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SOLITON VERSUS THE GAS:

FREDHOLM DETERMINANTS, ANALYSIS, AND THE RAPID OSCILLATIONS
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BEHIND THE KINETIC EQUATION
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AND ALEXANDER MINAKOV

ABSTRACT. We analyze the case of a dense modified Korteweg de Vries (mKdV) soliton gas and its large
time behaviour in the presence of a single trial soliton. We show that the solution can be expressed in
terms of Fredholm determinants as well as in terms of a Riemann—Hilbert problem. We then show that the
solution can be decomposed as the sum of the background gas solution (a modulated elliptic wave), plus a
soliton solution: the individual expressions are however quite convoluted due to the interaction dynamics.
Additionally, we are able to derive the local phase shift of the gas after the passage of the soliton, and we
can trace the location of the soliton peak as the dynamics evolves. Finally we show that the soliton peak,
while interacting with the soliton gas, has an oscillatory velocity whose leading order average value satisfies
the kinetic velocity equation analogous to the one posited by V. Zakharov and G. El.
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1. INTRODUCTION

Solitons are fundamental, localized solutions of nonlinear evolution equations. They can appear as single
entities; traveling wave solutions that propagate without deformation. They can also appear as ensembles,
evolving as a collective and asymptotically decomposing into isolated solitons and (possibly) sub-ensembles
of solitons. Since the discovery of ensembles of solitons, the interpretation of them as particles has been
a source of novel investigations.

This paper concerns the interaction of a single soliton with a dense “gas” of solitons in the setting of the
(focusing) modified KdV equation. The mKdV equation,

(1'1) Qt+6q2%:+qq:a:x:0 , zeR, t€R+7
has a soliton solution of the form
(1.2) q(z,t) = £2r sech[2k(x — 4%t — 0)]

where the quantity 42 is the wave velocity, x € R, and zg is a phase shift. The solution with the positive
hump is the standard soliton, while the negative amplitude solution is called an anti-soliton.

For general solutions on the line which decay sufficiently quickly at infinity, it is well known that ¢ solves
the mKdV equation if and only if there is a simultaneous solution ® = ®(k;z,t), k € C, to the following

Lax pair equations:
o, — < —ik q(x,t)) ®,

—q(z,t) ik
(13) .73 . 2 2 . 3
£\ —4k2q + 2ikqy + 2¢° + Gus 4ik3 — 2ikq? '

The spectral data associated to (1.3) is comprised of the continuous spectrum and its reflection coeffi-
cient r(k) for k € R and the discrete spectrum. Generic solitons and breathers correspond to simple
eigenvalues, *ixj, kj > 0 and *kj;, £F;,, Imk; > 0, respectively. In this manuscript we consider only
the case of discrete spectrum associated to solitons +ixj;, x; > 0, j = 1,..., N, which, together with
the associated norming constants x; € R\{0} (one for each eigenvalue) and reflection coefficient r(k),
completely determines the function q.

A one soliton solution with velocity 42 is reflectionless with a discrete spectrum consisting of a single
eigenvalue ix. The norming constant x and eigenvalue ix determine the phase shift zy in (1.2) via the
formula

1 2K
1.4 r9g=—In— €R.
(14 2 " ]

The sign of x determines whether the solution is a soliton (y > 0) or an anti-soliton (x < 0).

Finally, as ¢(z,t) evolves according to the mKdV equation, the spectral data have a simple and integrable
evolution. The problem of reconstructing the solution ¢(x,t) to the mKdV equation at any time ¢ > 0,
from the evolved spectral data, is referred to as the inverse problem.

The characterization of the spectral data and the formulation of the inverse problem are achieved via
a detailed consideration of fundamental sets of solutions to equation (1.3). This has been described in
[Wad72; BC84; IN86] for initial data decaying at infinity and in [GM20] for step-like initial data. The
inverse problem can be formulated as a Riemann—Hilbert (RH) problem.

The solution of the mKdV equation that represents an ensemble of N solitons (without radiative compo-
nent) can be written in terms of a Fredholm determinant

(1.5) qn(z,t) = ’L% In det (IdL2(—oo,x) —HCN) — Z% In det (IdLQ(—oo,m) —/CN) ,
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where K is an integral operator of finite rank, with kernel
N
Fn(s,t) = —i ije_wf(s’t) ;o 05(s,t) = xR — 475/-;;-’ .
j=1

Here, each soliton is characterized by the norming constant x; and the point spectrum is;, for j =
1,...,N. The above formula is derived in Section 3 formulae (3.11)—(3.12) from the work of Wadati
[Wad72].

Convergence to a soliton gas. In the present paper we are interested in purely solitonic solutions
where the number of solitons N goes to infinity, while (x,t) lies in (arbitrarily large) compact sets of
R x R4, and their spectrum is confined in an interval [in;,inz]: we call such types of solution a dense
soliton gas.

Once the limit is taken, we consider the soliton gas on the whole real line z € R. Similarly to the analysis
conducted in [Gir+21], at fixed values of ¢t € Ry, such a soliton gas converges slowly to an elliptic wave
as x — +oo, while it converges rapidly to zero as x — —oo0.

The analysis establishing the existence of a solution in the N — oo limit is fairly straightforward and
could be carried out in a manner entirely similar to what was done for the case of the KdV equation
in [Gir+21]. Here we take a different approach, and characterize the N-soliton solution in terms of
Fredholm determinants, for which the N — oo limit can be established. The additional characterization
of the solution in terms of a RH problem follows from techniques from [BC12].

Our main goals in this paper are: (1) to prove that the kinetic theory applies to our soliton gas; and (2)
to provide a very detailed description of the highly oscillatory interaction between a large trial soliton
travelling through a soliton gas from which the averaged velocity of the trial soliton can be determined.
These two results were not considered in [Gir+21].

Although we do not consider any randomness in the initial configuration of solitons, it is certainly possible
to introduce randomness into the N-soliton data, in such a way that the average behaviour of the soliton
gas is captured by our analysis.

The concept of an infinite ensemble of solitons was already analysed by Zaitsev [Zai83] and Boyd [Boy8&4].
In these papers, it is shown that the sum of an infinite number of equally spaced and identical solitons
coincides with the elliptic solution of the KdV equation. Furthermore, Gesztesy, Karwowski and Zhao
showed the existence of the infinite soliton limit for KdV when the point spectrum is bounded and the
norming constants have sufficient decay [GKZ92].

The notion of a soliton gas was first put forth by Zakharov in 1971, for the case of the KdV equation,
(16) Gt + 99z + Quza = 0.

The fundamental calculation is to prepare a two-soliton solution so that for ¢ — —oo, one has
q(z,t) ~ 12k7 sech? (k1 (z — 4kTt)) + 12k3 sech? (ko (z — 4r3t)) |

with k1 < k2, and there are two isolated peaks, a taller one at (roughly) = = 4f<a§t and a smaller one at
T = 4&%75, with the taller one significantly further to the left of the smaller one. Then, for ¢ — 400, one

)

Ko + K1
K2 — K1

K2 + K1

1
q(z,t) ~ 12k? sech? [m <3: —4k%t+ —In
K1 K2 — K1

1
+12r3 sech? |:I<02 <x —4k3t — —1In
K2

)]

and one sees that the two peaks are again isolated, and travelling to the right, but now the taller peak
has overtaken the smaller one, with both peaks having received a shift in the position of their centers
(manifested by the logarithmic terms appearing above).
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FicURE 1. A two soliton solution to the mKdV equation, determined by RH problem
(3.1), with N = 2, k1 = 1/4,2 = 1, xo = 2, and x1 = 5772z The left plot is at
t = 2.358, and the right plot is at t = 7.073. Note that the smallest peak emerges shifted
to the left, though the solitons themselves, if they were each propagating independent of
the other, would move to the right with constant velocities.

Zakharov considered “the propagation of an individual soliton in a ‘gas’ ” [Zak71, p.540]. Presuming the
soliton gas to be dilute, the trial soliton interacts with each member of the gas in sequence, and continually
accumulates shifts in its position, which effectively alter its velocity. He extracted the kinetic equation
for the trial soliton velocity, v = v(k;z,t), where the soliton’s initial speed (before interaction with the
gas) was 4x>.

(1.7) v(/{):4/~£2+1/ In SHh
0

S —K

(/@2 - 52) f(s)ds .

K

The quantity f = f(k;x,t) is the distribution function for the soliton gas at time ¢, with respect to the
spectral parameter s and the spatial coordinate x, i.e. it is the density in the phase space, giving the
number of solitons per unit interval of the spectrum and per unit interval of space. Equation (1.7) was
derived under the assumption that f is small (i.e. the gas is dilute) relative to the characteristic value of
s.

The interaction of a trial soliton with a dense soliton gas. In 2003 [E103], El derived an integral
equation for the velocity v = v(k;x,t) of the trial soliton with point spectrum k propagating in a dense
KdV soliton gas:

(1.8) v(k) = 4k? + 1 /OO In
0

K

S+ K
S—HR

(v(r) —v(s)) f(s)ds ,

where the soliton density f = f(k;x,t) satisfies the continuity equation

Analytical developments concerning the small dispersion limit of the KdV equation in the ’80s, as it
turns out, are connected to the same velocity equations (1.8)—(1.9). In [LL83a; LL83b; LL83c|, Lax and
Levermore considered the behaviour of solutions of the KdV equation in the small dispersion limit,

qr — 6(]%6 + EQszx = 0, Q(:Ea 0) = QO(:L') )

in which € — 0, while the initial data is assumed to be independent of €. They showed that the (infinite)
solitonic component of the spectral data associated to the initial data drives the dynamics, both before and
after the formation of a shock in the underlying Hopf equation, which suggests that the small dispersion
limit of the KdV equation is an instance of a regular soliton gas. Indeed, the methods presented in this
paper can be used to show that the Lax—Levermore minimizer yields densities that encode all aspects of
the kinetic theory.

The kinetic theory for solitons has been extended to the cases of focusing NLS equation [EK05], defocusing
and resonant NLS equations [CER21], and to the case of breather gasses in the NLS equation [ET20].
Such configurations have been shown to exist and their properties studied in experimental and theoretical
investigations in [LH13; LHE14; Mai+20]. From these considerations, a soliton gas is thought of as a
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continuum accumulation of large numbers of solitons that are in some sense random, and the kinetic
equations provide a description of the velocity of a trial soliton (averaged over realizations of the soliton

gas).

Computational simulations for ensembles of well-separated solitons in the KdV equation were carried out
in [PS06; SPT11; DP14], and in the mKdV equation in [SP16]. In these works, asymptotic methods and
Monte Carlo simulations were used to study statistical properties of solutions beyond the mean behaviour.
In particular in [SP16] for the case of “bipolar soliton fields” for the modified KdV equation, the likelihood
of large-amplitude waves increases during the dynamical evolution.

The above mentioned computational works are stochastic in nature. In our work, once the N — oo
limit is taken, the entire evolution is completely determined by a spectral function r(k), so there is no
randomness in the soliton gas. Nonetheless, surprisingly, our analysis proves that the same Zakharov—El
kinetic equations are satisfied. More precisely, we explicitly describe the oscillations of the soliton while
interacting with the gas and the phase shift effect on the gas, and we show that the soliton velocity
averaged over one period satisfies such kinetic equations. Incidentally, our gas appears to be in the same
class of solutions considered in [ET20] as condensate gasses.

Looking to the near future, our methods should permit the introduction of randomness into the finite-V
soliton setup. The analysis as N — oo to prove that the average behavior of the soliton gas is as described
in this paper, would be very interesting. Of course, an analytical description of the statistical fluctuations
is a major challenge, which (to the best of our knowledge) has not been rigorously considered in the
literature.

