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Abstract

We obtain Fredholm type formulas for partial degenerations of theta functions
on (irreducible) nodal curves of arbitrary genus, with emphasis on nodal curves
of genus one. An application is the study of ‘many-soliton’ solutions on an
elliptic (cnoidal) background standing wave for the Korteweg—de Vries (KdV)
equation starting from a formula that is reminiscent of the classical Kay—Moses
formula for N-solitons. In particular, we represent such a solution as a sum of
the following two terms: a ‘shifted’ elliptic (cnoidal) background wave and a
Kay—Moses type determinant containing Jacobi theta functions for the solitonic
content, which can be viewed as a collection of solitary disturbances on the
cnoidal background. The expressions for the travelling (group) speed of these
solitary disturbances, as well as for the interaction kernel describing the scat-
tering of pairs of such solitary disturbances, are obtained explicitly in terms
of Jacobi theta functions. We also show that genus N + 1 finite gap solutions
with random initial phases converge in probability to the deterministic cnoidal
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wave solution as N bands degenerate to a nodal curve of genus one. Finally,
we derive the nonlinear dispersion relations and the equation of states for the
KdV soliton gas on the residual elliptic background.
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1. Introduction and results

The Korteweg—de Vries (KdV) equation
Uy + Upy + Oun, =0, u=u(x,t) (1.1)

is historically the first equation shown [30] to admit solitary waves. The simplest such solution
is the single ‘soliton’ (solitary wave) solution

|bl/2
3 9
2 (V/l— b3 o
cosh (2>

which is a simple traveling wave moving to the right with speed v = |b|, where ¢ € R is an
arbitrary constant. The parameter b < 0 corresponds to the unique eigenvalue of the Sturm-—
Liouville operator (stationary Schrédinger equation with potential —u(x,0))

u(x, 1) = (1.2)

()~ u(x 0Y0x) = ), S L(R). 13

If f is the Jost solution, then the associated norming constant v and shift ¢ are given by v =

If]l;" and ¢ =2log (”W)
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This particular solution can be written suggestively as

VP12 46
u(x,t) =29%In 1+27|b‘ . (1.4)

Despite the equation being nonlinear, KdV admits N-soliton solutions that describe a super-
position of the simple solitons introduced above. The N-soliton solution can be concisely
described by the Kay—Moses [21] formula of Fredholm type:

u(x,t) = 207 Indet [1y + G(x,1)], where:
Dp+Im
Cc,C, 3
Gon(rt) = YOG T Sae—beltn b=1, N (1)

V |b€| + |bm|7

Here: 1y denotes the identity matrix of size N; G is the N x N matrix indicated above; the para-

meters b, are arbitrary negative numbers, and; Cy, £ = 1,...,N, are arbitrary positive numbers.
It is well known that for an N-soliton solution (1.5) the spectrum of (1.3) is {by,...,by}; the
constant Cy is called a norming constant associated with by,  =1,... N.

A different family is the so-called finite-gap family of solutions [8, 18], which can be
written as

u(x,t) =202 In7(x,1), (1.6)

where the tau—function 7 (x,#) for the finite-gap solutions is expressed in terms of the Riemann
theta function associated to underlying hyperelliptic Riemann surface. (For the N-soliton solu-
tions, the tau—function is given by the Kay—Moses determinant (1.5).)

The starting point of this work is the observation that N-soliton solutions can be obtained
from the finite-gap solutions by degenerating the hyperelliptic surface to a nodal curve of genus
zero (first observed by Its and Matveev [18]); the computation is contained essentially in the
last chapter of Mumford’s book [24], where a determinantal formula of different type was
derived (see also [19, 20, 23], where the degeneration procedure was used and a determinant
formula for the N-soliton solutions of the focusing NLS equation was obtained). In the recent
work [15], the Kay—Moses formula is recovered from the degeneration via the equivalence
with the Wronskian formula of Matveev [23].

In this paper we present a generalization of the Kay—Moses formula to the case where the
hyperelliptic curve is partially degenerated to a nodal curve of genus 1. The core of the compu-
tation is, in fact, more general; it is based on a formula (presented in appendix A) for the limit
of the Riemann theta function (with appropriate characteristics) when the curve degenerates
to a nodal curve whose resolution has an arbitrary genus g.

A formula for the partial degeneration can also be found in the monograph [2] (chapter 4, p
138) in the context of the nonlinear Schrodinger equation). This formula provides a different,
not determinantal description of the degeneration (see theorem 2.2 below), which also could
be used to study the scattering of the nonlinear Schrodinger equation (NLS) solitons on the
cnoidal background. We now describe the setting of the problem.

Consider the real elliptic curve

W =472 —giz—gi=4(z—e))(z—e)(z—e3), es<er<e;, e +er+e3=0 (1.7)

with half-periods

(%) dZ
= €R7 1.8
“ A2¢<z—e3><z—ez><z—e1>+ " 49
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I, =

w3 =

a 2(/(i-e3)z—e)z—e)
where the radical is chosen with branchcuts [e3, e2] U [e1,00) and with the determination such

that it is in /R_ in the gap [e;, e1]. Then the stationary cnoidal wave solution (genus one finite-
gap or one-phase nonlinear wave solution) is given by

c€iR_, (1.9)

_Sm3) 2 X
u(x,t) = 20%In7(x,t) = 207 In [e =31 0, <TH : (1.10)
4l603
where 7 := w; /w3 € iRy, and 0) 5 3 4(5, 7) denote the standard Jacobi elliptic theta functions.

Note that the choice e; + e; 4+ e3 = 0 in (1.7) is made without loss of generality. If &(x,7)
is a solution of (1.1) corresponding to the elliptic curve with | + ¢, + e3 = v, then using the
Galilean symmetry of (1.1) &t(x,) = u(x — 2vt,) 4 5, where u is a solution of (1.1) associated
with an elliptic curve with branchpoints e, ey, e3 satisfying (1.7). In this way we can obtain
any cnoidal travelling wave solution from the family of stationary cnoidal solutions.

Choose L points b; € (—o0,e3), j=1,...,L and N—L points b; € (es,e1), j=L+
1,...,N. These points represent the centers of O(¢), € — 07, fast shrinking bands of some
genus N + 1 hyperelliptic Riemann surface Ry(¢), see figure 1. If N is fixed, the rate of decay
of the shrinking bands is not essential. (But in the case of soliton gases, where N — oo (see
below), ¢ is linked with N and the rate of decay of the bands is important.)

Let O be the Riemann theta function [13] on Ry(e):

O(X; Q)= Y mIWRITVIX L e VT (1.11)

vEZN+!1

where © = Q(e) is the Riemann period matrix (our choice of .7 and %; cycles is shown
on figure 5). Let us set X = [¢)1,...,%y, 8]T € C¥*!. Our main observation, see theorem 2.2,
states that in the limit € — O the Riemann theta function

lim © (X—éﬂ(e)u;ﬂ(e)) —det[ly+Gl63 (8- A), (1.12)

where the shift A depends only on by, ..., by, and the N x N matrix G depends on by,...,by
and also on X. The limiting elliptic curve (1.7) with N pairs of identified points by, ..., by (on
both sheets) will be denoted by Rx(0).

The factorization (1.12) represents the limiting Riemann theta function as a product of Kay—
Moses type determinant and the (shifted) Riemann theta function 63 on the residual elliptic
background Rx(0). It is a direct generalization of Mumford’s approach to the case when all
but one bands of the Riemann surface are shrinking as € — 0 and, thus, in the limit, one obtains
an N-soliton solution to the KdV on the residual (elliptic) background. In appendix A this result
is generalized to an arbitrary hyperelliptic residual background.

Our next main result, theorem 2.5, states that

<( X

u(x,t) =202 In7(x,) with T(x,1):= ef%;)xz det[1y + G(x,1)] 63 (4 - A) (1.13)

iCU3
is a solution to the KdV (1.1), where ¢ denotes the Weierstrass zeta function on the elliptic
curve (1.7) and the x,r dependence of the vector X, which is part of G, is defined in terms of
the limiting quasi-momentum and quasi-energy meromorphic differentials on Ry(g) ase — 0,
see theorem 2.5 for details. Thus,

u(x,t)2a§1ndet[1N+G]+za§1n93< * A) - C(m), (1.14)
4ditos 2t03
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bi by by i bsbe©s C2brbs by bio b

Figure 1. The position of hot (red), j = 1,...L, and cool (blue), j = L+1,...,N, points b;
of discrete spectra, relative to the spectral bands [e3,e,] U [e1, 00) of the elliptic back-
ground. These can be viewed as the degeneration of small bands—centered at each dis-
crete spectral point—on a higher genus surface.

i.e. up to a constant, solutions of KdV describing the N solitons on the elliptic background can
be represented as a sum of the Kay—Moses type determinant ‘tweaked by the elliptic back-
ground’ and the elliptic background solution 20%1n65(y) ‘shifted by the N solitons’.

Proofs of theorems 2.2 and 2.5, including the appropriate notations from algebraic geo-
metry, are the subject of section 2. Important steps in these proofs are the calculation of the
Riemann period matrix €2, the normalized holomorphic differentials and the quasi-momentum
and quasi-energy differentials in the limit € — 0. Using results of section 2, we then calculate
the velocity of a single soliton on the elliptic background (section 3) and the phase shift of two
interacting solitons on the elliptic background (section 4). Here we want to mention that the
solitons corresponding to b; < e3, see figure 1, appear to have larger than the cnoidal wave amp-
litude and positive speed (bright-and-forward or simply hot), see figure 3. On the other hand,
the solitons corresponding to b; € (e;,e3) appear to have smaller than the cnoidal wave amp-
litude and negative speed (dim-and-retrograde or simply cool). The smaller than the cnoidal
wave amplitude of the soliton can be identified with the dip in the cnoidal wave oscillations
clearly visible on figure 2; for some early works about solitons on the elliptic background see,
for example, [22, 29].

