

k∈Zg, kj=0 or 1

exp







∑

j>l

2 ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

kjkl +

g
∑

j=1

kj

(

ln

∣

∣

∣

∣

Mj + Lj

Mj − Lj

∣

∣

∣

∣

+
∑

l 6=j

2 ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

+ jπi+

g
∑

l=1

ln

∣

∣

∣

∣

Cj(zl) +Dj(zl)

Cj(zl)−Dj(zl)

∣

∣

∣

∣

+

g
∑

j=1

ln

∣

∣

∣

∣

Mj + iLj

Mj − iLj

∣

∣

∣

∣










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2.12 Limit of θ(p3)

Let p3 be tV ′′ + nD + Z. We study its limit.
Then θ(p3) → θ̃3 :

θ̃3 =
∑

k∈Zg, kj=0 or 1

exp







∑

j>l

2 ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

kjkl +

g
∑

j=1

kj

(

ln

∣

∣

∣

∣

Lj +Mj

Lj −Mj

∣

∣

∣

∣

+t

((

Eg+1 + E2g+2

2

)

ln

∣

∣

∣

∣

Lj −Mj

Lj +Mj

∣

∣

∣

∣

− LjMj

)

+ n ln

∣

∣

∣

∣

Mj + iLj

Mj − iLj

∣

∣

∣

∣

+
∑

l 6=j

2 ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

+ jπi+

g
∑

l=1

ln

∣

∣

∣

∣

Cj(zl) +Dj(zl)

Cj(zl)−Dj(zl)

∣

∣

∣

∣











2.13 Limit of θ(p4)

We consider p4 = tV ′′ + (n− 1)D + Z; θ(p4) → θ̃4. We determine its limit.
As Dj → D̃j , it is easy to verify that

θ̃4 =
∑

k∈Zg, kj=0 or 1

exp







∑

j>l

2 ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

kjkl +

g
∑

j=1

kj

(

ln

∣

∣

∣

∣

Lj +Mj

Lj −Mj

∣

∣

∣

∣

+t

((

Eg+1 + E2g+2

2

)

ln

∣

∣

∣

∣

Lj −Mj

Lj +Mj

∣

∣

∣

∣

+ LjMj

)

+ (n− 1) ln

∣

∣

∣

∣

Mj + iLj

Mj − iLj

∣

∣

∣

∣

+
∑

l 6=j

2 ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

+ jπi+

g
∑

l=1

ln

∣

∣

∣

∣

Cj(zl) +Dj(zl)

Cj(zl)−Dj(zl)

∣

∣

∣

∣











2.14 Limit of θ(p5)

The term p5 = U(P )−X tends to p̃5 = Ũ(P )− X̃.
We determine its limit.
Then θ(p5) → θ̃5 :

θ̃5 =
∑

k∈Zg, kj=0 or 1

exp







∑

j>l

2 ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

kjkl +

g
∑

j=1

kj

(

ln

∣

∣

∣

∣

Cj(z)−Dj(z)

Cj(z) +Dj(z)

∣

∣

∣

∣

+
∑

l 6=j

2 ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

+ jπi +

g
∑

l=1

ln

∣

∣

∣

∣

Cj(zl +Dj(zl
Cj(zl −Dj(zl

∣

∣

∣

∣











11



2.15 Limit of θ(p6)

The term p6 = U(P ) + tV ′′ + nD −X tends to p̃6 = Ũ(P ) + tṼ ′′ − X̃ + nD̃.
Then we determine its limit. θ(p6) → θ̃6 :

θ̃6 =
∑

k∈Zg, kj=0 or 1

exp







∑

j>l

2 ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

kjkl +

g
∑

j=1

kj

(

ln

∣

∣

∣

∣

Lj +Mj

Lj −Mj

∣

∣

∣

∣

+t

((

Eg+1 + E2g+2

2

)

ln

∣

∣

∣

∣

Lj −Mj

Lj +Mj

∣

∣

∣

∣

− LjMj

)

+ n ln

∣

∣

∣

∣

Mj + iLj

Mj − iLj

∣

∣

∣

∣

+
∑

l 6=j

2 ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

+ jπi−
g

∑

l=1

ln

∣

∣

∣

∣

Cj(zl) +Dj(zl)

Cj(zl)−Dj(zl)