At this stage it is useful to provide some precision to the notion of what constitutes a soliton gas. A natural
definition (it seems to us) is that a solution to a nonlinear wave equation should be considered a regular
soliton gas if (1) it arises as the N — oo limit of a solution containing N solitons (or other collections of
soliton-like solutions naturally indexed by N), and (2) the averaged velocity of a trial soliton interacting
with the background solution satisfies the above kinetic equation (1.8). Although it may appear to be a
“fait accompli”, by this definition our solution constructed as N — oo is indeed a soliton gas.

Interpretation as the interaction of a particle with a complex medium. In this paper we also
prove that the soliton itself has a nontrivial effect on the (background) soliton gas solution, and this
provides an interesting connection to the interaction between a particle and a complex medium. Indeed,
one may interpret the soliton gas (the background into which the trial soliton evolves and interacts) as
a prepared complex medium. As the trial soliton (interpreted as a particle) interacts with this medium,
it’s own velocity becomes highly oscillatory, providing an effective acceleration. Meanwhile, as the trial
soliton passes through the soliton gas (which is also highly oscillatory), it leaves in its wake a phase shift
in the medium’s oscillations, which we explicitly calculate (see Figure 4, and formula (2.15) below).

In this light, it is interesting to compare our work to the Toda shock problem as considered by [VDO91]
(motivated by numerical simulations in [HFMS&1]), and further studied in [BK94], [BK92], and very
recently in [EMT18]. In the Toda shock problem, the complex medium is a quiescent Toda lattice excited
by a single particle driven with fixed velocity into the lattice. The dynamics reveals the generation of
a two-periodic solution near the driven particle, and an evolving elliptic wave region further into the
medium. By contrast, in our work the trial soliton (particle) is not driven with fixed velocity and hence,
while it affects the medium, the medium as well affects its evolution. For the Toda shock problem, this
would correspond to giving to one particle a large initial velocity and let it interact with the quiescent
medium.

The interactions between solitons and a dispersive shock wave or rarefaction wave can be treated via
inverse scattering, or also on a more physical approach via soliton-mean field interactions. In particular,
the interaction between solitons, breathers and a dispersive shock wave was considered in the present
context of the mKdV equation in [GM20] and on a physical level in [SEH21]. Similar settings have been
considered at the physical level for the defocusing NLS in [SHE18] and for the focusing NLS equation in
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[BL19] and on a mathematical level in [BLM21]. A detailed account of the available literature can be
found in [Abl+22].

2. STATEMENT OF THE RESULTS

In this paper we consider the mKdV equation (1.1) for a collection of solutions analogous to those
constructed for the KdV equation in [DZZ16] and analyzed in [Gir+21]. The “gas” of solitons is produced
from a continuum of poles accumulating on the intervals (—ing, —ini) U (i1, in2), with 0 < 71 < 12, and
with positive norming constants. We study the behaviour of this soliton gas while it interacts with a
single soliton with spectral data +ikg with kg > 19, so that the trial soliton’s velocity is greater than the
velocity of any member of the gas of solitons. Our main results are the following.

e The derivation of an expression for the solution of the soliton gas plus the trial soliton in terms
of a Fredholm determinant (Theorem 2.1 and Corollary 2.2).

e The asymptotic analysis of the behaviour of the solution ¢(x,t) for large times (Theorem 2.4).

e The derivation of the dynamical properties of the trial soliton (Theorem 2.7 or Theorem 6.2).
In particular we determine the peak position Zpeak(t) of the trial soliton and we show that its
velocity Zpeak has an oscillatory behaviour while it interacts with the soliton gas. The leading
order average velocity Uso1(ko) of the soliton peak satisfies the kinetic equation

1 (% |kg—s
’DSO](FL()) = 4/433 + / In 0
m

o | (Veroun(8) = Tuat (o)) Dzplis) ds

Ko

where the density p is defined below in (2.19) and the group velocity vgroup := —S—; is defined in

(2.22). Here the parameter o with 71 < o < 19 depends on x and ¢ and it is defined in equation
(2.13) and (2.14).

We note that this last equation is the kinetic velocity equation for the mKdV equation analogous to
the one posited by El and co-authors in [E103; EK05; ET20], thus showing that the solution (2.3)—(2.5)
represents indeed a soliton gas. In this case, the continuity equation (1.9) is automatically satisfied for
V = Ugroup = _;% and f = p,. However, we emphasize that the true peak velocity @pcax does not satisfy

Zakharov-El’s kinetic equation, due to the presence of the oscillatory terms.

In order to derive the soliton gas solution, rather than repeating the RH construction employed in [Gir+21,
Section 2], in which an N-soliton solution is characterized by the meromorphic RH problem and then
the singular limit N — oo is taken through Riemann—Hilbert gymnastics, we start from the equivalent
representation in terms of Fredholm determinants (1.5).

We want to consider the limit N — oo under the additional assumptions:

e The poles {mg.N) ;\/:1 are sampled from a smooth positive density function g(k) so that fn’jj o(n)dn =

j/N,for j=1,...,N.

e The coefficients {xj}é-v: , are real and positive, such that No(x;)x; are discretizations of a given
function:

r(ik; .
(2.1) No(kj)xj = (27:) j=1,...,N,

where r(k) is a real-valued, continuous, non-vanishing function of k for k € (in, in2).

Theorem 2.1. Let X1 = (in1,in2), n2 > n1, be the interval where the solitons accumulate and let r(k)
be a real-valued positive and continuous function on %1 whose discretization gives the norming constants
x; of the finite N-soliton solution according to (2.1). Let K : L*($1) — L?*(31) be the integral operator

K[f](k) = le K(k,y)f(y)dy with kernel
T<k)efi9(k;x,t) T(z)efiG(Z;xvt)
2ri(k + z) ’

(2.2) K(k,y) = k,z €%
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where O(k; x,t) = 4tk3 + xk. Then the function

(2.3) q(z,t) = ng In det (IdL2(21) +K) — Z(‘iv In det (IdL2(21) -K),

is the soliton gas solution of the mKdV equation (1.1).

The expression (2.3) for the mKdV soliton gas solution is strikingly similar to the Tracy—Widom Fredholm
determinant formula [TW96] for the solution of the integrated version of the defocusing mKdV: ¢ — quze +
6¢%q, = 0. This expression is also similar to the one considered in [BB20] and in [KLD21] for solving
the weak noise theory of the Kardar—Parisi-Zhang equation and more generally in the study of Fredholm
determinants of a class of Hankel composition operators [Bot22]. For example

d
(2.4) (q(x,1))* = — 5 Indet (Id2(s,) —K?)

for t = 0 corresponds to the square of a Hankel operator.

In addition to the gas of solitons, the potentials we will consider in this paper also have an additional
soliton that will interact with the gas. The Fredholm determinant derivation is analogous: the spectral
parameters ix;’s will accumulate within the interval ¥; except for one point (ikg, with corresponding
norming constant x € R\{0}), which will lie on the imaginary axis, outside ¥.

Corollary 2.2. The function

(2.5) q(z,t) = Zf)ax In det (Isz(c) +K) — Zﬁax In det (Isz(c) —-K)

1s the solution of the mKdV equation representing a soliton gas plus a reqular soliton, where C = X1 U Cy,

Co being a small circle around the pole ikg, not intersecting the real line, nor 31; the operator K has

kernel

?(k)e—iﬁ(k;x,t) ?(Z)e—ie(z;w,t)
2mi(k + z) ’

with (k) is defined as ¥(k) = r(k) for k € ¥1 and 7(k) = 23— for k € Cy and x € R\{0}.

iKQ

K(k,z) =

k,ze(C,

From the Fredholm determinant formula, we can derive the following meromorphic RH problem, where
in addition to jumps across the intervals X1 and X9 := —%1 = (—iny, —in;) oriented upwards (the gas),
we are accounting for the presence of an extra pair of poles, at +irg (the soliton).

Riemann—Hilbert problem 1 (Soliton + gas). Let r(k) be a positive real valued function defined on
¥;. Find a 2 x 2 matrix valued function X (-;x,t) with the following properties:

1. X (k;x,t) is analytic for k € C\ (X1 U X9) U {£iko}.

2. X(kjx,t)=T+0 (k:_l) as k — oo, where I is the 2 x 2 matrix identity.

3. For k € ¥; U X9, the boundary values Xy (k;z,t) = X (k F 0;z,t) satisfy the jump relation

1 0
[ir(k)e—QiQ(k;m,t) J , keXy,
(26) Xy =X {0
1 Z'r(k)e210(k;m,t)
|:0 1 ) ke 227
where

(2.7) O(k; z,t) = 4tk> + k.
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FIGURE 2. Four plots showing a soliton interacting with a soliton gas at different times.
The blue curve is the leading order asymptotic behavior of the potential ¢(z,t) determined
by RH problem 1, and the dashed red line is the position of the global maximum of the same
soliton if there were no soliton gas to interact with. Here r =1, 91 = 0.25, 1m0 = 1, kg = 2,
and y = 4e=8%0,

4. X (k;z,t) has simple poles at k = tikg, with kg > 19, satisfying

. 0 0
k}:{?,fo X (k2,1) = kl—lgflao X (ks 2,1) [—z’xe_%@(k?x’t) 0] ’

(2.8) . 0 —iye2if(kz)
k&ﬁox(k’x’w - k_lg;HOX(k:,x,t) [O 0 } '

The solution (2.5) to the mKdV equation can be extracted via
(2.9) q(z,t) = 2i im k X (k;z,t)19.
k—ro0

Proposition 2.3. Given a real function r € L*(X1), the Riemann—Hilbert problem 1 is uniquely solvable
for all (z,t) € R2. Moreover, the function q(x,t) defined in (2.9) is a classical solution to the mKdV
equation (1.1), which belongs to the class C*°(Ry x Ry). At time t = 0 the initial data q(x,0) has the

following properties:
e q(z,0) = O(e~*) as & — —o0 with ¢ > 0.

® ¢(,0) = (2 +m) dn ((n2 +m)(z — 207 +13)t — %), m1) + O(2™1), as x — oo, where dn(z,m1)

dnam

is the Jacobi elliptic function with modulus my = 0 s and the phase z° depends explicitly on

r(k).

n2+m1)

The proof of the first part of the above theorem is given in the Appendix A. The second part of the
theorem about the asymptotic properties of the initial data as © — +o0, follows the steps in [Gir+21] and
for this reason we omit it. We remark that for n; — 0 the initial data becomes asymptotically step-like
since g(z,0) — 2 + O(z7!) as z — oo.

Next we analyse the asymptotic behaviour of the solution ¢(x,t) that depends on which direction in the
(z,t) plane one looks at: there is a region with exponential decay (when x < 4n¥t), a rarefaction wave
region and a periodic travelling wave region (when > 4n?t) up to terms of order O(1/t). To distinguish
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FIGURE 3. Space-time plots of the position and velocity of the soliton peak. The first
plot shows the numerically computed location of the peak of the leading order asymptotic
description. The middle plot shows the difference Tpax(t) — Tfee(t), where Zgee is the
position of the same soliton propagating in the vacuum (i.e. in the absence of the gas).
The third plot shows the velocity of the peak as a function of time. The effective velocity of
the soliton is the asymptotic average of this highly oscillatory velocity profile. These plots
were created in Mathematica using the leading order asymptotic behavior of the potential
determined by the RH problem 1, with 7 = 1, n; = 0.25,79 = 1, ko = 2, and y = 4e~8%,

the latter two regions we need to introduce the speed v9 of the leading front of the rarefaction region and
one of the speeds of the Whitham modulation equations that describe the rarefraction wave connecting
the zero solution to the elliptic solution

A(1 — m)K (m)

B(m) +2(1+m),

10 o (). Wi =
2
where K(m) = fog ——3 __ and E(m) = fﬂg V1 —msin? 6 df are the complete integral of the first and
\/1-msin? 0
second kind respectively.