Dim (and retrograde) solitons, also mentioned as solitary disturbances, have negative group
velocity, i.e. they are moving from the right to the left, which runs contrary to the common
understanding that the solitons for the KdV equation (1.1) are moving left to right. However,
the motion in the opposite direction is the result of the interaction between the soliton and
the background. A similar phenomenon happens in KdV soliton gases on zero background,
where the faster (and taller) solitons are constantly pushing back the slower (and smaller)
solitons due to the phase shift of their pair-wise interaction, so that the effective velocity of
sufficiently small solitons is negative, see [5]. Numerical observation of KdV solitons moving
in the negative direction was first reported in [25].

In section 5 we use the results described above to derive the main equations for a KdV
soliton gas on the elliptic background, such as the nonlinear dispersion relations (NDRs) and
the equation of state. The concept of a soliton gas, which can be traced back to some ideas of
Zakharov [31] and Venakides [28], was formulated by EI [9]. A soliton gas can be considered
as a large N — oo limit of an ensemble of N solitons, viewed as particles with two-particle
interactions. Alternatively, it can be viewed as a specific (thermodynamic) limit of genus N
finite-gap solutions when N — oo and simultaneously the size of all (or all but finitely many)
bands go to zero exponentially fast in V. Thus, we are interested in the large N limit of various
quantities associated with a hyperelliptic Riemann surface Ry(e~*"), where v > 0. In this
setting the NDR become simply the thermodynamic limit of the Riemann bilinear identities on
Ry(e~""), which involve the quasi-momentum and quasi-energy meromorphic differentials
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on one side and the normalized holomorphic differentials on the other. Many details about
soliton gases for the NLS and KdV equations can be found in [9, 11], see also [10, 27]. In
particular, the thermodynamic limits of the NDR were derived in [11] for the focusing NLS
soliton (all bands are shrinking) and breather (all but one band are shrinking) gases. In both
cases, the genus of the residual (degenerate) surface was zero. In section 5 we make the next
step in this direction by deriving the NDR and the equation of state for a KdV gas on the genus
one background. In light of appendix A, it is quite clear that one can use the same technique
to derive the NDR for a KdV gas on backgrounds of any finite genus. We want to mention that
the error estimate of the limiting NDR is outside the scope of this paper, although some partial
results related to this issue in the context of the NLS soliton gas can be found in [27].

In the appendices A and B we respectively state and sketch the proof of theorem 2.2 for
any genus g > 1 background (residual) Riemann surface, as well as prove that any solution
described by theorem 2.5 converges to the background elliptic solution with respect to some
natural probability measure uniformly on compact subsets of (x,?).

The following theorem summarizes the main results of sections 2—4. Its proof follows from
theorems 2.2, 2.5 and 4.2. Proof of (1.16) requires repeated use of theorem 4.2.

Fix by <by <...<bp € (—00,63) and bry) <...<byé€ (62,63). Let p(s) denote the
Weierstrass function on the elliptic curve (1.7). Define implicitly Sy satisfying by = p(2ww35),
k=1,...,N, and Re(5) € [0,1), Im(B) € {0,Im7/2}. Denote by S; :=1— S+ x7, the
second pre-image of each by in the fundamental rectangle, where x = 1 if Im 8 = Im7/2 and
x=0ifImg =0.

Theorem 1.1.[1] The solution of the KdV equation (1.1) with N solitons on a cnoidal back-
ground satisfying (1.7) is given by

u(x,t) = 287 Indet [1y + G] + 267 In6; (ﬂ - A) _ @)
diwo 203

)

3
N
. 1 x
where the background shift A := Z(ﬁ, - B,
j=1

2
. X=X
03 (ﬁwﬁnﬂr 4iw° fA) _ (1.15)
Gom := ’ \/CéCmem(WH)’"), m=1,...,N,
* X — X0
01 (B — )0 -
 (Be — B30 ( - A)
B=0;
onPi | E 1, 16/ (B;7)
i =x—x )= — Ei :=—— 2 ; ce—
Yj(x,1) == (x —x; )27_( +t2ﬂ_a i i (2w30)), 1T 25 0, (B;7) -

and the norming constants C; are positive numbers given explicitly in theorem 2.2 and

xj(o) ,Xo € R are arbitrary shifts.

[2] The points B; € (O, %), j =1,...,Lcorrespond to right-propagating solitons (solitary dis-
turbances) whereas the points 3; € (0, %) + 7%, j= L+ 1 correspond to left propagating
solitons (solitary disturbances).

[3] The profile of such solutions for t — +o0 consists of a cnoidal stationary background (with
period X = 4iww3 € RT) modulated by solitons (solitary disturbances) that are localized
around the lines x; = V;t + (I)j(i). EachV; = —% gives the modified velocity of the solitons

on the elliptic background; the order of velocities is preserved, i.e. Vi >V, > .... The
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-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
x

Figure 2. Plot of a dim retrograde soliton at three different times; the parameters of the
elliptic curve are as in figure 10 and 8 = 0.24 + 3 (c ~ 1.503 56). The group velocity
calculated with formula (3.4) is V ~ —8.99139. In the left/right pane the time is set to
F10/|V]| to see that the disturbance has travelled exactly ten units (and towards the left).

A,

-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
x x

Figure 3. Plot of a bright forward soliton at three different times; the parameters of
the elliptic curve are as in figure 10 and 8 =0.30 (b ~ —5.3595). The group velocity
calculated with formula (3.4) is V ~ 6.8273. In the left/right pane the time is set to
+10/|V]| to see that the disturbance has travelled exactly ten units.

phase shifts @}i) depend on the norming constants, but their averaged difference (the
averaged total shift of the jth soliton) does not:
(+) *)
(o) —(27) = |P|Zln

7 1.16
03— B (1.16)

“FI"

k<j

51(

where the average is over the period of the cnoidal wave (see description in section 4 and
figures 2—4).

Remark 1.2. Part [3] in theorem 1.1 shows that solitons on the elliptic background affect a
phase shift in the cnoidal background. A consequence of this fact is that the solitary disturbance
is not localized. For N =1 this can be directly verified by computing the asymptotic behavior
of the solitonic disturbance 20?In(1 + G) as x — o00. One finds that

X — +00,
202In(1+G) ~

{283 Ind; (61 = Bf + it — A) —2021n06; ( =

) X — —0Q.
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—

80 60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
x x x

Figure 4. Plot of the two—soliton solution with both a bright and a dim soliton at times
—30/Vhot, 0,30/vhor. The parameters of the two solitons are the same as in figures 2
and 3. As expected, the dim soliton travels to the left and the bright one to the right with
their own group velocities.

2. Generalities about nodal hyperelliptic and elliptic curves

We consider the degenerating Riemann surface described by the affine equation

N

Y2 :4(Z—63)(Z—€2)(Z—€1)H(Z—bj —E)(Z—bj+€) (21)
j=1
where (see figure 5)
b1<b2<~~'<bL<€3<62<bL+1<"'<bN<€1; 2.2)

Let us introduce the elliptic curve (in Weierstrass form), see, for example, [1, 17], or any
standard reference:

w=4(z—e3)(z—e2)(z—e1). (2.3)

The determination of W(z) := 21/(z — e3)(z — e2)(z — e1) is chosen with the branch-cuts along
[e3,e2] U [e1,00) so that

W(Z-‘r) E]R—7Z€ [E],OO], W(Z+) €R+7 Z€ [63762]a 2.4
W(z) €iR_, z € [ea,e1], W(z) € iRy, z€ (—00,e3). (2.5)
We denote the two half periods w3, w; and the modular parameter 7 as follows
e dZ
=w; € Ry, (2.6)
/e3 2\/(z—e)(z—ex)(z—er) s
e d
/ < — w3 €iR_, 2.7)
o 2V/(z—e3)(z—e)(z—er)
r="1ciR,. (2.8)
w3

With these understandings we define the Abel map by

ﬂ_/mkmmﬁ' 2.9)
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BN 11

Figure 5. The choice of cycles around the main bands and around the shrinking bands
near the hot (far left) and cool (middle gap) solitons.

In particular the images of e3,e;,e; are 7, TT“, %, respectively. We recall the definitions and

the main properties of the fundamental Weierstrass ¢ and p functions:
| 1 1 s
— 2.10
<) s + nzn; <s — 2mws — 2nw + 2mwos + 2nw + (2mwos 4 2nw, )2> ’ (2.10)
C(s+2w3) = ((s) +2¢ (w3), C(s+2w) =C(s) +2¢ (1), (2.11)
I 1 1
=—('(s) =5 - 2.12
o(s) ¢'(s) $2 * ; ((s —2mws —2nw)? (2mow; + 2nw1)2> ’ 212)
p(wi) =e1; p(ws +w@i) =e p(ws) =e3, (2.13)
(0" =4(p—e)(p—e)(p—es). (2.14)

We will also need the Jacobi theta functions with the specific normalization below, which
differs from the one in DLMF [6, 20.2(i)], by a factor of m; for example, for us here 65 is
I—periodic instead of 7 periodic.

0(B) = 03(B;7) = Y _ T Hams, (2.15)
n€Z

0:(8) =6, (5;7') = Zei” (”7%)27+2"” (”7%)('67%), (2.16)
ne€”z

We emphasize that Jacobi elliptic functions are naturally functions of the variable 8 on the nor-
malized Jacobian J with quasi-periods 1,7 = %, while Weierstrass’ g, are doubly (quasi)
periodic in the unnormalized variable s and have periods 2zw3, 270y : for this reason when mix-
ing them in the same formula one should bear in mind that s = 2zo3 3 to translate from one to
the other.

2.1. Terminology

The Jacobian of the elliptic curve (2.3) is the torus J := C/Z + 7Z and it provides the uniform-
ization (i.e. the parametrization) of the algebraic curve (2.3) via the Weierstrass’ substitutions
w=g'(2ws3), z= p(2w;0) as per (2.14). Points in the Jacobian J will be represented by
points in the fundamental domain

L= {Reﬂe [0,1), ImB € [O,Im(T))}, (2.17)

3630
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with 8 =0 corresponding to the point at infinity. We refer to (x,z) in (2.3) as the Weierstrass’
representation. The three points ey, e, e3 correspond to the half periods 7, TT“, % (respectively,
modulo the lattice A, := Z + 77Z). This is a slightly non-standard correspondence due to the
choice of @7, Z cycles.