∣

∣

∣

∣

+ ln

∣

∣

∣

∣

Cj(z)−Dj(z)

Cj(z) +Dj(z)

∣

∣

∣

∣











2.16 Limit of solutions Ψ

From the previous section, we can give the limit ψ̃ of ψ. It takes the following
form

ψ̃(z, n, t)) =
rn(t)

(

θ̃1θ̃2

)
1
2

θ̃5
×e

{

n ln| F (z)+G(z)
F (z)−G(z) |+t

(

E2g+1+E2g+2
4 ln| F (z)+G(z)

F (z)−G(z) |+ 1
2F (z)G(z)

)}

θ̃6
(

θ̃3θ̃4

)
1
2

In the previous expression, θ̃1, θ̃2, θ̃5 are independent of n, t.
Only θ̃3, θ̃4, θ̃6 depend on n and t.
We choose the particular case in which t = 0.
We replace n by x.
We denote c the coefficient defined by

c =
rn(0)

(

θ̃1θ̃2

)
1
2

θ̃5
.

We denote H the function defined by

H(z) =

∣

∣

∣

∣

F (z)−G(z)

F (z) +G(z)

∣

∣

∣

∣

In the different sums involving θ, only terms with kj = 1 remain. So the sums
can be reduced only on the subsets J of [1; g] of integer N. We denote aj the

term aj = − 1
2

∣

∣

∣

Mj+iLj

Mj−iLj

∣

∣

∣. Then the term θ̃6 can be written as

θ̃6 =
∑

J⊂{1,...,g}

∏

j,l∈J, j<l

ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

2
∏

j∈J

∣

∣

∣

∣

Lj +Mj

Lj −Mj

∣

∣

∣

∣

12



∏

l∈Jl 6=j

ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

2
∏

j∈J

∣

∣

∣

∣

Cj(zl) +Dj(zl)

Cj(zl) +Dj(zl)

∣

∣

∣

∣

∣

∣

∣

∣

Cj(z)−Dj(z)

Cj(z) +Dj(z)

∣

∣

∣

∣

e
∑

j∈J jπie−2x
∑

j∈J aj

We denote τ the function defined by

τ(x) = θ̃3(x) =
∑

J⊂{1,...,g}

∏

j,l∈J, j<l

ln

∣

∣

∣

∣

κlj − κjl

κlj + κjl

∣

∣

∣

∣

2
∏

j∈J

∣

∣

∣

∣

Lj +Mj

Lj −Mj

∣

∣

∣

∣

∏

l∈Jl 6=j

ln

∣

∣

∣

∣

κjl + κlj

κjl − κlj

∣

∣

∣

∣

2
∏

j∈J

∣

∣

∣

∣

Cj(zl) +Dj(zl)

Cj(zl)−Dj(zl)

∣

∣

∣

∣

e
∑

j∈J jπie−2x
∑

j∈J aj

Thus, the solution Ψ̃ can be written

Ψ̃(x, z) = c
exp(xH(z))χ(x, z)
√

τ(x)τ(x − 1)
. (33)

Here we get back tothe Sato formulation of the solution, as given in [94].
This expression is very similar to the solution expressed on page 5830, the
expression of the solution is given by

Ψ̃(x, z) =
exp(xz)χ(x, z)
√

τ(x)τ(x − 1)
. (34)

The difference between these two statements come from the fact that these two
equations are treated differently:
Van Diejen considers the equation

a(x)f(x + 1) + b(x)f ′x) + a(x− 1)f(x− 1) = λf(x);

here, we consider (??)

rn

rn+1

√
cnψn+1 + vnψn +

rn

rn−1

√
cn−1ψn−1 = λψn.

2.17 Limit of associated potentials

In this subsection, we determine the limit of associated potentials.
The potentials un =

√
cn and vn are described in (6) and (7)

cn =
e2I0θ2(tV ′′ + nD + Z)

θ(tV ′′ + (n+ 1)D + Z)θ(tV ′′ + (n− 1)D + Z)

vn = −R0 + ∂t ln
θ(tV ′′ + (n− 1)D + Z)

θ(tV ′′ + nD + Z)
.

So the limit of un is equal to

ũn = k1
τ(x)

√

τ(x + 1)τ(x − 1)
.