Theorem 2.4. Suppose that r : X1 — R is a continuous, positive function on X1 with analytic extension
to a neighbourhood of ¥1 (cf. Assumption 4.8). Then the large-time asymptotics of the soliton gas mKdV
solution with spectrum in the interval [in,ine] and with a larger soliton with point spectrum irkg > i
(RH problem 1) is given by

(2.11) q(2,t) = qog(7,t) + ot (z, ) + Ot 1),

for § > 4n?. The background gas qvg @5 equal, at leading order, to the periodic travelling wave solution of
the mKdV equation, namely

(2.12) g (@, 8) = (1) dn (@ ) (@ = 20 + @)t =2 ),my )
where dn(z,mq) is the Jacobi elliptic function with modulus mi = (0444(»1#)2’ the phase shifts 2 are

explicitly determined according to the position of the soliton (see (5.30)), and a = a(x/t) is such that

o for L € (4n},v2), oz /t) € (m,m2) and satisfies the Whitham modulation equation
(2.13) = = a?W (i /a?),

with va and W (m) as in (2.10). The above equation in uniquely solvable for a = a(x/t);
o for ¥ > v,
(2.14) a(z/t) = n.

The expression of the soliton qs1 on the elliptic background is given in (5.24). When ko > 12, gsol agrees
at leading order with the soliton solution (1.2) on the zero background.
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A separate fact that emerges from our analysis is that the phase shifts, x<i), in the background wave (2.12)
are different if the soliton is behind (a:(+)) or in front of the wave (:z:(_)) when looking at a fixed direction
x/t. The phase shift that the periodic background gpg(z,t) experiences from the soliton interaction is
(see Proposition 5.1 and Figure 4)

(2.15) roes 2Kﬂim) (1 i /:0 iKO(ém);(]l;> ’
m = Zf; L OR(R) = (K2 0) (2 + ) .

Remark 2.5. Theorem 2.4 is proven under the assumption that r(k) is positive, bounded, and nonvan-
ishing on X1, and it admits an analytic extension to a lens-shaped neighborhood of 1. If instead, one
assumes that r(k) = |z — ing| /27 (k), k = 1,2 with 7 positive, bounded and non-vanishing such that r
has analytic extension to an open neighborhood of X1 except for square root branch cuts of the extension
(cf. Assumption 4.10) then the error rate for x/t > vy is much improved

q(x,t) = qug(x,t) + gsot(x, t) + O(e™)

for some fized ¢ > 0.

Remark 2.6. The Whitham modulation equations are the modulation equations for the wave parameters
B3 > [ > 1 of the elliptic solution of the mKdV equation

gen(z,t) = —f1 — B2 — B3 +
X 2(B2 + B3)(B1 + Bs)
B2+ B — (B2 — Br)en?(\/B] — B (x — 2B} + B3 + B3)t) + o | m)
where cn(u | m) is the Jacobi elliptic cosine function. The expression of gen(z,t) can be reduced to qung(x,t)

in (2.12) performing the Landen transformation as in (5.27) and (5.29).
The Whitham modulation equations take the form

0 0 .
aﬂj—i_wj(ﬁlaﬂQaﬁii)%B] :07 J= 172737
where the speeds W; = W;(B1, B2, B3) are

2 _ 52
(2.16) W;(B1, B2, B3) = 2(BT + B3 + B3) + 4w
Bj +7

Bm) _ B-5
K "T85

In the case considered in Theorem 2.4, one has 1 = 0, Bo = m1 and B3 = « and one is looking for
a self-similar solution in the form a = a(%), which gives the equation § = W3(0,m1, ) that coincides
with (2.13). This modulation problem is different from the Gurevich and Pitaevsky problem [GP7]] or
the rarefaction wave problem [Leal3] that connect two constant backgrounds of different amplitude. It is
a generalization of the Riemann problem with a zero background for x < 0 and an elliptic background for
x> 0. When m =0, then the initial data is step-like, namely q(z,0) = 2 + O(z~ 1) as x — +oo and one
recovers the standard rarefaction wave q(z,t) ~ \/x/t.

i

(2.17) v =—p3+ (65— B])

The first stage of our analysis is quite similar to the asymptotic analysis in [Gir421], relying on the
construction of a g-function to control the exponentially large off-diagonal factors appearing in the jump
relationships for & € 31 UX,. The function g is determined uniquely by a suitable collection of conditions,
and there are a number of different representations [Gra0l; GT02] of such a function that are useful for
different purposes. In connection with the kinetic theory, a representation of the g function in terms of a
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logarithmic transform is important. One represents g in terms of a measure supported on an evolving set
Y10 UXgq = (in1,ia(x/t)) U (—ia(z/t), —in) as follows:

(2.18) g(k;x,t) = / In(k—s)py(s;z,t)ds .
El,aUZQ,a

The measure p(s)ds is given explicitly by

1 {1%34—#%(77%—}-012)324—02 82+Co}

(2.19) ps;a,t) = —— R() TTRG)

Yy’

where the quantity R(s) = 1/(s2 + a2)(s2 + n?) is analytic in C\ {£1,4 UX2,} and the constants ¢y and
co depend on = and t, and are uniquely determined by

m
/ p(s;x,t)ds = 0.
_1/771

In the definition of g(k; z,t), the quantity p4 (s; x, t) refers to the left boundary value R, (s) of the function
R(s) on the oriented contour ¥ o U Xg 4.

The quantity gso(z,t) in (2.11) above represents the contribution to the solution ¢(z,t) from the poles
in the Riemann-Hilbert problem 1 (the soliton component). To describe the dynamical evolution of the
trial soliton and its interaction with the gas, we take the poles of the soliton to be located at +ikg
with kg > 72, so that the trial soliton’s velocity is greater than the velocity of any member of the gas
of solitons. Additionally, we initiate the trial soliton’s location xg to be in the quiescent region of the
soliton gas solution, separated from the modulated cnoidal wave region by a large distance, so that xg is
essentially the asymptotic parameter. This scenario can be visualized in Figures 2 and 4.

Within this setting, at large times, we are able to compute a collection of quantities to better understand
the dynamics. From the g-function and the corresponding wave phase p(k;x,t) := g(k;x,t) + kx + 4k3t
(see formula (4.6)), we introduce
op(k
k(k) = (g() (wave number) , w(k) = o (frequency) ,
x

following an analogy with the classical theory of the wave equation solved with the help of the Fourier
transform. We then define the phase velocity of the wave

w(k) _ pulk)

k() ea(k)

which will allow us to calculate the velocity of the background elliptic wave gy (i.e. the velocity of the
envelope)

(220) Uphase(k> =

(2.21) Ubg = Uphase(iN1) = 2(77% +a?),
and we define the group velocity of the wave packet as

pt(k) k?4 + %(7’]% + 062)1432 + co
2.22 roup (k) = — =—12 .
( ) Vg OUP( ) Px(k) k2 + cp

We consider the region of space-time such that

z
477%—|—€< 7 < vy — €,
(2.23) o
477%-1—6 < 70 +4n%,

for some € > 0, where we recall that vy is the velocity of the leading front of the rarefaction region defined
in (2.10) and =z is the phase of the trial soliton. As discussed in detail in Section 6, the first condition
defines the region of space-time in which the gas behaves as a modulated elliptic wave, while the second
ensures that enough time has passed so that the soliton initially at position xy < —1 has traversed the
quiescent region and has entered the modulated wave region of the soliton gas. Then we identify two times
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t1 and t9 characterized by the soliton peak entering and leaving the modulated wave region respectively.
The first time, t1, is explicit:

(2.24) t = ————-,
A(kg — ni)

while ¢ is quite implicit (see Section 6.2).

In Theorem 6.2 we establish a number of dynamical properties regarding the location zpeak(t) of the peak
of the soliton, which we summarize here.

In Theorem 2.7 we establish a number of dynamical properties regarding the location zpeak(t) of the peak
of the soliton.

Theorem 2.7 (Dynamical properties of the soliton peak). For x > 0 and zo < —1, there exists
a k> Keit (see (6.13)) , such that for all kg > K there exists a unique global mazimum xpeax(t) of the
mKdV solution q(x,t) which identifies the position of the soliton peak for all t > 0.

Moreover, Tpeax(t) is strictly increasing, and satisfies (for some small positive € ):
(i) fort € (0,t1(1 —€)) with t1 as in (2.24), Tpeak(t) = zo + 4Kdt;
(ii) fort >1t1(1+¢),

21 (ik0) — O In W (w, t; Ko, 1)

2()031 (ZK/O) - 83? ln \Ij(x7 t7 HO? 771) x:xpeak(t)
where U is defined by (6.23), and is an oscillatory function.

(2.25) Epeak(t) = —

+0 (),

For (z,t) such that x > 4n?t and t > t1(1 + €), the average velocity of the trial soliton’s position Tpeax(t)
as it traverses one period T of the background oscillatory wave is

Tpeak(t + 1) — Tpeak(t) — Beor(k0) + O (tfl)

T
where
2
(ko) <712>
(2:26) Buot(F0) = =500 = ppase(io) = 4r) —"o + 20} + %)
@ (iko) I <% 712)
where II(n,m) fo do s the complete elliptic integrals of third kind.

(1—nsin? 9)\/17m sin? 0

Moreover, this average soliton velocity Uso)(Ko) satisfies the integral equation
Ko — S

Ko+ s (Vgroup () — Usol (ko)) xp(is) ds .

where Vgroup @5 defined in (2.22) and p is the density in (2.19).

1 «
Usol (ko) = 4/{0 + H—O In

In Figure 5 the velocity Uso1(ko) and the actual peak velocity @peax Of the soliton are plotted. One
consequence of our analysis is to clarify that the solution of the Zakharov—El kinetic equations represents
the leading order average velocity of the soliton peak.

Outline of the paper. In Section 3 we present the soliton gas solution in terms of the Fredholm de-
terminant, also in the presence of a trial soliton, and derive its corresponding RH problem and we prove
Theorem 2.1 The large ¢ and = asymptotic analysis of the RH problem 1 is carried out in the subsequent
sections: in Section 4 we introduce the g-function and perform the necessary preparations in order to
perform a steepest descent analysis, which is then presented in Section 5 with the introduction of the
model problem and the proof of Theorem 2.4. The study of the interaction dynamics is conducted in
Section 6 where we prove Theorem 2.7. The solvability of the RH problem 1 is proved in Appendix A, thus
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2.5

2.0

0 50 100 150 T

FiGURE 4. Color map plotting the leading order behavior of a trial soliton traveling
through a soliton gas. Color indicates the amplitude of the solution ¢(x,t) at a given
point (x,t). The soliton is accelerated by interaction; the dashed green line shows the
position the trial soliton in a vacuum. The zoomed in region is included to show the affect
of the soliton on the gas. Interaction with the trial soliton induces a phase shift in the
soliton gas. This shift is given by (2.15). For this plot » = 1, n; = 0.25, 93 = 1, ko = 2,
and y = 4e=8%,

24+
22+

20"

18"

I

14 16 18 20 22 24 1

16

FIGURE 5. Comparison between Tgo1(t) (black curve) and @peax(t) (blue) as the soliton

traverses the soliton gas. The parameters are with »r =1, 91 = 0.25,179 = 1, k9 = 2, and
—800

x = 4e .

guaranteeing that the Fredholm determinant representation of the solution is well defined. In Appendix
B we provide the analogous formula for the KdV Fredholm determinant solution of the soliton gas.

3. SOLITON GAS LIMIT USING FREDHOLM DETERMINANTS AND PROOF OF THEOREM 2.1

In this section we will derive the (free) soliton gas solution as a continuum limit of a finite number
of solitons, in terms of Fredholm determinant, thus proving Theorem 2.1. We will also briefly explain
how to extend the procedure to a more general setting where a gas and a finite number of solitons
are simultaneously considered so that we prove Corollary 2.2. Then we explain the derivation of the
Riemann-Hilbert problem 1 from the Fredholm determinant solution.