The points b; correspond to pairs of pre-images in the fundamental domain £ of the

Jacobian J:

0,1) 1 <j <L (hot)
b = p(2ws ;) = p(2ws ), e (0,7 2.18
= p2mafy) = p2w:f5), - h {;+(o7;) L+1<j<N(ooh, 9
where (see figure 7)
0 1<j<L
*—=1-—04 = 2.19
B; Bi+XxT, X {1 L<j<N. (2.19)

The 7, %; cycles on the curve (2.1) are defined in the following way (see figure 5):

— for the bands around the hot solitons b; the 7 cycle is a small circle around the band and the
2 cycle is a contour from the right end of the small band to e3 of the main band (on both
sheets);

— similarly, for the bands around the cool solitons by ; the <7 cycle is a small circle around
the band and the %; cycle is a contour from the left end of the small band to e, of the main
band;

— the cycles of the elliptic curve will be numbered N + 1 and the @7y, cycle and By, as
shown in figure 5.

2.2. General properties of nodal curves and their period matrix

We refer to chapter III of Fay for a general approach but here we give a perfunctory account
of the ideas, tailored to the problem at hand, namely, that the limiting nodal curve is an elliptic
curve.

Consider, for guidance, the following example

V=(—ePd(z—el)(z—ex)(z—e3), e1+ex+es=0. (2.20)

As € — 0 the curve becomes a nodal elliptic curve; its resolution consists of an elliptic curve
(represented in the canonical Weierstrass form)

2
(2) =4e-ehi-en-en. @2

Z

The functions y, z on this elliptic curve can be parametrized as follows in terms of the Weier-
strass’ functions g, p':

z=p(s), y=p(s)p'(s) = 5 (p(s)*) . (2.22)

This means that the algebra of these functions separate all points of the elliptic curve except
the two zeros of p; in other words the nodal curve is the result of identifying one pair of points
in the limiting elliptic curve.
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T IL+7

1

Figure 6. The curve (2.20) before degeneration; the two small cuts are around the
images of the point (Z=0,Y = F4e eze3), and their two sides are identified as sug-
gested by the color-coding.

The limiting elliptic curve without the identification of the two points is an example of
resolution of a nodal curve; if we have several nodes the procedure is precisely the same:

(0(s) — )7 9'(5), z2=p(s). (2.23)

—.

Hszf d(z—el)(z—er)(z—e3) = y=
j=1

j=l1

In the resolved elliptic curve we now have N pairs of pairwise identified points; in particular
the two points in each pair are interchanged by the elliptic involution (if they were in general
positions, then this would not be the resolution of a hyperelliptic nodal degeneration). Let us
denote by f;, 61.* these pairs in the Jacobian, within the same fundamental domain (2.17).

What remains of the corresponding .27, %; cycles?

Even before degeneration we can represent the hyperelliptic curve as the elliptic curve with
small branch cuts around f3;, 3/, pairwise identified, see for example figure 6. The .7 cycle is
represented by a small counterclockwise circle around one of the two pre-images of the node
(say, 3;), while what survives of the %; cycle is a path joining the two pre-images of the given
node in the resolved curve.

If we have several nodes, of course the %; cycles should be chosen as mutually non-
intersecting paths joining the two pre-images of each node and staying within the same fun-
damental domain (2.17).

What happens then to the corresponding normalized holomorphic differentials, wy, k =
1,...,N+ 1, in the degeneration process? As explained better in [13], they become the (unique)
third kind differentials on the resolved curve with two simple poles at the pre-images 3, 3 of

the nodes b;, residues 5.— at 3; and —
They have the followmg form

Ld, 655
PR = 2im dB " 01(8— BY)

The evident advantage of formulas such as (2.24) is that the differentials appear as total derivat-
ives of (multivalued) functions on the curve and hence the integration is a pleasant experience.

2 at 87, and vanishing ./ -period on the resolved curve.
LT

BB =) 4. (2.24)
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T 1+7

(e1) |

B; (€3) B 1

Figure 7. The points ; in the Jacobian corresponding to the hot (red) solitons and cool
(blue) solitons, and their corresponding involutions. Indicated in bracket the correspond-
ing points on the elliptic curve.

We mention here that such formulas can be written for any genus Riemann surface (hyperel-
liptic or not) in terms of Riemann theta functions and in fact all the considerations here translate
with no substantial difference to higher genus.

The matrix of Z periods will have, in the off-diagonal entries, the following limit

Pe L 01(87 — BF) 01(Be — Br)
Q,, = o =—1 2.2
g, o /,3 P = i " 0B — B B — B

where wy denotes the k™" normalized holomorphic differential, see figure 5. The above formula
determines €2 x only up to integers; this phenomenon, rather than a nuisance, is a feature. It
simply reflects the fact that we can add to a period matrix €2 an arbitrary integer matrix by
adding to the Z—cycles an integer combination of the .o7'—cycles.

We also mention that the symmetry in the exchange /¢, k is a manifestation of Weil recipro-
city or as a consequence of Riemann bilinear relations.

If now dS denotes the normalized differential on the resolved elliptic curve, then in the
limit we have wyy, — dj. It follows that the limit of €2, 54 tends to the difference of the
Abel maps of the pairs 8¢, 3

Be
QZ,N-H = % WN+1 = / ds = — ﬂg = % PBe,Bf - (2.26)
B, B} BNt

In this case, the symmetry €y 11 = Qx4 ¢ in the e — O limit is simply a consequence of the
Riemann bilinear identity on the elliptic curve.

We mention here that if the resolved curve were of higher genus, at this point we would
simply obtain the full Abel map of the divisor of degree zero %, = 5, — 3;,{=1,...,N.

2.2.1. Properties of the period matrix. ~ With the choice of <7 /% cycles made above (see
figure 5) the matrix €2, of normalized Z—periods satisfies

Q&m:;f wm =, Lm=1...N+1, 2.27)
@[
Qniie = Qe vy ER, Qi1 € Ry, Qo €iR, £,m < N. (2.28)

3633



Nonlinearity 36 (2023) 3622 M Bertola et al

We can summarize the discussion of the previous paragraph in the following lemma.

Lemma 2.1. As ¢ — Owe have that
1 d “n 91 (ﬁ ﬁ])

7 2ir B 01(B+8—1)

1 d “n 91(5 ﬂ])

27Tdﬁ O(B+B—1—1)

w1 — dfS. (2.30)

ds, j=1,...,L (hot solitons);

dB, j=L+1,...,N (coolsolitons); (2.29)

The matrix of normalized 98—periods has the following limits:

1. The ‘hot-hot’ part (j,£ = 1,...,L) is given by

(B} ﬂé) .
Q; :-(]5 w —>—ln L. 2.31
- % ‘ 01(B; + Be) 7 3D
2. The ‘cool-cool’ part (j,¢ =L+ 1,...,N) is given by
1 6,(8; — Be) )
o=, "oGra-n 77 232

J

3. The ‘hot-cool’ (j =1,...,.L, £ =L+1,...,N) (or ‘cool-hot’) part is given by

o _ 1 01(8; — Be)
Qj’g—ﬂjo.)g% —mln —9](ﬁj+ﬁ@—7')

,je{l,... L}, te{L+1,....N}. (2.33)

4. The hot and cool solitons interact with the finite genus background by

Qi1 — 28— 1€R, (=1,...,L, (2.34)
Q1 —28—7—1€R, (=L+1,...N. (2.35)
5. Finally,
1
Q/'j = llng + 0(1) — +lOO, j: 1, .. .,N; QN-H,N—H —T. (236)

2.2.2. The Riemann Theta function and its degeneration. Let © be the Riemann theta
function [13];

) (X Q Z emuTQu-&-ZwruTX, Xe (CN+] (2.37)
veZN+!

According to lemma 2.1 we partition the matrix 2 into blocks:

B
H (2.38)

BT Qi vt
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where the diagonal of B diverges to +ico (at the rate of Ine, but this is not important here).
Recalling (2.19) the limit of the matrix B, ; can be uniformly written as

6, (ﬂ] ﬁé)
01(6; =B |’

1

2B, —1 ¢ < L(hot solitons)
By, — 1

pe = Be=Bi _{ 2By —7—1 ¢> L+ 1(cool solitons).

Onypingr = T

(2.39)

Here the different form of the involution for 5,’s is due to the choice of fundamental
domain (2.17). With these preparations we can state and prove the main theorem:

Theorem 2.2. Let us denoteu = (1,1,...,1,0) € CN*1, X = [, 8] € CN*L. Then

1_1>r(1)1 © (X— ;Q(E)M;Q(E)) =det[ly+GJ]b: (8 —A), (2.40)
- _ [ BB tB-A) i71'(1l12+¢’m):| !
G = [Ggm] = |:01 (ﬁe — 6;;)93 (,8 —.,4) CZC,,,e et (2.41)

where [, 57, defined in (2.18) and (2.19), are the two pre-images of bj in the Jacobian of the
resolved elliptic curve, and

1 * * (ﬂk ﬂZ)
A=3"(B-8),  Co=01(8e—57) (2.42)
2 - b F 1 ¢ ke{g,N} 1(Bc—Be) |
k

Proof of theorem 2.2. The proof follows similar steps to the proof for ordinary solitons by
Mumford in [24], where, however, the author ends up with a different determinantal formula
(not a Fredholm determinant). Here we also have the added twist that at some point we need
a special identity of determinants due to Fay [13]. With the established notations and splitting
the summation integer vector v = [n,m] € ZV*1, 1= (1,1,1,...,1) € RN we have

1
o (x_ 2Qu> _ % gzj expir [mmNH,NH +n"Bn+ 2mu™n
m n

+2 (mﬁ STy — %nTIB%l - ’;;ﬂlﬂ

= Z ZCXPHT MmOy 1 N1 +Z 7 —ne)B + Z/ne(nk— 1)Bg

ncZN meZ 0.k

1
+2m (uTnJr B8— 2;ﬂ1> +2nT)

Since B, ¢ — +ioco, in the limit only the vectors n with entries n, € {0, 1} will contribute to
the sum, while all the other being suppressed (we leave the details of the use of dominated
convergence to the reader). Thus the limit of the above sum as € — 0 yields (the prime on the
summation indicating that the sum is for ¢ # k)

3635



Nonlinearity 36 (2023) 3622 M Bertola et al

)

IR

T T
1650 1700

I L |
—
—
—
——
—
—
i
——
—
—
—
——
—

[ S
—
e
—
—
—
—
—
—
—
—
e

Figure 8. A plot overlaying the two-soliton solution (red: in this case two retrograde
solitons) with the background cnoidal wave. The observable phase shift of the back-
ground that occurs from the right to the left of each solitary disturbance, is described in

theorem 4.2.