13



which is the same as in [94], (p. 5830) up to the constant k1.
Denoting σ(x) = ∂tθ(tṼ

′′ + xD̃ + Z̃)t=0, the limit of vn is equal to

ṽn = k2 +
σ(x− 1)

τ(x − 1)
− σ(x)

τ(x)
.

which is similar as the one written in [94], (p. 5830) up to the constant k2.

3 Conclusion

We have used the degeneracy of solutions of some PDEs given in terms of Rie-
mann theta functions to get some important solutions. In particular, in the
case of the NLS equation, we have managed to construct quasi rational solution
involving determinant of order N for each positive integer N depending on 2N2
real parameters [13]. In the case of the KdV equation, from abekian functions,
we constructed solutions in terms of Fredholm determinants and wronskians
[54].
In this study, we have managed to recover Sato formulas using this method for
the Toda equation. From solutions given in terms of Baker-Akiezer functions,
we succeeded to construct by degeneracy, as given in the frame of the NLS
equation [79], some quasi-rational solutions and recover the Sato formulas for
the Toda equation.
Precisely, we derived multisoliton solutions from finite gap solutions by a limit
transition, i.e. by making gaps tend toward points in a certain Riemann sur-
face. One strength of this approach is that it does not rely on inverse scattering
theory or geometric and representation theoretic methods, which offers another
perspective on the problem.
The degeneracy of the solutions of the NLS equation has allowed to build new
quasi-rational solutions of order N depending on 2N − 2 real parameters and
their construction up to order 23, previously unknown. In the case of the KdV
equation, the degeneracy of the solutions made it possible to find the solutions
given by the Darboux method and thus constituted a bridge between the geo-
metric algebra approach and the Darboux transformations framework. In this
article, this is somewhat the same situation as that of the KdV equation, where
we linked the algebro-geometric approach to the framework of the inverse scat-
tering method.

Data Availability

The data that supports the findings of this study are available within the article.
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Pöschl-Teller potentials, J. Math., V. 2013, ID 645752, 1-10, 2013

[18] P. Gaillard, Two-parameters determinant representation of seventh order
rogue waves solutions of the NLS equation, J. Theor. Appl. Phys., V. 7,
N. 45, 1-6, 2013

[19] P. Gaillard, Deformations of third order Peregrine breather solutions of
the NLS equation with four parameters, Phys. Rev. E, V. 88, 042903-1-9,
2013

[20] P. Gaillard, Two parameters deformations of ninth Peregrine breather
solution of the NLS equation and multi rogue waves, J. Math., V. 2013,
1-111, 2013

[21] P. Gaillard, Six-parameters deformations of fourth order Peregrine breather
solutions of the NLS equation, J. Math. Phys., V. 54, 073519-1-22, 2013

[22] P. Gaillard, The fifth order Peregrine breather and its eight-parameters
deformations solutions of the NLS equation, Commun. Theor. Phys., V.
61, 365-369, 2014

[23] P. Gaillard, Ten parameters deformations of the sixth order Peregrine
breather solutions of the NLS equation, Phys. Scripta, V. 89, 015004-1-7,
2014

[24] P. Gaillard, Higher order Peregrine breathers, their deformations and multi-
rogue waves, J. Of Phys. : Conf. Ser., V. 482, 012016-1-7, 2014

[25] P. Gaillard, M. Gastineau, Eighteen parameter deformations of the Pere-
grine breather of order ten solutions of the NLS equation, Int. J. Mod.
Phys. C, V. 26, N. 2, 1550016-1-14, 2014

[26] P. Gaillard, Two parameters wronskian representation of solutions of
nonlinear Schrödinger equation, eight Peregrine breather and multi-rogue
waves, J. Math. Phys., V. 5, 093506-1-12, 2014

[27] P. Gaillard, Hierarchy of solutions to the NLS equation and multi-rogue
waves, J. Phys. : Conf. Ser., V. 574, 012031-1-5, 2015

[28] P. Gaillard, Tenth Peregrine breather solution of the NLS, Ann. Phys.,
V. 355, 293-298, 2015

[29] P. Gaillard, M. Gastineau, The Peregrine breather of order nine and its
deformations with sixteen parameters solutions of the NLS equation Phys.
Lett. A, V. 379, 1309-1313, 2015