The mKdV N-soliton solution. We recall here the RH problem for an mKdV N-soliton solution: find
a 2 x 2 matrix M (k;z,t) such that
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1. M is meromorphic in C, with simple poles at {ix; }§V21 in iR, and at the corresponding conjugate
points {—i/ﬂj}j-v:l in iR_;

2. M satisfies the residue conditions

Res M (k) = lim M (k y 0

e85 (k) = lim (k) _Z.Xje—m(k;x,t) 0

k=ikK; k—rik;

iy p2i0(ks,t)
Res M(k)= lim M(k) [O REE } ,
kZ—iﬁj k—)—iﬁj O 0

(3.1)

where 0(k, z,t) = 4tk + rk and X; are nonzero real constants;
3. M(k):I—i—(’)(i) as k — oo.
The N-soliton potential gy (z,t) is determined from M via
(3.2) gy (z,t) = 21 klggo EM (k;z,t)12,
or alternatively
(33) (v 0)) = 200,  Jim KM (Js 2,0 - 1))

We are looking for a solution in the form

1 io(z,t) iBe(z,t)
(3.4) Mz t)= % S ZE A '“fé'fo i
> -

{=1 k—iry

k?-i-’iﬁg
that respects the symmetry

= 0 -1 0 1
M (k)= M(—k) = (1 0>M(—k) (_1 0> .
Plugging the above ansatz into the residue conditions gives the system of equations
Iy | A |&a 0
3.5 Sl =1 .
39 —A Iy M [—X]

where Iy is the N x N dimensional matrix and

(36) A= sgn X RALAC AR Sihadl |XJ v |X€ *'L (85 (2,t)+0( ibt)) A Xy i6;(xt)
! J Kj + K

and
P B 10, (x ~ i0;(z,
By = e, % = sl hle !5+,
j
with 0;(z,t) := 0(ik;;2,t),Vj=1,...,N.

Note 3.1. Notice that sgn(x;) < 0 for the anti-soliton while sgn(x;) > 0 for the soliton. The case
where there are only anti-solitons can be recovered from the case with only solitons by sending the matriz
A— —Aand x — —Xx.

From the solvability of the RH problem for M (see [Wad72]) we can conclude that the matrix Iy + A?
is invertible, and we can recover the solution of mKdV by solving the above linear system of equations
(3.5):

M (In — A(IN+A2) 'A | A(IN+A2)—1> [—Ox}

\ (IN+A2) TA ‘ (IN+A2)_1
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that implies
N

aj:Z(A(IN—i-A Jgsgn X¢ \/]Xg\/\xje (B (,t)+6;( “))

(=1

N
Bi =~ (In + A%} sn(xo)v/Ixelyle 0 H0:w0)

(=1

From the expression of M (k;x,t) in formula (3.3) we have

N
(3.7) gy (z,t) = —QZﬂj(x,t), (gn(z, )" = =20, Za] x,t)
=1
When there are only solitons, namely x; > 0 for j =1,..., N we can write the solution (3.7) in terms of

logarithmic derivatives of matrix determinants.

Proposition 3.2. The N-soliton solution of the mKdV equation takes the form

(3.8) gn(z,t) = 2(%: Indet (Iy —iA) — z% Indet (Iny +1iA)
or alternatively

82
(3.9) (qn(z,1))* = — 5z Indet (In + A?),

where the matriz A is defined in (3.6) with x; >0 for j=1,...,N.
Proof. Using the relations
6 i(0e(@,t)+0; (x,0)) 9 49 9 9
VX (@ —A"=A(—A —A|A
= Vxexie ’ oz 0z ) "\ oz ’
we can write Z;Vﬂ a; in the form

ia.:ﬁ A(I +A2)‘1£A zlglndet(I + A?)
' J N ox 2 0x N ’

0 0
where we used the identity 2 Indet M = Tr (M _18—M ), valid for any invertible matrix M and the
x x

fact that A is symmetric. Therefore, from (3.7) we obtain

82
(3.10) (qn(z,1)% = ~ 52 Indet (In + A?) .

Regarding the expression for gy (z,t), we have

an (1) = 2Tr ((IN + A2)188A>

T

and noticing that
(In + A%) 7' = (In +iA) Iy —iA) ' = (In +iA)  +i(Iy +iA) 1 (Iy —iA) A,
where we used the identity (Iy —iA)™! = Iy +i(Iy —iA)"'A, we can obtain

Tr ((IN + A2)1£A> ((IN +iA)” ;IA) -

+iTr <(IN+iA)_1(IN iA)” 1AaaxA) .
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In conclusion, we can write gy (z,t) in the following way
.0 . .0 2
gy (x,t) = —21£ Indet (Iy +iA) + 5o Indet (Iy + A?)

0 0
=i—1 Iy —iA) —i—1 I 1A) .
i ndet (Iy —iA) 5 ndet (Iy +1iA)
U

We can now recast the matrix —iA : CV — CV as the composition of two operators Ay : L?(—o0,z) —
CN and By : CV — L?(—o0, z), where

x N
(An[f]); = / VGe e f(s)ds,  By[ul(s,t) = —i »_ /xjue i

j=1
so that
m\/ﬁefl(ej ($,t)+9@ (I,t))
i(Kkj + Ke) ’
Using the identity det (I + An o By) = det (Isz(_oo@,) +By o AN), we obtain that the pure IN-soliton
solution of the mKdV equation is equal to

(An o Bn)je =

.0 .0

(3.11) gy (z,t) = Zafx In det (Isz(_OOJ) —HCN) — ’Lafx In det (IdLQ(—oo,x) —/CN)

where Kn := By o Ay is an integral operator

(3.12) Kn[f](y,t) = / Fn(y+s,2t)f(s)ds, with kernel Fy(s,t) = —i ije_lej(s’t).
o =

The infinite soliton limit with positive x;’s. We want to consider the limit N — oo under the
additional assumptions:

e The poles {i/{éN) ;\/:1 are sampled from a smooth positive density function g(k) so that f:lj o(n)dn =
j/N,for j=1,...,N.

e The coefficients {xj}é-v: , are real and positive, such that No(k;)x; are discretizations of a given
function:
r(ik;)

(3.13) No(kj)x; = o

where r(k) is a real-valued, continuous, non-vanishing function of k for k € 31 = (iny, ing).

j=1,...,N,

Proposition 3.3. The following limit holds uniformly for (s,t) in compact subsets of R x R :

N N
- 1 e Ki— Kj_1
li o—105(s,2t) li - o\ p— i 0(ikg;s,2t) TV J
Vi 3 e i 2riine o
_ / T(C)e—iG(C;s,Qt) dC )
1 211

Proof. Using the relation (3.13), the claim follows easily from the convergence of the Riemann sums to
the Riemann integral. O

Remark 3.4. The anti-soliton gas case can be analyzed following the same arguments as above (up to a
sign change, see Note 3.1). The mized (or bipolar) case is more involved and we do not consider it here.
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Therefore, in the limit we obtain an integral operator K : L?(—o0,z) — L?(—o0, )

(3.14) Klg)(y,t) = / F(y+s,2t)g(s)ds, with kernel F\(s,t) := z/ T(C)e_w(c;s’t)¥ .
—00 )R Uy

Proposition 3.5. The finite-N Fredholm determinant (and its derivatives w.r.t. x) converge in the limit:
det (IdLQ(_OO’x) :HCN) — det (Isz(_oow) :I:IC) , as N — oo.

Proof. Note that both the finite kernel Ky and the infinite kernel IC are trace class, as they are products
of two Hilbert-Schmidt operators, and that the finite kernel Fy (and its z-derivative) converges uniformly
to the limiting kernel F. Then standard results on the convergence of operators in trace-class norm
and continuity of the Fredholm determinant with respect to the trace-class norm topology (see [Sim05,
Chapter 2]) imply the convergence of the respective Fredholm determinants as N — oo. ]

As in the N-soliton case, we notice that I can be written as composition of two operators K = B o A,
where A : L?(—o0,z) — L*(%1) and B : L?(%;) — L?(—o0, ),

AglQ) = Vi) [ e s gy ds, Bifl(w0) = - i Ve o= S

Via the same identity det (Id 12(—c0,z) TB© .A) = det (Id r2(s;) £Ao© B), the infinite-soliton solution can be
written as in Theorem 2.1 (with abuse of notation we denoted by K also the resulting operator AoB).

Remark 3.6. It is evident that the operator defined in (3.6) is the discretized version of (2.2). However,
convergence as N — oo is not so straightforward, as the two operators are acting on different Hilbert
spaces; we bypassed this difficulty by shifting the setting into integral operators acting on the same Hilbert
space L?(—oo, ).

It remains to show that such expression still satisfies the mKdV equation. For the purpose we use the
Riemann-Hilbert formulation of the problem. We recognize in (2.2)—(2.3) the same setting as the one
thoroughly analysed in [BC12] and we will closely follow their arguments. It is possible to associate to
the operators K and K? the following two RH problems, with the same jump matrix J, but different
asymptotic behaviour at infinity.

Riemann—Hilbert problem 2 (Integral operator K?). Find a meromorphic matrix-valued function
E:C\ {3 Uy} — R**2 such that

E (k) =E_(2)J(k) keXiUXs
= 1
2k)=1+=1 —
(k) + k+0</~c2> k — oo
with ¥ and X5 both oriented upwards.

The jump matrix reads

(3.15) J(k) _ 1 _T(k)€f2i9(k;z,t)]lzl (k):|

7"(—16)6%6(’“’"”5)]lg2 (k) 1

01

and satisfies the symmetry J(—k) = o1J(k)oy, with o1 = [1 0

} . Here 14 is the characteristic function

of the set A. We notice that 7(—k) = r(k).

Riemann—Hilbert problem 3 (Integral operator K). Find a meromorphic matrix-valued function
[:C\ {31 U3y} — R?*2 such that

T (k)=T_(k)J(k) keXU%,
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(k) = [_1“? Zlk] [I+ % 40 <k12>] k= oo
efi
T'(—k) = T(k) ﬁ) (1)]

Furthermore, the following relationship holds between I' and =:

1 1 —_
P(k) B |:’Lk? + 2’L'El’12 ik + 21'51712 _l(k) ’
which implies
(3.16) a1 =8111 — E1 12

The log-derivative of the respective Fredholm determinants for  and K2 can be written as (Theorem 4.1
and 4.2 in [BC12])

0 dk
— Indet (1d —K2) = Tr (E7'E 0, JJ ) —
e ndet (W, k%) = [ e (228000 o
0 1 dk
— Indet (1d K) == Tr (C2'T 0, JJ 1) —
g ndet (e, +6) =5 [ T (PETLa )

thus yielding
a(a,1) = i Res Tr (E_l(k)E’(k:)&xT(k))dk — i Res Tr (I“l(k)r’(k)ﬁxT(k)>dk
where T'(k) = i 0(k; z,t)os. Straightforward calculations show that
Res Tr (I“l(k)I"(k)@xT(k)>dk = 2ia
and similarly

Res Tr (E_l(k‘)E’(kz)@IT(dek = 28 1,

so that according to (3.16) we obtain

(317) q(CC,t) =1 (22'51,11 — 2ia1) = —251712
By setting

0 e’% —_ 0 ei%
(3.18) X = [eil 0] = Liz 0} ;

we can recognize the RH problem 1 (without the extra poles at +irg) with 7(—k) = (k). The solution to
the RH problem 1 exists for any « € R and positive time ¢ > 0, thanks to Proposition 2.3. We conclude
that the soliton-gas solution of the mKdV equation can be calculated via

- .0 .0
q(z,t) = 2i klggo kX119 = 5o In det (Isz(El) +K) — 5 In det (IdL2(21) -K),

thus we have concluded the proof of Theorem 2.1. We also remark that the formula (2.4) can be easily
obtained with the same reasoning from the expression (3.10) for finite solitons.
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Extension to the soliton+gas setting. The limiting procedure can be easily extended to the case of
N + M solitons, where N of them are suitably rescaled to become a soliton gas and the remaining M
are not rescaled. The linear algebra manipulations will still be the same, while the limiting operator
K : L*(—o00,x) — L*(—00, ) will have the expression

K[f](y,t) = /j F(y+s,2t)f(s)ds, with kernel F(s,t) = —i/c?(C)e_w(C;s’t);i,,

where C = ¥4 UU;V:J;\%A C;, with C; small disjoint circles (oriented counterclockwise), each one surrounding

the poles {m]}jvz +NAQI_1 and not intersecting the real line nor ¥, and the function 7({) is defined as

7(¢) = r1(¢) for ¢ € ¥ (described in (3.13)) and 7(¢) = C*Xij’fj for(eC; (Vj=N+1,...,N+M). The
rest of the calculations remain almost unchanged. When deriving the limiting RH problem, the jumps on

the C;’s can be easily converted back to residue conditions as in the RH problem 1 (case M = 1).