. 1 . . !
lim © (X 2Qu> = Ehg}) Z Zexpm m2QN+17N+1 + Z ne(ng — 1)By

e—0
ne{0,1}¥ meZ 4,k
1
+2m <u7n+ﬁ — 2;ﬂ1> + 2nT1/;]
!/
— 1 . _ T
lim Z expim Z ng(ng — 1)By + 20T
ne{0,1}¥ Ok

x 03 (uTn+B - ;;ﬂl) . (2.43)

‘We now use the results (2.25)

ng(me—1)
] 1 ! 91(ﬂk—ﬁé)91(51f—/82‘)>2
ImO(X—--Q =
e ( 2 u> ne%}lv 1;! <91(Bk — B7)01 (B¢ — Be)
« edim Z[VMWQS (ﬁ + Z (IBZ — ﬁ;) (ng — 1/2)) . (2.44)
4

Note that the expression zi Egi :g’i))%ll((%{:% ; = lim._,o e'™ ¥ is a positive real number. Now we
£ k

equivalently sum over all possible subsets S C {1,2,...,g} consisting of increasing indices.
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T T
1500 1550 1600 1650 1700

Figure 9. The same setup as in figure 8. The top pane shows two retrograde solitons
for a large negative time (remote past); the dots indicate, for reference, the ‘position’
of the two disturbances. Both disturbances have negative velocity (move to the left);
the narrow-waist, disturbance travels with greater speed than the wider-waist disturb-
ance. In the remote future (below) the narrower disturbance has overtaken the wider
one. The circles indicate where the two disturbances would be if propagating on the
pure cnoidal background; the position of the diamonds is computed by the shift given
by the formula in theorem 4.2. The numerical values for this example are as fol-
lows: e; =2,e2=1,e3=-3,81=1/4+ 3, Bp=036+7, VI~ —-894427, V)~
—8.4810443, A(B1,82) ~ —17.32, A(B2,P1) ~ 22.878, and the times shown above
are 14+ ~ +182.5586.

. 1 01(8¢ — B7)

11m®<X—Qu> = E k7t

=0 2 sc{1,.. N}ZEES 5"_Bf 1(Bf = Be)
Sordered

o=

2im e 01(Bk — B7)01(By — Be)
<L} Il |56 =saE =5

Les ke{l,...,N}
kL
1
xO3 | B+ (Be=B) =52 (B—5) |- (2.45)
Les J

We therefore conclude that

. 1 1 01(Bx — Be)Oh (Bg — B7) Cpeim e
ImO(X—-Qu | =
L ( 2 ”) SC{ZI WQES 61(B— 5;)0 (Bz—m)gel(ﬁe—ﬁz)
S ordered

2 (ﬂ + (80— 87) - A) , (2.46)

les
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where we have set for brevity (the norming constants):

01(Bx — B7)01(Br — Be)
01(Bx — Be)01(B; — B7)

o=

Co=6(8e—857) H

ke{1,... N}
k£L

1 *
o A=Y (BB @4D

We now need the Fay identity [13, p 33]. In genus one it can be formulated as the identity (2.48)
below, where n € N is arbitrary; x1,...,x,,X1,...,X, are arbitrary points on the elliptic curve,
and € € C is any value for which 65(&) # 0:

01 Xj — X 01 X _)ch
det{ 03 (xp — X+ &) ]” _93 (Zj(xj—fcj)+5)j<Hk ( )0 Gk — %))
01 (xp — %) 03 (E) em=1 - 05 (€) ﬁ I

kj=1

(2.48)

If we specialize to x; = 3, X; = 3/,j = 1,...,Nand £ = 8 — A and let {(S) denote the cardin-
ality of the set S, then we obtain

0 (Z(Bz ~B;)+8 —A) IT 6:(8c— Boo1(B: = B7)

LeS L<keS
03 (8 —A) 4S)
H 01 (B¢ — By)
L.kes
03 (B — B +B8—A) }
=d . 2.49
ot {91 (Be—=B3) 03 (B—A) | nes e

The rhs of (2.49) reads

03 <B+Z(ﬁe —B7) _,4>
les

1
0 (3—A) Hgl(ﬂzfﬂﬁ

Les

(rhs 2.49) =

H 01(Be — Br)01 (BF — B7)
) 01(Be — Bi)01 (B — B7)
(2.50)

L<keS

Thus we find that (2.46) becomes

, 1 _ B 03 (Be — By + B —A)
;1—%@<X29u>03(6 A D det[el(ﬁz—ﬁé)%("—fl)

SC{1,....N}
S ordered

X \/CuCpemr )| @.51)

£,meS

=0:(B-A)

SC{l,....N}
S unordered

| e[ B
F Lo (3= B B (5= A)

X A /Cecmeiﬂ(w€+wm):|

This last summation is precisely the Fredholm expansion of the determinant [26] in the
statement. O

. (2.52)
l,mes
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2.3. KdV tau function

In the finite-gap integration method the vector X (the argument of Riemann’s theta function)
evolves linearly with respect to x, t:

X :x£ + t£ + Xo. (2.53)
2T 2w
With our choices of the o/, % cycles the first N components are purely imaginary and the
last component is real. The vector X encodes the initial conditions and it is arbitrary (with
the same reality properties). The vectors P,E are the vectors of %—periods of second—kind
differentials on the Riemann surface (2.1):

P, — yﬁ P E,— yﬁ dE (2.54)
:95( @2

where the quasi-momentum and quasi-energy differentials are the unique differentials of the
second kind (i.e. without residues) with a single pole at co of order 2 and 3, respectively, nor-
malized to have vanishing .7 —periods on the hyperelliptic curve, with the following prescribed
singular behaviour:

dP(z) = <4\[+(’)(z;))dz, ygdP:O, j=1..N+1 (2.55)

dE(z) = <2ﬁ+0(z—3))dz }5 dE=0, j=1,... N+1. (2.56)
o

Here /z means the root with the branchcut along R and ,/z- € R_. In particular, we have
that the Abelian integrals behave as

/dP—H/dENx——H? (2.57)

The complete formula for the tau function of the KdV solution contains also [7] an exponential
as follows

Pt E
T(x,f) =e €O <x ;t +Xo>, (2.58)
T

and the finite-gap solution of the KdV equation is given by
92
u(x, 1) = 2@ InT(x,1), (2.59)
which satisfies the KdV equation with the following coefficients:

Us + Uy + 6un, = 0. (2.60)

In fact, the exponential in (2.58) contains a quadratic form in all times of the hierarchy, but
this has no effect on the solution u(x,#) of KdV, due to the logarithmic differentiation in x.
However, the constant C is essential. Expressions for it can be found in [14] but we need a
different description here [3, 7] which involves the canonical bi-differential of the Riemann
surface.
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On any Riemann surface of genus g the canonical bi-differential B(p, ) is a differential in
both arguments that satisfies

1. B(p,q) =B(q,p).
2. As a differential in p, B(p,q) has a unique double pole for p = ¢ (and viceversa), with bi-

residue 1 in the sense that for any local coordinate £ we have

dwds
(w—s)?

3. Integration with respect to p along the <7 —cycles yields zero, identically in g (and viceversa).

B(p,q) = (1+0(w—25)%), w=£(p), s=£(q). (2.61)

Formulas for this object in terms of theta functions can be found in [13], chapter II, but here
we do not need any further detailed information.
The constant C appearing in (2.58) is then given by [7]°

c= 4 pey ey VIOV =) res YD) .62

res res = res
=00 4=50 2g=o0 2

where the Riemann surface is the hyperelliptic surface of the form (2.1).

The only information that we need here is that under the degeneration of the curve the bi-
differential reduces to the corresponding bi-differential on the elliptic resolution of the limiting
curve [13], chapter I'V.

Thus we need to figure out what is B(s,w) for an elliptic curve. A simple verification shows

B(s,w) = (p (s—w)+ C(W) dwds. (2.63)
w3
Since z = p(s) = & + O(1), we see that the above residue becomes
1 1
C= glesres — (p(s —w)+ C(;?)) dwds = Céizz) (2.64)

2.3.1. KdV evolution in the degeneration. =~ We can identify the differentials of the quasi-
momentum and quasi-energy in the limit as € — 0; in fact if they are normalized to have van-
ishing &/—cycles (where the .o/ cycles are the ones around the nodal degenerations), in the
limit they tend to the corresponding differentials on the elliptic curve (the resolution of the
nodal hyperelliptic curve).