16



[30] P. Gaillard, Other 2N-2 parameters solutions to the NLS equation and
2N+1 highest amplitude of the modulus of the N-th order AP breather, J.
Phys. A: Math. Theor., V. 48, 145203-1-23, 2015

[31] P. Gaillard, Multi-parametric deformations of the Peregrine breather of
order N solutions to the NLS equation and multi-rogue waves, Adv. Res.,
V. 4, N. 5, 346-364, 2015

[32] P. Gaillard, Higher order Peregrine breathers solutions to the NLS equa-
tion, Jour. Phys. : Conf. Ser., V. 633, 012106-1-6, 2016

[33] P. Gaillard, M. Gastineau Patterns of deformations of Peregrine breather
of order 3 and 4, solutions to the NLS equation with multi-parameters,
Journal of Theoretical and Applied Physics, V. 10,1-7, 2016

[34] P. Gaillard, M. Gastineau Twenty parameters families of solutions to the
NLS equation and the eleventh Peregrine breather, Commun. Theor. Phys,
V. 65, N. 2, 136-144, 2016

[35] P. Gaillard, Rational solutions to the KPI equation and multi rogue waves,
Annals Of Physics, V. 367, 1-5, 2016

[36] P. Gaillard, M. Gastineau Twenty two parameters deformations of the
twelfth Peregrine breather solutions to the NLS equation, Adv. Res., V.
10, 83-89, 2016

[37] P. Gaillard, Towards a classification of the quasi rational solutions to the
NLS equation, Theor. And Math. Phys., V. 189, N. 1, 1440-1449, 2016

[38] P. Gaillard, Fredholm and Wronskian representations of solutions to the
KPI equation and multi-rogue waves, Jour. of Math. Phys., V. 57, 063505-
1-13, doi: 10.1063/1.4953383, 2016

[39] P. Gaillard, M. Gastineau Families of deformations of the thirteenth Pere-
grine breather solutions to the NLS equation depending on twenty four
parameters, Jour. Of Bas. And Appl. Res. Int., V. 21, N. 3, 130-139, 2017

[40] P. Gaillard, From Fredholm and Wronskian representations to rational
solutions to the KPI equation depending on 2N − 2 parameters, Int. Jour.
of Appl. Sci. And Math., V. 4, N. 3, 60-70, 2017

[41] P. Gaillard, Families of rational solutions of order 5 to the KPI equation
depending on 8 parameters, New Hor. in Math. Phys., V. 1, N. 1, 26-31,
2017

[42] P. Gaillard, 6-th order rational solutions to the KPI Equation depending
on 10 parameters, Jour. Of Bas. And Appl. Res. Int., V. 21, N. 2, 92-98,
2017

17



[43] P. Gaillard, N -Order rational solutions to the Johnson equation depending
on 2N − 2 parameters, Int. Jour. of Adv. Res. in Phys. Sci., V. 4, N. 9,
19-37, 2017

[44] P. Gaillard, Families of rational solutions to the KPI equation of order 7
depending on 12 parameters, Int. Jour. of Adv. Res. in Phys. Sci., V. 4,
N. 11, 24-30, 2017

[45] P. Gaillard, Rational solutions to the Johnson equation and rogue waves,
Int. Jour. of Inn. In Sci. and Math., V. 6, N. 1, 14-19, 2018

[46] P. Gaillard, Multiparametric families of solutions of the KPI equation, the
structure of their rational representations and multi-rogue waves, Theo.
And Mat. Phys., V. 196, N. 2, 1174-1199, 2018

[47] P. Gaillard, The Johnson equation, Fredholm and wronskian representa-
tions of solutions and the case of order three, Adv. In Math. Phys., V.
2018, 1-18, 2018

[48] P. Gaillard, Families of solutions of order 5 to the Johnson equation de-
pending on 8 parameters, NHIMP, V. 2, N. 4, 53-61, 2018

[49] P. Gaillard, Multiparametric families of solutions to the Johnson equation,
J. Phys. : Conf. Series, V. 1141, 012102-1-10, 2018

[50] P. Gaillard, Rational solutions to the Boussinesq equation, Fund. Jour.
Of Math. And Appl., V. 2, 109-112, 2019