4. SETUP OF THE ASYMPTOTIC PROBLEM

As previewed in Section 1, we consider here a gas of mKdV solitons with positive velocity initially sup-
ported on a right half-line interacting with a distinguished soliton traveling faster than the gas. Spectrally,
the gas is described by a jump across a contour ¥; and its complex conjugate 2. We choose to orient
both contours upward. To the gas spectrum we add a pair of discrete spectral points +ikg, where the
condition kg > 7y ensures the distinguished soliton travels faster than the gas. The solution of this
problem is encoded into RH problem 1 which will be our principle object of interest.

To see that RH problem 1 initially encodes data supported on a right half-line, notice that when t = 0, the
phase function 0(k; z,t) reduces to 6(k; x,0) = zk, and clearly for x < —1 we have e~ 20(kz0) — O (62771’”)
for k € 3. As the jumps are exponentially near identity for x <« —1, the solution of the Riemann-Hilbert
problem, up to exponential corrections, is the one encoded by only the residues conditions at +irg (the
distinguished soliton component). This justifies the claim that the gas is initially supported on a right
half-line.

Remark 4.1. Without the poles, this problem is similar to that previously studied in [Gir+21]. In
[Gir+21] a soliton gas for the KdV equation was studied supported on a left half-line, whereas in this
paper we study the modified KdV equation, and have constructed a soliton gas supported on a right half-
line. It is straightforward in either the KdV or modified KdV equation to construct a soliton gas solution
which is supported on “the other” half-line. The end result of those manipulations is that the signs of x
and t in the phase function 0(k;x,t) appearing in the Riemann—Hilbert problem are flipped. This explains
why the signs in the exponential factors containing 6(k;x,t) in the present paper are different from those
in [Gir+21]. The fact that we can freely change the signs of x and t takes advantage of the fact that if
q(x,t) is a solution of mKdV (resp. KdV) then +q(—x,—t) (resp. q(—x,—t)) generates a second solution.
Note, however, that the dynamics of the KdV equation for t > 0 with initial data qo(—x) will be markedly
different from qo(x).

On its own, the discrete spectral data (ikg,x) € CT x R\ {0} encodes a soliton solution (1.2) of (1.1)
with phase shift (1.4). In order to use asymptotic methods to study the interaction of the distinguished
soliton and the soliton gas we choose x¢o < —1, and use this initial position as our large parameter in
subsequent calculations. At the level of the scattering data that means we take

(4.1) X = x(0, ko) = 2kgge 2H0%0 ¢ =sgn(x) € {—1,+1}.

In what follows we assume that r(k) is real and non-vanishing on ;. Note also that in contrast with
analogous RH problems that appear in the long-time asymptotics for step-like problems [KM10; GM20],
where the behavior of a function analogous to r(k) at the edge points is of square-root type, here we do
not have that restriction, and r(k) might have any type of edge behavior.
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4.1. Steepest descent preparations. The first step in the asymptotic analysis of the RH problem 1
is to construct a scalar function g(k) = g(k;x,t) which controls the terms with exponential growth in
the jumps (2.6). Given ¢t > 0, if z < 4n}t, then Im@(k;z,t) < 0 for k € iR, ; therefore, the jumps
are exponentially close to the identity matrix and the small norm theory guarantees that the solution is
quiescent in this domain (unless the soliton is scaled to be present here). Our analysis is inspired from
the analysis in [GM20], [Ego+13].

For z > 4n?t, two growing bands (in, i) U(—ic, —in; ) emerge from the endpoints +in;, subsets of X1 and
Y9 respectively, on which the exponential terms are asymptotically large. In this setting, we introduce a
suitable scalar function g(k;x,t) through the transformation:
(4.2) T (k) = X (k)e 9kszt)os £(pyos
Such a g-function will need to satisfy the following conditions:

(i) g is analytic in C\ [—ia,iq].

(ii)  g+(k) + g—(k) + 8Kk3t + 2kz = 0, within each band k € £y 4 U 3g 4.
(i) g4(k) —g—(k) = —Q(x, 1), in the gap k € (—iny,in).
(iv) g(k) =go(z,t) + O (k') as k — oc.

(v) near the endpoints k = +in (where 7 is either 7y, « or 72),
g(k) + 43t + kx = O <(z ¥ in)p/2> , k — +in,

with p = 1 if the endpoint is stationary (i.e., for n = n; or j = 1,2) and p = 3 if the endpoint is
allowed to vary with (z,t) (i.e., for n = ).

For now we will not specify the function f(z) in (4.2), except to remark that we assume it satisfies some
jump conditions, to be chosen later, along the same contour [—ia, ic].

With such a g-function, the transformation (4.2) results in a new RH problem for T'(k) with jumps given
by

( [e—i(g+(k)—g— (k) L+(k) 0
f-k) -k | ke Xia,
ir(k) S (k) (k) ellorRImo- () Ly |
(4.3) —i(g+ (k) —g— (k) L+(k) r(k)
Jr(k) = ¢ |€ o+ ))ff(k) ROIAD) . ke,
0 g+ (k) =g (k)) J=(K) ’
i f+ (k)
iQ(z,t)o3 f+(k) 78 o
\6 (f_<k) ; k‘GZ[ 7717771]'

With the following theorem we identify the exact value of the endpoints of the bands +ia and we prove
the existence and explicit expression of the g function.

Theorem 4.2. Let n1,m2 be the endpoints of the jump contour defining RH problem 1. These values
determine a unique positive quantity vy > 477% satisfying the equation
4(1 —m)K(m)
E(m)
where K (m) and E(m) are the complete elliptic integrals of the first and second kind respectively. Then for

every T > 4n?t there exists a function g(k) satisfying conditions (i)-(v) above, with o = a(x/t) € (m1,m2],
such that:

(4.4) ve =1 W(ni/n3), W(m)= +2(1+m),
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0<v<dn? v = 4n}

i
7
v
A

4n%<v<v2 4n%<v<v2 (I
FIGURE 6. The signature table for Im . White (resp. shaded) regions show where
Im¢ > 0 (resp. Imp < 0). As v = ¥ increases past 4n, a band of non-analyticity (in;,ic)

emerges from 71; the bands grow until v reaches vo where o = 12. For v > vy, the band
(im1,in2) is fixed.

o For % € (4n3,v2), a(x/t) € (n1,m2) and it satisfies the self-similar Whitham evolution equation

(4.5) = = a?W i /a?).

Moreover, the evolution of a(v) is hyperbolic: f}—f}‘ >0, lim, 2 a(v) =m and limy,_y,, a(v) = no.

o For § > vy, ax/t) = n2, i.e., the jump of the function g is supported along the entire length of
the original jump contour 31 U Y.

Finally, let
(4.6) (ks x,t) == g(k; x,t) + kx + 4k3t;
then, for any x > 4n?t, we have

1

4.7 k;x,t) = R(k) |4tk — —
(4.7 ek t) = RE) itk = 5= [ Ztts
—im

where

2

T n

4. Q=0 = —2(n} +a? =L
( 8) (.le,t) K(m) (iL' (771 tTa )t)a m 2

and the function

(4.9) R(k) = \/ (k2 + ) (k2 + 02)

is analytic away from $1 4 U Yo and normalized such that R(k) = k?> + O (1) as k — oo.

Remark 4.3. For x < 4n?t, we have no need for a g-function (g(k;z,t) =0), so we set
o(k;z,t) = 0(k;z,t) for x < 4nit .

This allows us to use the same notation, p(k;x,t), for the phase function in all regions of spacetime.
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Proof of Theorem 4.2. Using the Sokhotski—Plemelj formula we can write g as

—2LS — 83 S
(410 o) = B / 225 — 8t d

R+( S — R ’

2l,ozU 2, —7,771

21

which satisfies conditions (i)-(iii) for any choice of Q and «. The asymptotic expansion of g(k;x,t) at oo
gives

g(k) =gik+go+ O (kil) , k — oo,
in1
; L [2zs48ts° 0 / ds
1= - —_— — —,
2mi Ry(s) 2mi R(s)
(4.11) Y1,aU2,a —im
1 s(2xs + 8ts?) Q [m s
_ 1 [sQRes+8isT) o 5 _4s=0 (b try).
0= oni / Ro(s) T om /_ i R(s) (by symmetzy)
ZI,QUZQ,Q

We now require that g satisfies (iv), i.e. g1 = 0. This yields one real equation which determines €2 as

x—2(n} +a?)t
1 m ds
2mt J—in1 R(s)

(4.12) Q=

which is equivalent to (4.8).

If « is stationary, then the description is complete. In the modulation zone (i.e. a # n1,12), condition
(v) determines the motion of the moving branch points +ia. Fix sg > max{|k|,a}. Using the residue
theorem we can write

i1
R(k) rs +4ts® ds Q  ds
4.13 k k+ 4tk3 = _— — —
(4.13) g(k) + wk + 2mi j{ R(s) s—k /R(s)s—k ’
|s|=s0 —im

where the loop integral is positively oriented. A necessary and sufficient condition for g to satisfy (v) is
then

3

1
1 ?{ s+ 4ts®  ds _1/1 Q ds
271 R(s) s—ia 2mi | R(s)s—ia

|s|=s0 —in1

the integrals can be evaluated exactly, giving

Q-1 ! d
i — — ”71 / l =0,
2mima- (—ic) o1 /(1 —u2)(1 — mu?)(1 — /mu)

that simplifies to

4.14 dto — ———= =0
( ) @ a2l —m

where m = n?/a? and E(m) is the complete elliptic integral of second kind:

1V1 —ms?
1-— 32
Using (4.8), equation (4.14) is equivalent to (4.5), which gives the modulation equations determining the
motion of the branch point « as a function of v = z/t. We note that (4.5) is equivalent to the condition
that
dt(a? — nf) K (m)
E(m)
which is strictly positive since & > 7y (and thus 0 <m < 1 and Q € Ry).

z—2(n} + o)t = >0




SOLITON VERSUS THE GAS 23

Notice that (4.5) reduces to
% = 47]% as  a — n,

which is consistent with our initial assumption that the bands emerge out of the points +in; for z > 4n?t.
We can implicitly differentiate the Whitham equation (4.5) with respect to v = ¥ to get

20000, = [W(m) — mW'(m)] -

Since a > 0 by construction, this is enough to show that a,, > 0: indeed, W (m) > 0 for 0 < m < 1 and
o (K (m) — E(m))((1 + m)E(m) — (1 —m)K(m))
mE(m)?

where the last inequality follows from the known inequality % < 11_m [Dlm, §19.9.8].

W'(m) = — <0,

]

Therefore, there exists a critical value vy, with vy > 4n?, such that

ve =13 W (i /m2), ie,  alvz) =2
]

4.2. The g-function in terms of abelian integrals. The g-function defined above can also be expressed
in terms of abelian integrals associated to the two-sheeted genus-one Riemann surface

(4.15) X ={(k,n) € C* - * = R(k)* = (k* + ni) (K* + o?)},

where the first sheet of X is identified by the fact that R(k) > 0 for Imk = 0. Denote by oo™ (co™) the
pre-image of k = 0o on the first (second) sheet of X. We fix a canonical homology basis on X by choosing
B to encircle X1 clockwise on the first sheet, and A to pass from the positive side of ¥ to X1 on sheet 1
and from the negative side of 31 to 39 on sheet 2. See Figure 7.