Lemma 2.3. The quasi-momentum dP and quasi-energy dE on the elliptic curve are

1 (o), 1 1 @ -

2
Po)= [ =3 <<<s> _s <w3)> _ 4;3:2:3 (266)

dE(s) =—=p"'(s)ds = E(s)= [ dE=—=p'(s). (2.67)

6 The theorem in loc. cit. is theorem 3.6.15 on page 138, stated without proof (and for the KP tau function), which is
given as a collection of exercises. The solution to these exercises is contained then in [3].
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Proof. We can express them in terms of Weierstrass elliptic functions. Since z = p(s) = 5 +

o(1),
1 _3 1
P = (4\/2+(9(z 2)>dz:—<2s2+0(1))d& (2.68)
It follows that
4P =~ (p(s) ~ C)ds

with the constant chosen so as to have vanishing <7 -period:

w1 +2w3
2t03C = / p(s)ds =((w)) — (w1 +2w3) = —2((w3) €R (2.69)

wi

where we have used (2.11). Thus the quasi-momentum is given by (2.65). Similarly

1 1
dE = 3 <_3s4 + (9(1)) ds. (2.70)
Formula (2.67) then follows. O

Lemma 2.4. The quasi-momenta and quasi-energies of the solitons are

C(2w3p) —2¢ (w3) B; € iRy i<L

=) cemp)-26¢(@n) + 5 iRy j>L+1 @
3
1, . .

=59 (2w35j)Z—\/(bj—el)(bj—ez)(bj—e3)GlRf Jj<L
E - T 2.72)

=50 Qmf) = —\/(Cj —e)(g—e)(c—e) €iRy j=L+1

T

Ent1=0, Pyy1= *27@ cRy. (2.73)

Alternatively we can write the quantities P; in uniform way using (2.65)

_ oo L (0B 6B _ e i
fm P P =g \0) " () ) "B e O

where x = 1 for the cool solitons and x = 0 for the hot ones.
Proof. We use (2.65) and start from N + 1:

w1 —im

Py :P(W3+2w1)—P(W3):C(w1)f;3@‘(133) (2.75)

= E%;g

where we have used one of Legendre’s relations [6, equation (23.2.14)]. Forj < L (hot solitons)
we have

By = P23 fy) — Pwsf) = 5CCmy) — 5C2m(1 = B) 26 (s) +C (w) (276)

= ((2ms3p;) —25( (w3) (2.77)
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where we have used the periodicity of ¢ (2.11) together with its oddness. For the cool solitons
we have

Py = P2m3f3) ~ PRwm(r +1 - §)) = ((2m38) ~ 26 (1) + 5 278)

The formula (2.72) is similarly obtained evaluating E(53;) — E(B/) = 2E(;): note that dE is
an exact differential; this reflects the well known fact that the 1-gap solution is stationary (up
to Galilean invariance). O

We summarize the computation in the following theorem.

Theorem 2.5. In the limit ¢ — O the vector of phases has the following limit:

o onNP B
1/11(.96,1) ;(x,1) .—(x—xj )E—’—tﬂ’ j=1,...,N
X(x,1) — : _X"% (2.79)
Unlx.) PO = s
Blx,1) PiciRy, E_, €iR_, E. y€EiR_
where xy, and x}o),j =1,...,N are arbitrary real numbers’.
With these phases, the N-soliton solution is then given by the formula
u(x,t) =202 In7(x,1) (2.80)
where
¢(3) _
T(x’t) =e 8w33 *;det[lN—&-G] 93 <X N all —.A) 5 (281)
4ditos

A=1 ,Z‘V:1 (Bj = BF), and G is found in theorem 2.2.
The formula (2.81) is clearly reminiscent of the Kay—Moses formula for N solitons [21].

Remark 2.6. The arbitrary shifts xjgo) and xo in theorem 2.5 are obtained by starting with a

vector u. which is fine—tuned so that, for a fixed ¢ € R we have
B.(ue. — 1) =iep. (2.82)

Now take the limit € — 0; since the diagonal of B, diverges, the vector u. is a suitable per-
turbation of 1. In other words, in the limit the solution ‘explores’ a small slice of the Jacobian
around the half period. The chosen ¢, € R have the effect of re-scaling the norming constants
by an arbitrary positive constant e¥<.

3. Velocity of a single soliton on elliptic background: bright-and-forward
versus dim-and-retrograde

Consider here just one hot soliton b € (—o0,e3); as figure 3 shows, we see a hump of taller
oscillation on the cnoidal background that moves to the right with velocity V; = —E;/P; >
0. However, for a cool soliton ¢ € (e5,e;) the disturbance over the cnoidal wave is first of
all a subtraction (i.e. a ‘dim soliton’). Moreover, which is more interesting, this disturbance
moves to the left with velocity V; = —E;/P; < 0. The phenomenon was observed in [5] using

7 Comparing (2.79) to (2.58) we have Xo = X(0,0).
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a Whitham approach, and experimentally in [25]. Here we observe the same phenomenon by
inspecting the explicit solution formula given in theorem 1.1.

Remark 3.1. We can justify the shape of a dim soliton as follows. With the normalizations
used in this paper, the potential u(x,?) can be written as

N+1 2N+1

1
u(,f) =5 2> - > E (3.1)
j=1 j=1

where p; = p;(x, 1) are the Dirichlet eigenvalues and are one in each of the gaps and E; are all
the branchpoints. Under the degeneration, branchpoints come together in pairs. Consider now
the case of a single cool soliton with eigenvalue at ¢ € [ez, e1]. Then the trace formula (3.1)
implies that (recall that e; + e, + e3 = 0) the value of u is given by 1 (u1 + p2 — ¢) where
w1 € [c,e1] and py € [ea, c]. This gives the four critical values

ulx,r) 1 e

el

) €1 C
eH—;z—c el e
% c ¢
Z c e

These four values are the maximum and minimum of the cnoidal wave, and the two critical
values of the ‘dent’ in the envelope. A

To prove the phenomenon of on a mathematical level we need to analyze the formula for
the soliton; specializing theorem 2.5 to N = 1 we get

u(x,t;01) =207 In7 (x,1; 1)
@t <xxo _ b BT) RGN LEAREER)

T(xat;ﬁl)e b=

4i’(ﬂ3 2
x—xo Bi—B"
x 0 3.2
3(4iw3 T ) (3-2)

where P(31) =i|P(B1)|, E(B:) are as in (2.71), (2.72) and we set V| = —E(83)/P(5) € R.
Rewriting the above in clear form we find

2 *
u(x,t) = _C(WS) +2i1n [93 ()C—)C() — i — b ) _~_e—|P(5l)\(X—X§O)—lV1)

4@3 dx? 4i’W3 2
x—xo Bi—B"
0 . 3.3
x 3(4iw3 T ﬂ (3-3)

Since both #3’s in the logarithm are periodic (and positive) functions of x, if x — Vi1 > 0 then
the second term is suppressed and the solution looks like the usual cnoidal wave with a shift,
while, for x — Vi1 < 0 the second term dominates and we can discard the first 65 function, so
that the solution looks like a cnoidal wave with the opposite shift. Thus the only ‘disturbance’
occurs when the two addenda are of the same magnitude, namely along the zero curve of the
phase x — Vt, which is a disturbance with constant negative velocity for a cool soliton.

Thus, we have established that the ‘solitons’, whether hot or cool, travel with asymptotic
speeds V() given by
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Figure 10. The group velocity V(% + 5) (3.4) of a dim soliton as a function of s in
B =35+ 7%. Here 7~ 1.36007i, e1 =2, ex ~ 1, e3 = —3, w3 ~ —0.742206i, w; ~
1.009452.

__E_1 o' (2w3) <1> T
M= 2w 2 s TN T OF

where x = 0 for hot solitons and x = 1 for cool ones.

Note also that the background cnoidal wave undergoes a shift from the left to the right of
the disturbance, clearly visible in the different arguments of the two theta functions.

The plot of the speed is in figure 10, while in figures 2—4 we show, respectively, a single
dim soliton (retrograde), a single bright soliton (moving right) and the two-soliton solution
obtained from theorem 2.5.

4. Scattering of soliton pairs over cnoidal background

First, let us verify that very energetic solitons have the expected velocity as an ordinary soliton,
which follows from the dispersion relation for the phase

Dgree = x7\/|B] — 2]b]7 .1

to be Viee(b) = |b|, which can also be seen from the single soliton formula (1.2). The limit
b — —oo corresponds, in the Jacobian, to 3 — 07; using the Laurent expansion of ¢ (s) =
14+ 0(s) and p'(s) = —S% + O(s) we find

1

V(B) ~ ~ gz ~
Before proceeding we need to define what we mean by the ‘position of the soliton’ since clearly
(see figures 2—4) the ‘solitons’ over the background are not coherent structures but rather (more
or less) localized disturbances of the cnoidal background. This difficulty is in contrast with the
standard case of solitons on a zero background.

To come up with a working definition we look again at the expression for the single
soliton (3.2): we define the instantaneous location as the position, relative to the ballistic

—9Qw33) = —b = Viree (D). (4.2)
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motion x = Vt = —E/Pt, where the two addenda in the rhs of (3.2) are equal. Specifically, set-

ting V(8) = —% €R, and x(t) = x%o) + V(B)t+ ®(¢) equating the addenda in (3.2) gives:

o)1) ¢, (vw)rw(r) NE 5*) o, (V(ﬂ)t+ o) _p- 6*) .

4icos 2 4icos 2
V(B)i+2(r) _ BB~
O(f)=— ! 1n03( o 2 )+ ! InC
PO g (Wze 5 ) T PET

(4.3)

where we note that P(3) = i|P(8)|.