[51] P. Gaillard, Differential relations for the solutions to the NLS equation and
their different representations, Comm. In Adv. Math. Sci., V. 2, N. 4, 1-4,
2019

[52] P. Gaillard, Multi-parametric families of solutions of order N to the Boussi-
nesq and KP equations and the degenerate rational case, UJMA, V. 3, N.
2, 44-52, 2020

[53] P. Gaillard, The mKdV equation and multi-parameters rational solutions,
Wave Motion, V. 100, 102667-1-9, 2021

[54] P. Gaillard, Degenerate Riemann theta functions, Fredholm and wronskian
representations of the solutions to the KdV equation and the degenerate
rational case, Jour. Of Geom. And Phys., V. 161, 104059-1-12, 2021

[55] P. Gaillard, 2N parameter solutions to the Burgers equation, Jour. Of
Appl. Nonlin. Dyn., V. 1, N. 1, 1-6, 2021

[56] P. Gaillard, Multi-Parametric rational Solutions to the KdV equation, Asi.
Jour. Of Res. and Rev. In Phys., V. 3, N. 3, 14-21, 2021

18



[57] P. Gaillard, Multiparametric solutions to the Gardner equation and the
degenerate rational case, Jour. Of Appl. Ana. And Appl., V. 11, N.4,
2102-2113, 2021

[58] P. Gaillard, Other families of rational solutions to the KPI equation, Asi.
Res. Jour Of Math., V. 17, N. 6, 27-34, 2021

[59] P. Gaillard, Rational solutions to the mKdV equation associated to par-
ticular polynomials, Wave Motion, V. 107, 102824-1-11, 2021

[60] P. Gaillard, Multiparametric rational solutions of order N to the KPI
equation and the explicit case of order 3, Arch. Of cur. Res. Int., V. 21,
N . 6, 58-71, 2021

[61] P. Gaillard, Rational solutions to the KPI equation from particular poly-
nomials, Wave Motion, V. 108, 102828-1-9, 2022

[62] P. Gaillard, Rogue Waves of the Lakshmanan Porsezian Daniel Equation
Depending on Multi-parameters, As. Jour. Of Adv. Res. And Rep., V 16,
N. 3, 32-40, 2022

[63] P. Gaillard, Quasi-rational and rational solutions to the defocusing NLS
equation, Jour. Of Math. Sci. And Mod. Res. And Rep., V 5, N. 1, 24-34,
2022

[64] P. Gaillard, Rational solutions to the KdV equation in terms of particular
polynomials, Jour. Of Nonlin. Mod. and Ana., V. 4, N. 4, 615-626, 2022

[65] P. Gaillard, Rational solutions to the Painlev II equation from particular
polynomials, Int. J. Of Appl. Nonlin. Sci., V. 3, N. 3, 189-196, 2022

[66] P. Gaillard, Multi-lump solutions to the KPI equation with a zero degree
of derivation, Jour. Of Theor. And Appl. Phys., V. 16, N. 4, 1-8, 2022

[67] P. Gaillard, Families of solutions to the KPI equation given by an extended
Darboux transformation, Part. Diff. Equ. And Appl., V. 3, N. 80, 1-14,
2022

[68] P. Gaillard, Rogue waves of the Hirota equation in terms of quasi-rational
solutions depending on multi-parameters, WSEAS Trans. On Math., DOI:
10.37394/23206.2023.22.24, V. 22, 190-203, 2023

[69] P. Gaillard, Different representations of the solutions to the cylindrical
nonlinear Schrödinger equation, Dis. Nonlin. And Compl., V. 12, N. 3,
539-553, 2023

[70] P. Gaillard, Rational solutions to the KdV equation from Riemann theta
functions, Jour. Of Theor. And Appl. Phys., V. 17, N. 3, 1-5, 2023

[71] P. Gaillard, On Hadamard’s coefficients for two dimensional Schrödinger
operators, Int. Jour. Of Theor. Phys., V. 62, N. 205, 1-16, 2023

19



[72] P. Gaillard, Rational solutions to the Burgers’ equation from particular
polynomials, WSEAS Trans. On Math, DOI: 10.37394/23206.2023.22.94,
867-873, 2023