A B
OO+
. . X
—inz  —ia —im 2
00—
. . . . . . X

—in2 —i W [2e% N2

FIGURE 7. The homology basis for the Riemann surface X associated with R(k) = \/(k2 + n?) (k2 + a?).

Using the representation (4.13) of g(k;z,t), we have that

i
R(k) rs+4tsd ds Q  ds
4.16 kix,t) = qglk: x t k4 4tk = e _e %
( ) plk;z,t) = g(ks,t) + ok + 27 j([ R(s) s—k / R(s)s—k
[s|=s0 —in

satisfies the relations ¢ (k) +¢_(k) =0for k € 1 ,UX24, o4 (k) —p_(k) = —Q < 0 for k € [—iny, im],
and ¢(k) = 4tk3 + 2k + O (k_l) as k — oo. These relations show that ¢ can also be represented in terms
of abelian integrals

o(k;x,t) = tpa(k) + xpo(k).
Here g and 9 are given by

k k
wo(k)Z/ deo, cpzz/ dpa(k),

o e
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where
C2+CO _9
d _ ac = d
ool0) = Sac = (140 ()] ac
4 1,2 2\ 2
dga(¢) = 1252 TN H e o2 o (7)) ag,

R(C)

as ¢ — oo™, and the constants co and ¢z are chosen to ensure that §,dp; = 0, & = 0,2. This gives

() ([ ) - - 2)

R<2<> dC) o (1 " K(m)

ey = —12 (/O" ;é)) - (/0" ¢t 53;755 a?)¢? d() - a64 ((1 +m)§.((:z)) —(1- m))

Therefore ¢(k; x,t) can be alternatively represented as

(4.17)

k 44 L2 0 02)¢2 4 & 2(C2 4 ¢
(4.18) o(k;z,t) = tpa(k) + xpo(k) :/ 12¢(¢7 + 3 (n1 + I;(CQ"‘ 2) +2(¢% + o) dc,
(4.19) :/k (C2+a2)(12t(C2R?C%(a2—n?))+x) ac.

Remark 4.4. Note that (4.5) is equivalent to the condition that (* + o2 is a factor of the numerator of
the integrand in (4.18); this additionally implies that Onp(k;z,t) = 0.

For k € [—iny,im] we have

(4.20) o1 (k) — o (k) = (— ¢ d<P0> ot (— f d@2> ——

therefore )
T T
do = : ]{ dps = — (n + ),
7{3 K(m) B K(m)"

by comparison with (4.8).

4.3. Preparing the problem to open lenses. The structure of the g-function described in Theorem 4.2
separates the (z,t) half-plane into three sectors

SLZ{(:E,t)ERX]R+ : %<47}%},
(4.21) SM:{(:c,t)ERxR+ : 4n%<%<vg},
SR:{(J:,t)GRXR+ : %>v2}.
We further subdivide these sectors by writing
€]

X
S, = {(m,t) €S;:In g

+ 2Im p(ikg; x,t) > 0} ,

(4.22) j€{L,M,R},
S;_) = {(x,t) €S;:In 2%;0 + 2Im p(ikp; x, t) < 0},
and
(4.23) sY =857 usy usy
which captures whether the coefficients Xe“"(momt), which will appear in the residue condition (4.30),

are asymptotically large or small respectively. Physically, the set & ™ is the set of points in front of the

soliton or before the soliton passes by, while & “ corresponds to points in spacetime behind the soliton
or after the soliton has passed by.
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Our next step is to properly define the function f(k) in the definition (4.2) of T'(k;x,t). Motivated by
the jump conditions (4.3) we choose f as follows:

1, (z,t) € S(L*),
k—irg z,t) €Sy,
(4.24a) flksz,t) = ktf“ 0 <L-> )
f(kz,t), (x,t)eSy USR ,
\f(+)(k:;x,t), (x,t) ES](\;[L) US];Hv
where
(=) R(k) —Inr(s) ln@
kiz,t) =ex . o ds Tt B (s 1 08
fo( ) p{ 2mi | Js, ., R (s)(s — k) SN Ry(s)(s—k)
i iA)
_|_/ ——ds| ;,
_ipy B(8)(s —2) ] }
4.24b s
"\ k + ko P 27 S0 Ri(s)(s — k)
In7(3) — 2In (im252) mo A
o g [0 L
So.  Ri(s)(s—k) —im R(s)(s — 2)
and
(0, (z,t) € St,
_ 1 -1 _ _
AT~ (/ ds > / logr(s) 4 : (z,t) € Sy, US
(4.25) A= o R Za e (0)
i ~1 logr(s) + 2log ( iros
@ ‘ "o ds ) / & (1“0”) RN
A :_Z/ ds |, (z,6)eSy USH .
( 0 R(S) Y1,a R+(8) ( ) Y )

The following proposition is an immediate consequence of the Sokhotski-Plemelj formula.
Proposition 4.5. For any (x,t) € Sy U Sy the scalar function f(k;x,t) defined by (4.24) satisfies the
following properties:

(1) f(k;z,t) is meromorphic for k € C\ [—ia,ia].

(2) f(k;x,t) satisfies the jump relations

T(lk)a ke Z1,cw
(4.26) fo (ks t) f-(kya,t) =  —
T(k), ke 227,1,
k;x,t ’
(427) M = €ZA’ ke (_i7717i771)a

f=(ks2,t)
where A = A(z,t) given by (4.25) is real-valued.

(3) f(kyz,t) =14+ O (k1) as k — oc.
(4) f(k;x,t) is bounded and nonzero in k € C\ [—ic, iq].
(5) For (x,t) € S(L_) U S;%_), f(k;x,t) is holomorphic and nonzero in k € C\ [—ia,ia]. For (z,t) €

S(LH U S;;), f(k;x,t) has a simple zero at k = ikg, a simple pole at —iky, and is otherwise
holomorphic and nonzero for k € C\ [—ia,ia].



(6) The behavior of f(k;xz,t) at each endpoint of the jump contour is determined by the local behavior

—1
of r(k). Ask — 0%1.4, f(k;x,t)?r(k) is bounded and nonzero; the same is true of f(k;x,t)?r(k)
as k — 039 4.

(7) For all k, f satisfies the symmetries f(k;x,t) = f(k)~! and f(—k;z,t) = f(k;x,t)~ . In partic-
ular f(k;z,t) is real-valued for any k € iR \ [—ia,iq].

Remark 4.6. Locally, the functions f and A depend on x and t through the slowly evolving parameter
z/t, i.e. f(k;z,t) = f(k;z/t) and Az, t) = A(z/t). Globally they depend on x and t independently, as
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their values change along the boundaries between regions SJ(-i), je{L,M,R}.

Collecting the properties of the g-function (i)—(v) and of the function f (1)—(7), the resulting RH problem

for T'(k; x,t) is given by

Riemann—Hilbert problem 4. Find a 2 x 2 matrix-valued function T'(k; x,t) with the following prop-

erties

1. T

(k; x,t) is meromorphic for k € C\ [—ing, ing].

2. For k € i[—n2,m2], the boundary values Ty (k; z,t) = T'(k F 0; x, t) satisfy the jump relation

(4.28)

(4.29)

3. T

(4.30a)

(4.30D)

Ty (k) = T-(k)Jr(k; z,t),
1 0

_ir(ki)f(k)Qe_Qi‘P(k;x’t) 1] ke (ia,ing),

r —-1 —2 2ip_(kiw,t

_r<k> f—(k)i (i (k) r(k:)_ler(k)O_ QG%MW] . keTia,
Jr(k;x,t) = (&, k€ [=iny,im],

) ke et ] Ches

_ 0 (k) - (ke n

(1) ir(’f)f(k)‘fe%*”(’“””’”] k € (=i, —ic).

(k; x,t) has simple poles at k = +irg, with kg > 12, satisfying

o For (z,t) €S

) 0 0
/E?SO T(k;w.t) = kl—lglm T(k;z,t) [—ixf(mo; x,t)%‘ziﬂk;x@ 0] ’

Res T(k;xz,t) = lim T(k;x,t) [8 —ixf(

iKo; T, t)2€2iap(k;x,t)
k=—il€o k’—)—’iﬁo ’

0

e For (z,t) € S

=Lt . —2 . 2ip(k;x,t)
Res T'(k;x,t) = lim T'(k;x,t) 0 ix™ f'(iko; 2, ) e )
k=iko k—ikg 0 0

. 0 0
kE_ez‘iO Tlk;z,t) = kl)lgno Tlk;,¢) [’L’xlf’(mo; x, t) "2 2elkit) O] '
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4.4. Reduction to model problems. The transformation X (k;x,t) — T'(k; x,t) results in a RH prob-
lem which has jumps that are exponentially near identity on the intervals (ia,ine) and (—ing, —ic),
oscillatory jumps on the bands 3, U ¥, and a constant (in k) diagonal jump on the gap interval
(—im1,im ) between the two bands. Whenever the bands ¥ o, UX3 , are non-empty intervals we introduce
one further transformation which ‘opens lenses’ away from the ¥; o, and ¥s ., which have the effect of
deforming the oscillatory jumps onto new contours where they are exponentially decaying.

4.4.1. Quiescent background. For (z,t) € Sp (ie. v:= 7 < 4n?), we have that g = 0 in this sector of
space-time (see Remark 4.3). Effectively, o = n; here, so X1 4 = X924 = 0 and Q = A = 0. The remaining
jumps satisfy the following estimate:

Proposition 4.7. For (x,t) € St the jump matriz Jr(k) satisfy the estimate

(4.31) |7 (k;2,t) — I| = O (e—2tm<4ﬂ%’—v>) . (n)eSL, keX, U,

where the implicit constant is bounded and independent of (z,t) € Sp..

From the uniform estimate above and standard estimates for Cauchy singular integrals, we can conclude
that the solution T'(k;x,t) of the RH problem 4 takes the form

(4.32) T(k;x,t) = [I o) (e—zmlun%fv))} Xooi(k;2,t), (z,t) € Sy,

and X (k;x,t) is the solution of the RH problem 1 with » = 0 and N = 1, given by (3.4). As a
consequence, the solution of the original RH problem 1 satisfies

(4.33) X(kyx,t) = [I +0 (ethm(Zl"%*”))} Xeoi(k;x,t), ast— oo with (z,t) € St .
4.4.2. Opening lenses in the support of the soliton gas for x > 4n?t: r(k) bounded and nonzero. For

(z,t) € Sy U Sk the bands ¥, and Yo, are non-empty. The oscillatory jumps Jr(k;x,t) for k €
Y10 U X9 o admit the following factorizations:

' _ ’I“(k})_lf,(k)_262i<p’(k;x’t) 0
(4'34) JT(kJ},t)[ i T(k)—1f+(k)—262i<p+(k;x,t)
_ [V (k)T (k)R O 0] 1 e (k)T (k) e )
— o 1 i 0]1]0 1 ’ b
! 2 —2ipy (kiat) :
(4.35) Jr(k,z,t) = |TF) Fr(R)TeT IR
0 T(k) f_(k)QefQup_(k;z,t)

1 0 [0 Z] 1 0 LeT
= P —— . . 1 . y S .
—ir(k) f- (k)2e—2wf(k;:v,t) 1112 O —ir(k) f+(k)2e—2w+(k;z,t) 1 2,0
To deform these jumps off the imaginary axis we make the following assumption on the function r(k) :

Assumption 4.8. Assume that the function r(k) admits an analytic continuation off the imaginary axis:

(4.36) 7(k) analytic in Qg, USQg, f(k:)’ke[mw.m] =r(k),

where Qg , is defined as
(4.37)

N+ n2
2

= : > —
Qg {k €C: Rek>0 and ‘Imk 7 sin 3

< \/(772 — )2 _ COSﬁ(m —n)Rek — (Rek)Q},

with some 0 < 3 < 5 and where Qg is defined by symmetry, (g, = {k c—k € Qﬂﬂ,} (see Figure 8).
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in2

B
9[371 Q[gm
B
m
(a) r bounded, nonzero at 1y, 1o (b) (k) (k — inp)*/2 = O (1)

FIGURE 8. The domain of the analytic extension of r(k) away from ¥; depends on the
behavior of (k) near the endpoints of ¥;.