Lemma4.1. Forany 8 € (0,3) + {0, %} equation (4.3) has a unique solution ®(t). Moreover,

(1) is continuous and has period “‘/’(%

Proof. The equation (4.3) defines a unique function ®(¢) via the implicit function theorem.
To see it we observe that the r.h.s. is a periodic, bounded function R(®,¢) of ® so that it
intersects the line L(®) = ®. To see uniqueness it is sufficient to show that the function
F(®,t) := L(®) — R(P, ) is a monotonic (increasing, as it turns out) function of ®. Now, we
have

b (g
“4713(<Dat) =
oo 4iws|P(B)| 05 (V(fif;fq’ —s) 8"
()
= - 4.4
4lw3|P(ﬁ)| 01 (V(f.)H'@ =+ TTH —s) g B=B*
ito3 3
We are going to show that
0
%R(é,z‘) <1 4.5)

which is sufficient as long as the equality holds only at isolated points. Indeed we have (recall-
ing ws € iR_)

s B =8
) -1 0/ (s+ 5L +d)|
max —R(P,7) = min 2 4.6)
e N I Iy re== eyl
- 2
NT
Recall now from (2.74) that P(8) = ;L5583 | so that
s=[p*
9 —1 0! (s+ 7 +d) =
max -—R(®,7) = ——5— min 1%24-1 4.7
deR OP 0/(5) aefo,1] | 0y (s+ = +d) Y

We now show that the minimum is achieved at d = 0; the minimum is —1 for cool solitons,
and strictly larger for hot solitons, (thus proving (4.5)) and it is an (isolated) critical point. Let
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us denote p := ﬁ*T*B € [0,1/2] and note that it is always real. Consider the function

ol (s+ = +a)| "

Fld):=———F—F
@) 0, (s+ 5+ +4d)

4.8)

sS=—p

This is an elliptic function of d, real valued ford € RUR + 7. Its poles are at d = d-p + TT“
and its zeros (by Abel’s theorem) are of the form & + 1 € (0, 1); indeed we find F(0) < 0 and
F( %) > (. Moreover the only critical points on the real axis are d = 0, % The fact that d =0 is
a minimum is easily verified by the second derivative test noting that

rr-saom (1)) (om (51 ))] -0 o

1
F"(0) = 1630’ (2W3 <T;r - p)) >0 (4.10)

where the last inequality is due to the fact that the points TT“ — p correspond to the points in

the gap [e, e] on the first sheet, where p’ € iR_, see (2.5). Since F is periodic and has only
one other critical point at d = % (which must be a maximum) we have shown that

F(d) > F(0), Vd € R. @.11)

Consider the case of a cool soliton 3 = p+ 7, 3* = 7 + 1 — p. Observing that TT“ + B*T_ﬂ =

£* and TT“ — W%ﬁ = [3, we see that at the minimal value d = 0 the right hand side of (4.7) is
1. Then formula (4.7) gives exactly (4.5), with the equality being achieved for d =0.

Consider now the case of a hot soliton 53 € [0, %} In view of (4.7), to prove (4.5) we now
have to show that

0p1Inb, <p— ;)' >

where p= 228 € [0, 1). Using (2.66) reduces (4.12) to

Red, Ind; (p—T;1>‘, (4.12)

[Im (w1 + 3 — )| < [Im( (w3 — p) (4.13)

where p = 2w3p. The value p = 0 turns (4.13) into an equation. Thus, to prove (4.12) it is
sufficient to show that

lp(@1 + @3 — p)| < [p(ws — p)| (4.14)
for every p € [0,z3]. That follows from the identities [17]

(ea—e1)(e2 —e3)

o) —e (“-15)

p(w +ws —p)=er+

(e3—e1)(e3 —e2)

p(p) —es (10

p(w3 —p) =e3 +

Since both terms in (4.16) are negative and |e3| > |e,|, the desired result follows from
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(e2—e1)(e2 —e3)
p(p) —e2

(63 - 61)(63 - 62)
p(p) — e

< (4.17)

which is clearly true for any p € [0,co3].

Once existence and uniqueness of solution ®(¢) of (4.3) is established, the continuity of
®(¢) (in fact, smoothness) follows from the implicit function theorem. Since 6 in (4.3) is a
period one function, it is obvious that if ®(#;) solves (4.3) with ¢ = #, it also solves (4.3) with

t=ty+ é’(zg; . Now the uniqueness of solution of (4.3) implies that ®(¢) = ®(z + ?}EZ; ).

It follows from (4.3) and lemma 4.1 that the average of ®(r) over a period is “,('—ﬁ)‘ In/C,
because (P(¢) is the difference of two shifted logarithms of 6 with the same period plus a
constant):

@ . *
. ln9(7v(ﬂif$3(’)—iﬁf)+ LY <¢>_1/T@(t)dt_ Ik
PO (Mg o) TP ! ek

(4.18)

where T = A\‘/I(WB; is the period. Now, suppose that two solitons corresponding to the points

51,52 € (0, %) + {0, 1} 7 are localized at t — 4-00 around the positions

x1(5; 81, 82) = tV(B1) + @5 (1,81, 82), 1= %00 (4.19)

X (681, 82) = V() + ®$E (1,81, 8,), 1 — oo (4.20)

We are not interested in the value of @}i) directly (since the initial position can be changed
arbitrarily by a re-definition of the norming constants) but in their average difference:

A5 = (Vw8 8)) — (2 whB)), =12 @2D)

Theorem 4.2.[1] The deviation from the ballistic trajectory for a two—soliton interaction is

0.(81 = B5)
0181 —52) |

01(81 = B5)

Ay (Br,p2) = 6,51 — o)

Do (B1,52) = 1

. (422

In
| il

where Pj, j = 1,2, are given in lemma 2.4 and the solitons are ordered so that V, < V|
(i.e. the soliton number has the larger velocity (note that the V;’s may be positive or neg-
ative, so that larger velocity does not mean larger speed!).

[2] (‘Conveyer-belt effect’). The background cnoidal wave undergoes an addition of a shift by
Bj — B in its phase passing from the right to the left of the jth solitary disturbance:
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202005 (55 — A) Vit < x,

28§1n93<ﬁ—A+61—BT> Vot L x <L Vit, t— 400

202In0; (ﬁ +A) X< Vat,

u(x,t) ~ (4.23)

20205 (75 - A) Vot < x,

28f1n03<4i;3 7A+61—ﬂl*) Vit < x L Vat, t— —00

20%1n65 <4l."w3 +A> x < Vit,

1 2
A= 2;(@ —B}). (4.24)

Visualizations of the results of theorem 4.2 are shown in figures 8 and 9. We call the
second effect a ‘conveyer-belt’ effect because the solitary disturbance is sort of ‘kicking’ the
background like a runner on a conveyer belt. A similar shifting effect on the background
cnoidal wave was previously observed [16, proposition 6.1] in the context of the modified
KdV equation for a single ‘trial’ soliton of higher velocity passing through an elliptic (genus
1) soliton condensate (also known as condensate limit of a soliton gas, see [10, 11]).

Proof. [1] Consider the two solitons, each of which could be hot or cool. We denote for brevity
P;=P(p;),.E; = E(5;), V; = V(p;), with the velocity V given in (3.4).

The core of the computation is to analyze the dominant term in the tau-function (2.81),
recalling that we need to take the second logarithmic derivative in x.

For this reason it should be evident that the position of the disturbances (solitons) is determ-
ined by the asymptotic behaviour of the 2 x 2 determinant det[1, + G]. Let us denote, for

brevity
)‘j — eZiﬂ'de — ¢l (xij(o))Pj+itE,' — e—\P,-|(x—xj(O)—V_,-l) eR, (4.25)

where we have used that P; is always in iR (see (2.71)), while E; € iR_ for hot solitons and
E; € iR for cool ones (2.72).

Let us consider for definiteness the hot-on-hot interaction and order the solitons so that
Vi > V,. As t — —oo we consider the location around x = x;() := x}o) — Vil

Ml Ay =elP V=P =) (4.26)

Viceversa, around x = x,(¢) we have that \; is exponentially small
A e PI= PG ") 3~ 4.27)
The general structure of the determinant in (2.41) when considered in our situation, is

_ 1+AN BV
det[ly + G =det | 2L TV (4.28)
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where A, B, C are some periodic, bounded functions of x only.
Let us follow the slower of the two solitons, V, < Vi; around x,(#) (as t — —o0) A; is
exponentially small and thus clearly

det[1 + G] ~ 1 + CAs, (4.29)
and then we have, in this regime (with § = ;== 3)

03 (8 — A)det[l; + G| = 05 (8 — A) (1 + Go2) (4.30)

- (93 (B— A)re 1Pl g (3 415, gr) m ) (4.31)

and the soliton is located where the two addenda are approximately equal. Letting x = x,(#) +

! )
2 (*“;;fz - A)

O+287) | B—Bi+8: =8\ |61(B1-82)
03 < + 5 2) ‘ 2

<I>§_) we have that the effect is maximal at

—|P,®{”) =1n . (4.32)

2itos 01(B1—p52)

Note that here there is no such thing as an ‘exact position’ (even asymptotically) of the soliton

disturbance on the background. However the above equation (4.32) for <I>§7) defines clearly a
periodic function of ¢ and the average on a period yields the equation

0,(61 — B3)

_ 1
& )> — | AT (4.33)
< : |P2| | 601(B1 = f2)
Now consider # — +00; in this case, following x,(¢) again we have
Ap o elPIVi=eH P —6) 5y (4.34)

Thus the computation of the determinant needs to be done differently; using row operations
we obtain

(4.35)

B2\ )\
det[12+G]:(l+A)\1)<1+C>\2— 1 2)’

1+AN
which is nothing but Schur complement formula. Recalling now that A is exponentially large,

we have
Bz>\2

Indet[1, + G] ~InA; +1n <1+C/\2— >+(’)(/\,")

BZ
)\2> +OMH. (4.36)

AC —
=InA;+1n <1+

Since In A, is linear in x, the solution (which requires two derivatives in x) is not affected and
we need only consider the middle logarithm. So effectively we need to analyze

det[1; + G] ( detG)
03(B—A) ———— ~0; (8 — 1 . 4.37
(B AT =B A 1+ (437)
Using Fay’s identity (2.48) we get
detG = C1CoA\1 o 03(8 + A)01(Br — B2)Or (55 — Bi) (4.38)

03(8—A)0\ (81 — B7)01(B2— B5)01(B1 — B3)01 (B2 — BY)
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so that
e = =T
(4.39)
Now we set x = x,(f) + <I)§+) and obtain
0, (vzz;;i;) n ﬁlﬂzzﬁr+6§>
—|P,|@{") =1n (4.40)

Vb al ) 00(Bi—B)|
03 ( = A) 10,8257 )|
Once again, the period average of the dislocation is