[73] P. Gaillard, Rational solutions to the Gardner equation from particular
polynomials, WSEAS Equ., DOI: 10.37394/232021.2023.3.2, V. 3, 1-24,
2023

[74] P. Gaillard, Rational solutions to the KPI equation as multi-lumps
with a one degree of summation, Int. J. Appl. Comput. Math,
doi.org/10.1007/s40819-024-01694-9, 1-14, 2024

[75] P. Gaillard, Rational solutions to the sixth equation of the NLS hierarchy,
ISRG Journal Of Multi. Stud., V. 2, N. 6, 1-14, 2024

[76] P. Gaillard, Wronskian representation of the solutions to the KdV Equa-
tion, Jour. Of App. Phys. Sci. Int., V. 16, N. 2, 1-11, 2024

[77] P. Gaillard, Quasi-rational solutions to the seventh equation of the NLS
hierarchy, Asi. Jour. Of Adv. Res. And Rep., V. 18, N. 7, 256-265, 2024

[78] P. Gaillard, Solutions of the functional difference Toda equa-
tion from centered Darboux transformation, Aequat. Math., 1-21,
https://doi.org/10.1007/s00010-024-01097-7, 2024

[79] A.R. Its, A.V. Rybin, M.A. Salle, Exact integration of NLS equation,
Theor. Math. Phys., V. 74, N.1, 29-32, 1988

[80] K. Kajiwara, M. Mazzocco, Y. Ohta, A remark on the Hankel determinan
for solutions of thee Toda equation, J. Phys. A: Math. Theor., V. 40,
12661-1675, 2007

[81] I. Krichever, The periodic non abelian Toda lattice and two dimensional
generalization, Uspekhi Math Nauka, V. 36, N.2, 72-77, 1981

[82] S.V. Manakov, Complete integrability and stochastization of discrete dy-
namical systems, Zh. Eksp. Teor. Fiz., V. 67, 543-552, 1974

[83] W.X. Ma, Y. You, Rational solutions of the Toda lattice equation in Ca-
soratian form, Chaos, Solitons And Fractals, V. 22, 395-406, 2004

[84] W.X. Ma, K.I. Maruno, Complexiton solutions of the Toda lattice, Physica
A, V. 343, 219-237, 2004

[85] V.B. Matveev, Darboux Transformations, Covariance theorems and inte-
grable systems, In L. D. Faddeev’s Seminar on Mathematical Physics:
American Mathematical Society, 179-209, 2000

[86] V.B. Matveev, M.A. Salle, Differential-difference evolution equation II,
Letters in Mathematical Physics, 3, 425-429, 1979

20



[87] A.V. Mikhailov, Integrability of the two-dimensional generalization of the
Toda chain, JETP, Letter, V. 30, N. 7, 414-418, 1979.

[88] T. Nilson, C. Schiebold, Solution formulas for the two dimensional Toda
lattice and particle like solitons with unexpected asymptotic behaviour,
Jour. Of Nonliner Math. Phys., V. 27, N. 1, 57-94, 2020.

[89] A.O. Smirnov, Finite gap solutions of abelian Toda Chain of genus 4 and
5 in elliptic functions, Teor. Mat. Fiz, V. 78, N. 1, 11-21, 1989

[90] A.O. Smirnov, Elliptic solitons of the integrable nonlinear equations, The-
sis, St.-Petersburg State University, 1-170, 2002

[91] A.A. Stahlhofen, V.B. Matveev, Positons for Toda lattice and related spec-
tral problems, J. Phys. A: Math. Gen., V. 28, 1957-1965, 1995

[92] Y.L. Sun, W.X. Ma, J.P. Yu, Lump solutions of the 2D equation, Math.
Meth. Appl. Sci., 1-7, 2020

[93] M. Toda, Vibration of a chain with nonlinear interaction, J. Phys. Soc.
Jap., V. 6, 22-431, 1967

[94] J.F. Van Diejen, A Sato formula for reflectionless finite difference operators,
J. of Math. Physics, V. 40, N. 11, 5822-5834, 1999

[95] S. Zhang, Y.Y. Zhou, Multiwave solutions for the Toda lattice equation by
generalizing exp function method, Int. Jour. Of Appl. Math., V. 44, N. 4,
1-6, 2014

21