Moreover, this extension should preserve the symmetries of the RH problem, i.e, #(—k) = #(k). We
therefore open lens by introducing a pair of contours, together labeled C;, both starting at —in; and
ending at i to the left and right of 31 , respectively, such that C; lies entirely in the domain Qg , U3,
where 7(k) is analytic. We also introduce lens contours Ca on X3, by symmetry. See Figure 9.

Using the factorizations in (4.34)—(4.35), we then define

( i g 1 22ip (k;x,t)
T(k;z,t) (1) if (k)= f (K ) } , k€ lens right of ¥4 ,,

i 1 2, 2ip (k;x,t)
T(h;z,t) |1 TR F(R)” ] k € lens loft of £y 0,

0 1
i 1 0
(4.38) S(k;x,t) = § T(k; 2, 1) | —if()2e—2ietvat) it k € lens right of ¥ 4,

L 7(k)
[ 1 0

T(k;z,t) |if(k)2e2iekz.t) 1l k € lens left of 3 4,
L 7 (k)

T(k;x,t), elsewhere .

It follows easily that S satisfies the following RH problem

Riemann—Hilbert problem 5. Find a 2 x 2 matrix-valued function S(k;x,t) such that
1. S(k;x,t) is meromorphic for k € C\ I'g, I's = [—ing, in2] UC; UCs.
2. S(k;z,t)=IT+4+0 (kfl) as k — oo.

3. For k € T'g the boundary values Sy (k; x, t) satisfy the jump relation S (k; x,t) = S_(k; x, t)Js(k; x, t),
where the values of Jg(k;z,t) are shown for k € I'g in Figure 9.

4. S(k;x,t) has simple poles at k = +irg and no other poles. The poles satisfy the same residue
conditions (4.30) as T'(k;x,t).

We finally need the following lemma, which will guarantee that the off-diagonal entries in the jumps along
the lenses C; U Co are exponentially small:

Lemma 4.9. For any (z,t) with x > 4n3t the following inequalities are satisfied

Im p(k;x,t) < —ct, k € K a compact subset of (ic,ing],
4.39 N
(4:39) Im p(k;x,t) > ct, k € K a compact subset of C1 \ {in1,ia},
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[ei(Q+A)

FIGURE 9. The system of contours I'g defining the lens opening transformation T +— S
and the resulting jump matrix Jg on these contours. The entries shown in gray in the
jump matrices are all exponentially small.

for some constant ¢ € Ry.. By the symmetry p(k;x,t) = @(k;z,t), the reverse inequalities hold on compact
subsets of Co \ {—im, —ia} and [—ing, —ic).
Proof. The representation of p(k;x,t) in (4.19) and the fact that ¢, dp = 2 fml ¢’ dk = 0 imply that

2 a2 2 2
(4.40) () = 12t(k +R(]3)(/-: +p?)

for some p = p(x,t) € (0,71). It follows immediately that

@' (k) <0, k € (ia, ico),
il (k) = —ip’_(k) > 0, ke,
These two conditions imply the first and second inequalities in (4.39) respectively. O

4.4.3. Opening lenses in the support of the soliton gas for x > 417%15: square root behavior in r(k) at
endpoints. Thus far we have restricted our attention to the situation in which r(k) is strictly positive
and bounded on ¥4. It’s reasonable, however, to admit mild zeros or singular behaviour at the endpoints
im and 4n2. Specifically, one can consider r(k) = |k — in;|°7(k) for |8] < 1 (j = 1,2), and the analysis
goes through essentially unchanged except that the local Bessel parametrices at the fixed endpoints (cf.
Section 5.2.2) have to be slightly adjusted.

The special case when r(k) = |z — in;|*/27(k) for 7 locally bounded and non-zero is of particular inter-
est. In this setting, the lens opening factorizations can be slightly adjusted so that local parametrices
near the fixed end points +in; and a = in for z/t > vy are not needed. This has the effect that for
x/t > vg, the outer model is uniformly accurate and, as a result, the error bounds improve from poly-

nomial to exponential decay in ¢. In this case the potential falls into a class of potentials considered in
[EGG16].

First, we need to modify Assumption 4.8 on the analytic extension of r(k) away from X;.

Assumption 4.10. When r(k)|k — in;|=1/? is bounded and nonzero on 1, we assume that r admits an
analytic continuation off of 31:

(4.41) 7(k) analytic in Qp U Qp g, f(k:)‘ke[im im] = r(k),
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{cl(mm

FiGURE 10. The modified system of contours I'g defining the lens opening transfor-
mation T' — S and the resulting jump matrix Jg for (x,t) € Sg (so @ = 72) when
r(k)|k — ing|*/? = O (1). The entries shown in gray in the jump matrices are all expo-
nentially small.

(4.42) 7+ (k) +7_(k) =0, k € [ing,in2 + h) U [iny — h,in]

where Sy, 1s defined as
(4.43) Q= {k €C: Reke (0,h] andn — VA2 — Rek? <Imk < s + /h2 — Rek:2} ,

with some 0 < h < 1 and where Qp,; is defined by symmetry, Qp,; = {k -k e Qh,r} (see Figure 8).

In the modified setting, the factorizations of the jump matrix Jr(k;x,t) defined by (4.34)—(4.35) remain
valid. Note in particular, that property (6) in Proposition 4.5 guarantees that the off-diagonal entries of
each triangular factor are bounded at the endpoints +in;, 7 = 1,2. As before, we open a lens C; away
from ¥; (and its symmetric pair Co away from Yo) with the modification that the lens detaches from
im1 and fully encloses the endpoint. What happens at i depends on whether it is modulating or fixed
at a = ing. When (z,t) € Sg, a = 12 and the lens C; detaches at both endpoints and becomes a loop
(see Figure 10). For (z,t) € Sy, a € (m1,m2) and the lens returns to a as usual. We then pick a fixed
point in the interval [icr, 2] and open a lens Cs from this point enclosing in;. Define C4 by symmetry
(see Figure 11). For (x,t) € Sg we use the (4.38) to again define the transformation T' — S modulo the
change in the shape of the lenses. For (z,t) € Sy we again use (4.38) but append the following extra
factorizations inside C3 and Cy.

( [ 1 0 .
T(k, $,t) _if’(kj)f(k‘)Qe_%(p(k;x’t) 1:| ke lnt(C3) N {Rek < O} s
[ 1 0 .
T(k;x,t) | (k) f (k) 2e—2ielhn) 1] k € int(C3) N{Rek > 0} ,
. —_ i <Al T —2_2ip(k;w,t)
(4.44) Sk;z,t) T(k;x,t) (1) it (k) f () ] e™r ] k € int(C4) N{Rek > 0} ,
1 _in(k —2_2ip(k;w,t)
(k1) |} ””Uf)f(k)l e ] k€ int(Cy) N {Rek < 0} ,
| defined by (4.38) elsewhere.

The key observation is that, due to the half-integer power behaviour of (k) at the endpoint we can define
the extension 7 to satisfy (4.42) so that the transformation T +— S does not introduce new jumps on the
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1
ir(k) f (k)2e2iekzt)

) l Cy A L1
® 1 L7(k)f(k) 2e2ielkat)
—i PR 2
Ciny e | R

FIGURE 11. The modified system of contours I'g defining the lens opening transformation
T — S and the resulting jump matrix Jg for (x,t) € Syr when r(k)|k — in;|F1/2 = O (1).
The entries shown in gray in the jump matrices are all exponentially small.

intervals [i(n; — €),im] and [ing,i(n2 + €)] . For example, when (z,t) € Sg we have

S=Y(k)S, (k) = [(1) i(F_ (k) —I—ﬂr(k)l_l)f(k)—262iso(k;x,t)] .,

for k € [ing,i(n2 + €)],

S:l(k)S+(k‘) _ |:€i(QO+A) 7 (TA'+(]€) + T_(k?)e)_{(_?z(—i]_fg)26i<P+(k)ei(Q+A):| _ ei(Q—i—A)cfg

for k € [i(m — €),im]. The calculation to check the jump on the other boundaries are similar and left to
the reader.

5. THE MODEL PROBLEMS AND PROOF OF THEOREM 2.4

In this section we complete the proof of Theorem 2.4. In Theorem 4.2 we derived the behaviour of the
endpoint o = a(x/t) according to the Whitham modulation equations. In this section we derive the
solution of the mKdV equation given in (2.11) and (2.12) of Theorem 2.4. The leading order behaviour of
those expressions is obtained by solving the outer model RH problem 6 (see below) while the error term
is obtained by constructing the Airy parametrix at the points +ic and Bessel parametrix at the points
ii?’]l.

We start the section by constructing the outer model RH problem 6. Lemma 4.9 shows that the jump
matrix Jg(k) is exponentially near identity away from [—ic,ia] as t — oo. Moreover, the convergence is
uniform away from the four endpoints k = +in;, +ia where the lens contours return to imaginary axis. In
order to construct a complete asymptotic description of the solution in the large time limit we introduce
a set of model problems: an outer model to control the jumps which remain in the large-time limit, and
four local models to account for the locally non-uniform behavior at each of the endpoints.

We are particularly interested in the outer model, as its solution will generate the leading order asymptotic
behavior of the dynamics. The local models will produce sub-leading corrections to the dynamics which
we are less interested in here, but could be computed fully in principle.

5.1. The outer model problem. Removing the jumps from the RH problem 5 which are near-identity
as t — oo results in the following model problem.

Riemann—Hilbert problem 6. Find a 2 x 2 matrix-valued function W (k;z,t) with the following
properties
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1. W (k;z,t) is meromorphic for k € C\ [—ic, ia].

2. W(k;z,t) =TI+ 0 (k') as k — oo.

3. For k € i(—a, ), the boundary values of Wy (k;z,t) satisfy the jump relation
(5.1) W (k;x,t) = W_(k;x, t)Jw (k; x, t),
[28], ke€XiaUSaa,

ei(Q+A)(’3, ke (—in,im),

(5-2) Jw(k;x,t) = {

4. For any endpoint p € {£in1, +ia}, W(k;z,t) = O ((k —p)_1/4), as k — p.

5. W (k;x,t) has simple poles at +iky and no other poles. The poles satisfy the same residue
conditions (4.30) as T'(k;x,t).

The first four conditions above — temporarily ignoring the poles at +ikg — define a well-known RH
problem characterizing a finite-gap solution of mKdV, whose solution will be described below. If we let
W () denote the solution of the pole-free problem, then the solution of the RH problem 6 can by computed
by introducing a Darboux transformation in the form

W(k;z,t) =

i CL(ZL‘, t) C(.’L‘, t) i d(l‘, t) b(l’, t) (0)
: I+ -— —_— WW(k;x, t
(5-3) < il —— [b(:z:, 8 —d@t)| T R ring |c(e.t) —a(x,t) (k;2.t)
where the coefficients in the pre-factor can be computed directly in terms of entries of W (©) (iko; x,t) and

from the residue conditions (4.30). Before we describe this computation, let us first consider W),

The explicit expression of the sectionally holomorphic function W ©) which satisfies conditions 1.—4. in the
RH problem 6 is well known. On the genus-one Riemann surface X defined by (4.15) (see also Figure 7)
let

-1
e dk dk « dk
o4 o= (4" ) 70y = wm
so that wa =1 and define the period

o _iK(1—m)
(5.5) T = fgw = k(m)

Using w, define the integral

k
(5.6) Ak) = / w, keC\ [—iaial,
e}
where the path of integration is on any simple arc from i« to k which does not intersect [—ic,ia]. We
observe that

1 . T , 1 7 , 1
(5.7) A(o0) = Ty Ay (im) = Bk Ay(—im) = 5 T Ay (—ia) = 5
and
(5 8) A+(k) + A_(k) =0, ke El,a, A+(k) — A_(k) =-7, k€ [—inl, i’l]l],

Ar(k)+A_(k)=—-1, ke€Xa,.