@\ _ L 10181 =Bl
<<I>2 >7 P 1n7|91(62_61*)|. (4.41)

Now the shift in x location follows from the ratio of (4.40) and (4.32)

AP Ac 1 AC
2 __ T o Ajy=——In——
2T TPy TAC- B2

NElTemy:: (4.42)
2

Thus the total shift is

_ /e O\ _ 2 . 0:i(B1 — B
Dy (B1,52) = <‘1>2 > - <<I>2 > = Wlnm. (4.43)

[2] Observe the argument of two functions 3 in (4.31): on the right (8 = 72—, x=—(V, —

4ditos )
£)|t]) the exponential is exponentially small and the first 03 dominates, with the phase ;- — A.
On the left (x = —(V, +€)]t|) the exponential is large and the second 63 dominates with the
phase 5 — A+ 3, — ;. Similarly for the other transition. O

5. Elliptic gas of solitons for KdV

We now consider the setup of a growing number of degenerating bands on the elliptic back-
ground. Unlike the rest of the paper, the calculations in this section are mostly formal. The
total number N of collapsing bands (solitons) of our Riemann surface Ry () is now linked
with the size 26; > 0 of the j collapsing band by 26; = e ~*, where all ; > 0. In this section,
it will be more convenient for us (following [9, 14]) to normalize the differentials dP, dE by
PB-periods, i.e. the F-periods of dP, dE corresponding to all the shrinking bands are zero.
The normalization on the background (resolved) part of Ry4(¢) is unchanged. The quasi-
momentum and quasi-energy differentials with the new normalization will be denoted as dP,
dE respectively. In view of figure 5, one can observe that dP, dE are gap-normalized differen-
tials, meaning that their periods over each gap are zero. The relation between the quasi-energy
and quasi-momentum used in the previous part of the paper and the gap-normalized versions
used here are

N
dIA):dP—ZCkwk, c= [B_l ‘ ONXI}Pa

=l (5.1)

N
dEZdE—Z’ykwk, Y= [B_l ‘ 0N><1] E.
k=1
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Here wj, j = 1,...,N+ 1, are the normalized holomorphic differentials on Ry, (), B is the
N x N block matrix of their Z-periods from (2.38), and P and E are the N + 1 dimensional vec-
tors of Z-periods of dP and dE respectively, (2.54). According to [9, 14] the .o/ -periods of dP,
dE, related to the shrinking bands, define the wavenumbers k; and frequencies wj,j = 1,...,N,
of the nonlinear wave (finite gap) solutions to the KdV equation defined by Ry (¢). Then
the Riemann bilinear identities on Ry () yield

2wl w;
lim dpyf wj=-——-L
gaozé,ﬁ %) 4oy df =0’

5.2)
2mi w
I dE 32|
EI—I}})Z%M é/w] 32@33 5dﬂ B= 0
wherej =1,...,Nand
N 2mi
1imz§1§ dp§£ wNH—yg dP =
e—0 = o) B, B 4w3
(5.3)
N
lim %dizyg wNH—yg dE=0.
5%0; o) i BNt
Equations (2.39) imply that
N
k1 ::75 dP=3 k(B—B)~5—,  wy ::75 dE = w8 —B),
BN+ Z J 2@ Br+i ; n !
5.4

where k;,w; denote the A; periods of dP,dE respectively, j = 1,...,N. Substituting (2.39)
into (5.2), we obtain

0,(8; — Be) ;
O(—1Ind))k; + ; k¢1n 5105 = ﬂj) e [851n91(ﬂ)|ﬁ:ﬁi+7rzx(,3,') ,
| (5.5)
O(—Ind;)w; + Z weln ((g g:)) _161:;338%1“01(5) ;

=1 B=pB;

where y(3) is the characteristic function of (e, e; ) (the cool solitons), 3" denotes the summa-
tion with £ # j and j = 1,...,N. Equation (5.5) imply that for a fixed N € N and some §; — 0
we will necessarily have kj, w; — 0. Therefore, following [11], we will refer to the wavenum-
bers k; and the frequencies wj, j = 1,...,N, as solitonic, whereas the remaining wavenumber
kn+1 and the frequency wy.; will be referred to as carrier.

The last part of (2.66) can be conveniently rewritten as

9p1In0,(8) = —4w3((@3)B + 2w3((2w33), (5.6)
which yields

8éln01(ﬂ) = —4W3C(W3) —4@329(2723ﬁ), (9[33 11191 (6) = —8@33pl(2’W3ﬂ), (57)
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where the former expression essentially is given in [4, equation (1035.01)]. Using now the
asymptotics of §B, wj,j =1,...,Nfrom [9, 10, 28] and (5.6), (5.7), we can rewrite (5.5) as

0,(8 —
Nty + ; k| 2O =00 i mat) ~ 26 + x5
(5.8)
N .
Nyjw; + Z/Weln ((gj gj)) 12 ' (2w3).

=1
Let us now assume that, as N — oo, the degenerating bands are accumulating on some
interval (or collection of intervals) I' C R that is separated from the stationary bands of Ry,
ie. I' C (—o00,e3)U(ez,e1). Let (z) be the (limiting) probability density of the centers b;
of the j = 1,...,N shrinking bands on I, supp ¢ =T, and v(z) > 0 be a smooth function on
Tinterpolating v; = v(b;) on I'. Such an N — oo limit, subject to some additional restriction,
see [9, 11], is called the thermodynamic limit of R . In the thermodynamic limit, equation (5.8)
for the solitonic wavenumbers and frequencies become

/ln
T

91(77—@
O1(n+6—1-x(8))

C(2w3n) — 2¢(w3)n + 7r7i><(77) ;

i
2 2’[E3

u(B)dB+o(nu(n) = —-

91(77 - 5) _ i "Dy
(5.9)
where: ' = ©(2w3) is the image of I in the Jacobian;
uln) = i(n) (1) v(n) = v(m)$(n) o(n) = v(p(2ws1)) (5.10)

o P 0)
with #@(n),v(n) interpolating Nk;, Nw; at §3;, j =1,...,N respectively, (compare with [10],

section 3.2) and;

@(B) = 2w3p(p(2w3 )’ (2w3f). (5.11)

The expressions for the thermodynamic limit of the carrier (background) wave-number k=
limy_, o0 ky+1 and frequency w = limy_, o, Wy Obtained from (5.4), are

k=2r { /f(ZB—l—Tx(ﬂ))u(B) 5—21%} W =2 /f(Zﬂ—l—Tx(ﬂ))V(B)dﬂ-
(5.12)

Similarly to the breather gas in focusing NLS setting, see [11], equation (5.9) form the so-
called solitonic NDR for the KdV soliton gas on the elliptic background, which we can loosely
speaking call the elliptic KAV gas. The carrier NDR is given by (5.12). It is worth mentioning
that, like in the case of the fNLS soliton gas [11], the imaginary part of the general NDR (5.2)
and (5.3) form the solitonic NDR, whereas the real part of (5.2) and (5.3) form the carrier
NDR.

Following the approach of [11], section 5, we derive the equation of states for the speed

s(n) = ;EZ; of element of the gas (tracer soliton)

/A 0, 8)ls(n) — s(8)lu(B)ds, (5.13)

3652



Nonlinearity 36 (2023) 3622 M Bertola et al

where
o' (2m3n)
2[¢(n) = 2¢(w3)n + s==x(m)])’

has the meaning of the speed of a single soliton on the elliptic background (free speed) and

so(n) = (5.14)

2

i | g ts T Ay

MO ) 2@+ ) o
has the meaning of the (total) phase shift of the n-soliton (with the spectral parameter 77) when
it interacts with the §-soliton. All the solitons are considered on the elliptic background. We
want to point out that the free speed and the phase shift expressions derived in this section
for the elliptic KdV gas, see (5.14) and (5.15) respectively, coincide with the corresponding
expressions (3.4) and (4.22)—(2.71) respectively, established in the previous sections of this
paper for solitons on the elliptic background.

The equation (5.13) is an integral equation to find s(7) considering u(n) given. It was first
suggested by Zakharov [31] for diluted soliton gas (with no background) and was later exten-
ded by EI [9] to the case of dense gases. Equation (5.13) naturally extends results of [9, 31] to
the soliton gas on an elliptic background.

Finally, let us consider the large N limit of the background shift A, see theorem 1.1, and the
averaged total shift S(b) of the soliton, parametrized by b, given by (1.16). Here we assume
that the soliton eigenvalues b; accumulate on I" with the limiting probability density ¢(z). Then
in the large N limit we have

i~ 6= 5 - rx@nes)s,
B=n
R VR N I
=45, S0 g P | ienlo2ems) - pl2mn)] (8145,

(5.16)

where n* = 1 4+ 7x(n) — n. The latter formula can be interpreted as the average total shift of
a tracer soliton of the KdV soliton gas, parametrized by b, on the elliptic background.
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Appendix A. Arbitrary genus

Suppose C. is a family of degenerating curves which, as ¢ — 0 becomes an irreducible nodal
curve Cy with a resolution C of genus g. On the resolution C we fix a basis of .7, # cycles (in
homotopy first, and then as their image in homology) and dissect the surface C so as to obtain
a simply connected domain £. We choose the cycles that avoid all the nodes.

On the resolution there are N pairs of points p;,pF, j = 1,...,N which correspond to the
two point of the resolution of the nodes. The basis of cycles of the family is chosen so that

1. The vanishing cycles </,.; reduce in the limit to small counterclockwise circles
around p; € Co;

2. the logarithmic cycles $q.; reduce to mutually disjoint paths from p; to p; within the fun-
damental dissection L.

A.1. Notations and conventions

We denote by w; the normalized holomorphic differentials on the resolved nodal curve C and
by T the g X g matrix of normalized %—periods:

¢ wk:(Sjk, Tjk:¢ Wk = Tij- (Al)
o B

J J
We denote by 2l the Abel map 2 : C — J(C) in the Jacobian of C, with basepoint pg:
p | 1
™A(p) = / : (A.2)
Po
Wg
where the path is the unique path within £. We denote by K = K, the vector of Riemann
constants [12]. Finally we have the Riemann theta function

O(X;7)= > expir(nTrn+2nTX). (A3)
nezs
If A = [£,5] denotes a half-period A = 12+ 17§ € 178 + L7728, the theta function with char-
acteristic A is
. 1
OAX;T) = Z Aexpnr (nT‘rn +2nT <X— 25>> . (A4)
nezs+46

A simple verification shows that (we omit 7 from the notation for brevity)

Oa(=X) = (1)’ O (X) (A.5)

and thus such half—periods are called even or odd according to the parity of §-£€7Z. Those
odd periods for which the gradient of © at the origin is not zero are called non-singular. A
theorem [24] guarantees that there is at least one odd, non-singular such odd period. From now
on we denote by A one such choice.
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The main use of © A is explained below. If p, p* are two arbitrary points on C and we want
the expression of the unique third—kind differential with poles at p (with residue +1) and at p*
with residue —1 and vanishing «7—periods is then

_ a1 Oa (Ug) —Ap)
pp.p+(q) = dgIn Oa(A(g) —A(p*)) (A0

It is of paramount importance that the contour of integration of the Abel map be taken within
the same fundamental domain £, for otherwise the .o/ —periods are not zero.

Now, following the same logic as explained in the text, we have that the degeneration limit
of the %8 matrix of periods is

Q~|—H | (A7)

put | B
where B € Matyyy, T € Matgy, and pu € Mat,, y. The diagonal of B diverges to +ioo while
1 Oa(2A(pe) — Alpm))Oa (2A(P7) —Ql(P*))>
Oa(2U(pe) —Apy))Oa (A7) — Alpm))
Pe

Hea — Wa = Qla(pf) - 2[a(P;) (A9)

Py

In other words, the /th column of w tends to the Abel map on the resolved limiting curve of
the difference of the points of the resolution of the ¢th node. The reader may object about the
ambiguity on the determination in the formula (A.8), to which we refer to the discussion in
the main text; we assume, however, that the real part in (A.8) has been completely determined
(by the choice of cycles). It is now really an exercise to track the same proof of theorem 2.2
and obtain

Theorem A.1. Let X € C8V be the vector

X:{‘” weCs, zeC (A.10)
The Riemann-theta function 5) of the degenerating family of curves C. satisfies
"0
lim © X—fQ O | 0. | =det[ly + GOz — A7) (A.11)
e—0 1
L 1 .
where
1
= 3>~ (A(p) - () (A.12)
j=1
— * — .
Gf = @(Ql(p[) Q[(pm) +w "4) CZeITr (Ye+Ym) (A13)

T Oa(Ape) —AP;))O(w - A)

) ) —A(Pr))Oa (A(p?) — A(pr))
— On (e —2A(2) kl;g m@’;)) NCTES )

2

(A.14)
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where the square root is defined by €™ 2 in terms of the determination chosen in (A.8). If we
omit a 1 in the g + Lth position in the half-period shift, then the theorem holds but with the (th
row and column of the matrix G removed.

The proof is an exercise following the same steps as in the proof of theorem 2.2, using the
general Fay identity

det [ © (A(pe) — A(gm) +e)
O (A(pe) —A(gm)) O (&) | 10
_0(A+e) [, Oa (A(pe) —APm)) O (A(gm) —A(gr)) AL5)
O(e) TT6 1 ©a (A(pe) — A(gm)) ’ '
A=) (Alpe) —A(qe)). (A.16)
=1

Appendix B. Average and convergence in probability

We now consider the following scenario where the initial phases of the degenerating curve
are tuned in a random way in the part of the Jacobian associated to the degenerating cycles.
In other words we consider a probability ensemble where the probability space is @ = (S')V
representing the choices of phases associated with the gaps adjacent to the degenerating bands.
We want to prove that, in probability, the solution converges to the deterministic solution (uni-
formly for (x,f) in compact sets) given by the elliptic cnoidal background. The proposition
below is the key estimate from which the theorem B.2 about the convergence in probability
follows easily. From the point of view of the geometry of the (real section of the) Jacobian
of the degenerating curve, together with theorem 2.2, it shows that the probability of seeing
a disturbance is an exceedingly rare event, localized in a small slice of the Jacobian around
the particular half-period indicated in theorem 2.2. We parametrize the N—torus by [—1,1]¥
(modulo even integers) for convenience.

Proposition B.1. Let us denote u = (1—¢1,1—¢y,...,1—¢y,00T € RV X =[1p,8]T €
(iIR)N x R and all ¢; € [—1,1]. Then there exist constants K, C such that

1 N ne
’@(X—Zﬂu> — 0, (5—,4)‘ gKZe—('T‘—C)I@l (B.1)

j=1

uniformly over compact subsets of X € CN*!. Similar estimate (with different constants) holds
for any finite derivative

N

N
N (9 (X— ;nu) 03 (B—A)> <K,y e (-l g2
j=1

J=1

Proof. We trace over the steps of the proof of theorem 2.2. With the established notations
and splitting the summation integer vector v = [n,m]T € ZV*1, 1= (1,1,1,...,1)T € R and
¢ = (¢)]7"'7¢N)T we have
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1 .
© <X— 29u> = ZE% gZ:NeXplﬂ' |:m29N+1,N+1 +n"Bn+2mun
mEZn

2

= Z Zexpm [m Ont1 41 +Z 7 —ne(l—¢¢))Be

ncZNme7Z

1
+2 (m,é’ +nTy — EnTIBBu — m;ﬂu)]

+ 3 ne(me— 1+ 0B+ 2m (10— 1/2+ ¢ /2)Tn+ 5) + 207¢
£k

= expim | > (n —no(1—¢¢))B+ Z/ng(l’lk — 1+ ¢x)By +2nTep

nez¥ ¢ ok
< b ((u - ¢T)n+ﬂ>

Now we use that By, =iln! + O(1) as € — 0., and that all other entries have a finite limit
By — ]Bigm. Consider the quadratic form given by the off diagonal matrix B’ = [By,,] 2 this
is a family, depending on €, of quadratic form and hence bounded uniformly by the norm (here
below a =1 — ¢):

im(n"B’ (n +a) +2nT)| < Cy||n||* + Dy (B.3)

where Cy is a positive constant and Dy = Dy(a, 1)) is uniformly bounded (as long as ¥ is in
a compact set). On the other hand we have that, for any ¢ € (0, 1),

2
nz—n(l—qﬁ):(n—l;(b) _a 4) @—&- ! Vn e Z\ {0}. (B.4)

n_
2 2 2
We thus have the estimate with A =1n1/e,
1
o (x- ) -0
D
oo S T[ow|- (5 -a) o100 -00] ®9

nezZM\0¢=1

where 6,, = 1 if n, =0 and §,, = 0 if ny # 0, and we have used that p is a real vector.
Consider the expression:

Fp(A,¢):= > exp {_ (12\ — cN> (n*—1+1¢|)(1— &J] , p=0,1. (B.6)

[n=p

We have Fo(A,¢) =1+ Fi (A, ¢) where

R0 =exp |~ (5 - ) o] S -(5-a)e-n] e
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and the last series can be estimated by the integral test to provide a convergent sum as long as
A > Cy (recall that A = In1/e — +00). Hence we have the uniform estimate

Fi(A,¢) < ke~ (3-C)1¢], (B.8)

Now we can rewrite the summation in (B.5) as follows:

5 Tlew[-(3-) o1 +ioa-a.)]

nezZN\0 £=1

- S TTow |- (3-0v) -1+ 100 5,1[)] -1

neZN f=1
N N
=[For.6)—1=T](1+Fi(A,)) - (B.9)
j=1 j=1
and thus we can estimate (for some K > 0)
1 N s
’@(X—Zﬂu> —@(ﬁ)‘ gKZe—(TC)W'. (B.10)

=1

Consider now a derivative and follow the same initial steps:

N K N
Ox, \ " s 1 .
H <2:;> (0)'© <X— zﬂu) = (2in)* E E an’msexpiw [m*Qy41v41+0"Bn
j=1

meZne7ZN j=1

1
+2mpTn+2 (mﬁ +nTy — EnTIB%u — r;p,Tu)}

_ Z Hn expim [Z(nﬁ —ng(1—¢p)) By

neZN j=1

/
+an(nk — 14 ¢ )Bu+2nTy
0k

x 65 ((,,L - % - ;d))Tn—i—B) .

If all the ;’s are zero (and s # 0), then the estimate proceeds exactly as before. If at least one
of the k;’s is nonzero, since the quadratic form at the exponent has its maximum at n = 0, we
have the equivalent of (B.5)

N7 oy \ 1
j N _ - <
jlzll <2iﬂ'> (03)°© (X 2Qu) <

el max‘e(b ‘Z an exp{ <—CN>( — 14 |pe])(1 —=6,)|. (B.11)

neZN (=1

Then the same reasoning around (B.6) and (B.7) applies (with different constants).
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Theorem B.2. Let ® denote the N-dimensional real torus of the phases ¢ € [—1,1)N, with
normalized (unit) volume ZiNdN ¢, considered as a probability space. Let uy 1 (x,t; ¢;€) denote
the N + 1-gap solution of the KdV equation with the initial phases ¢, ...,¢y, thought of as

X

T the deterministic
1TU3

a random variable (depending on x,t). Denote by uy(x,t) = 20 In6s

cnoidal stationary wave solution. Then
uy+1(%,85.33€) — wy (x,1) (B.12)
in probability, uniformly for (x,t) in compact sets.

Proof. Let (x,f) belong to a compact set and consider the estimate of proposition B.1. Then
for some constant K > 0 (which depends only on the chosen compact set),

N
s (,15652) =y ()| <K Y e (2019, (B.13)
j=1

for all (x,7) in that set. The integral of the latter function on the torus is O ( ' ) which tends

|Ine]
to zero as € — 0. O
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