Next, we introduce the Jacobi elliptic function

(5.9) 93(2;7_) — Z eQﬂ"inZ-ﬁ-ﬂ'n?iT’ = (C,
nez

which is an even function of z, satisfies the periodicity relations

(5.10) O3(z +h+kr;1) = e_msz_Q”ikzO;g(z; T), k,h€eZ,
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and has a simple zero at the half period % + 5. Finally, define a function 7 analytic in C\ {X1,4 U X2}
by

(5.11) (k) = (k—m>1/4<k+im>1/4,

k—im k4 io

and normalized such that (k) — 1 as k — oo, so that
(5.12) V4 (k) = iv_(k), keXi0UXoq,.

Then the function W) is given by the following formulae
1 > O3(A(k) + 7 + %5257)  05(0;7)
(k) O3(A(k) + 3:7)  03(%257)

271';

1
Wi ) = 5 (09 + -

O (s g, ) = & 1\ O5(A(k) + 1+ 5257)  605(057)
Wi/ (kix,t) = 3 <’Y(k) - 7(k:)> 93(—A(k;;1+ i;27_) 03(92—1;FA;7_) ’

(5.13)

1
Wi (ki t) = 5 (v(k) -

1 > O3(A(k) — i + Q;;TA;T) 03(0; )
() 03(A(k) — %7) 93(Q+A'7') ’

2

O) (s ) = - L\ O3(—A(k) — § + B52i7) 05(057)
Way' (ki t) = 5 <7(k‘) + ’y(k)) 93(—A(k;— %;27) G(TEA )

2 7
with ©Q and A as in (4.8) and 4.25 respectively.

We’re now ready to compute the coefficients in the Darboux transformation (5.1). Let
. t) ’wlg(.%' t) w11 W12

5.14 WO (ikg; 2, t) = wi (2, A = ,

(5.14) (i0 ) wor(x,t) waa(x,t) Wo1 W2

where we have suppressed the (x,t) dependence of the coefficients in the last equality for brevity in what
follows.

Suppose that (z,t) € S](\;[) U S}({). For W (k;x,t) given by (5.1) to satisfy the residue conditions (4.30a)
requires that

a C w11 W12 0 0 . . . _ _% _ %
(5.15) [b —d] [wm wﬂ] [1 O} =0, implying c= w22a, d= w22b
so that the limit on the right hand side exists. Defining
- Wiy (o 2,t) _ wia(, 1) ) A Wlikga,t)

(5.16) 07 (z,1) ==

Qro (x,t):

WQ(S)(imo;m,t)  wa(w,t) ~ drg W;S)(ino;x,t)

and observing that det(W(O)) = 1, the remaining conditions are then equivalent to the system of equa-
tions

aX 7 4oy + 07 (@, t) =0,

(5.17) - o
—aV7 10X +1=0,
where
) B 1 )
(5.18) x et = [ (iko)2waa(x, t)2xe—2iwlinoir.t) + Qi (31),

Y (2,t) = % {1 + (Q()(:U,t))Q] .

For (z,t) € S;\}) U Sg) the expansion (5.1) must instead satisfy (4.30b), and through a similar series of
calculations one finds that « and [ satisfy a system of the same form as (5.17) but with QH,X H,YH
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replaced by

Cwn(@t) o d WD (irg; x,t)

(5:19) Q) = G+ O (= g W lingiant) —oQ”, =007,
(5.20) X (1) = fl(mozjif:;;mm’t) + 0 (@, 1), Y (1) = 220 [1 + (2" (x,t))2] .
Solving the system (5.17) yields

(521) a(x,t) _ Y(i) . Q(i)X(i) b(x?t) _ X(i) + Q(i)y(ﬂ:)

(KO () (X ()

for (x,t) € S](\}[) U Sg).

34

5.2. The local models at the endpoints. The global model problem W is a good approximation of the
original RH problem S everywhere in the complex plane, except at the endpoints +in;, £«, where we will
need to construct local parametrices. We will see that the local parametrix near ¢7; can be constructed in
terms of the modified Bessel functions of index 0, and as for the point i, we need to distinguish between
the cases o < mo and a = 77: in the case o = 19, the parametrix is described in terms of the modified
Bessel functions of index 0, and in the case o < 1o the parametrix is described in terms of Airy functions.
The construction of the parametrices at —in; and —ia will follow from the symmetric properties of the

RH problem.

5.2.1. Local parametriz at k = i, case a < 1s.

Inspection of the local behavior of the function ¢ (k;xz,t) (4.19), prompts to introduce a local variable

A = A(k;z/t) in a disk Us(ia) (centered at icy, of a sufficiently small radius 0 > 0) as follows:
: 4.3/
2ip(k; x,t) =: gt)\ ,
so that

A=

k—ia [12(a? — u?)V2a
i Va2 —ni

and the branch cut for A%2, i.e., the half-line A\ < 0, corresponds to k € (in1,ic).

3
) (14 O(k —ia)), as k — ia,

Similarly as in, for example, [Dei99; Dei+99], we construct a function that solves exactly the same jump

as T does in a small neighborhood of the point ia. Define

( v1(A\) dv_1(A) N -
v1(A) Z4”—10\)) gAe (5,7),
vi(A)  —wvo(N) . "

Wai(A) = v1(Y) _”60\)) g€ (0,5),
v_1(N) —ivl(/\)> arg\ € (—m 24)
V(A —ivi(A) v 3 )
v_1(A)  —uvo(N) N
VL1 (A) —v{)()\)> arg A € (557, 0),




SOLITON VERSUS THE GAS 35

where we denoted vp(\) = V27 Ai()\), v; = V2me 6 5 Al()\e T) j = 1, and " means derivative with
respect to A. The function W,; satisfies the jump conditions
([0 i
i O] A € (—00,0),
(1 7 42
PairN)=%ai-(N |y 1 } A € (o0e™3,0),
:1 0
i 1] , A€ (0,+00),

where the orientation of the segments is from the first mentioned point to the second one, and where
(00e?®,0) denotes a ray coming from infinity to 0 at an angle 8 € R (see Figure 12, left). Besides, the
function W4; satisfies the asymptotics

Wai(A) = )\_”3/4\2 E _11] Eri(N)e3N o8, EaN)=T+0 ()\_%> , A — oo

uniformly in arg A € [—m, 7.
Finally, define

Pyi(k;2,t) = Bai (ks o, )@ (85X (s w/t) ) e #0007 (1) /7R)) ™
for |k —ia| < 6, where

Bi(h;,t) = W (ks ,) (f(B) ?(’“)>_03¢1§[—11 ﬂ (tg)\>043

and By is analytic in Us(ia) (i.e., it does not have jumps across (i — id,ia + i9)). The function Pha;
satisfies exactly the same jumps inside Us(ia) as T does, and on the boundary OUs(icr) we have the
following matching condition:

o3

T(ks 2, )Py (s, 8) = W ks o, t) (F(R)VAR)) T ExiltiAs 2/) ()W) ™ W (k1)
=I+0(t)

ast — oo. Here we used the fact that « is not close to 72 and 71, and hence W' is bounded on U (i«).

|:1 —ie 5 ’\3/2] 2\/l7:| [1 —zeé >‘3/2:|
1 0 1
\\ . 72)\3/2
0
1 fieg WQ —2E 1 —iedr?
0 1 0 1

FiGURE 12. Left: Jumps for \IlAi()\)e_g)‘S/Q‘”. Middle: Jumps for Wpe(p)evF 3. Right:
Jumps for (—i)"?’\IIBBS(%)\g)e%/\s/QUSi‘”.

5.2.2. Local parametriz at k = in;.
Introduce a local variable p = p(k;z/t) in a disk Us(in;) by formula

1
o (k;x,t) =: :I:§Q + it/
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so that ) oar o -
576(ny — a” — —1 . .
wlk;x/t) = (n Zﬁ)l ( n | 71,771 (1+O(k—1im)), k — in,

and the branch cut of /i corresponds to k € (i, icx).

Define

Fifolyi) - ZiRole ™)

"y 7 ar T
<\1quK0(f) ﬁ@Ko(e—ﬂiﬁ)> gh € (0,m),

Tr(i) = ( F=Eo(ym)  J=Ko(e™ /)

L Ralym Kol m) wan el

arg u € (—0,0),

( J=Ko(vR)  Vrh(yR) >
Fraplo(vi) Vi lo(Vi)

where Iy, Ky are the modified Bessel functions of index 0, and 6 € (0,7). The function W¥pes has

jumps
(3 i) € (coet,0),

C) é) w € (—00,0).

(see Figure 12, middle). As p — oo, the function Wpes satisfies the asymptotics

lIIBes,-i— ('u) = ‘I’Bes,— (:u)

—oa/a 1|1 — Vo _
Vo) =i | | Enle I a0 =T OGP, e,

uniformly in arg pu € [—7, w]. Finally, define

Pocany (k32,1) = By (b5 0, ) Wi (2u(ks 2/0)e #0207 (VR (k)™ |k = imi] <o,

where

Bges (ks 2,t) = W(k; 2, t) (\/71" —z/ZQRek>Us\}§ E —11] (t2u(kz;x/t))”3/4

is analytic in Us(ini). The function Ppesy, has exactly the same jumps as T in Us(in;), and on the
boundary 9Us(in;) it matches with T" as follows:

T(k;a,t) Pyl (kiz,t) = W(k;,t) (\/ Vf(k *i/mRe’“)_‘” Enes(2pu(k; /1)) x
x (ViR fR)e 2 ORE) T W ) = T+ O(7Y),

where we again used boundedness of W on dUs(in;), and the fact that in; is not close to ia.

5.2.3. Local parametrixz at k = ia, the case o = 1s.

Here we introduce the local variable A = A(k;x/t) as in Section 5.2.1, and use the function Wpes from the
Section 5.2.2, but with 6 € (7/2,27/3) (see also Figure 12, right), and define a function that satisfies the
same jumps as T in a disk Us(ins) as follows:

. 4 . Lo o
Pies.na (k: 2, 1) = Bhos gy (ki 2, t)e™™/27 W, <9t2)\3(k:; x/t)) 2o etelin o (i) f(k))
|k‘ — i772| < 03,

where

Bies.n, (ki ,t) = W (k; 1) (Ff ) \}i[} _11] (;l/\(k;x/t)3>03/4.
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Then Pgesy, satisfies the same jumps as T' inside the disk Us(in2), and the matching between them on
OUs(in2) is as follows: for k € OUs(inz) as t — oo,

Poce.p (ki 2 )T~ (ki 2.8) = W ki) (VARIF(R)) (=) Ees (§t2A3) i (VERS8)) "

x W Hk;a,t) =T+ 0Ot ).

5.2.4. Local models when o = iny and r(k)|k — ing|*/? = O (1). When Assumption 4.10 is satisfied and
a = 12, then the jumps of T'(k) are as given in Figure 10. Because in this setting we can deform the
lens counts away from all the endpoints the outer model W (k;x,t) is an exponentially accurate model
uniformly in C. So local parametrices are not needed in this case.

In the modulated elliptic region, that is, when a € (n1,72), the jumps of T' are as given in Figure 11.
Here, a Bessel parametrix is not needed at ¢7; as the lens C; remains bounded away from in;, but the
lens must return to 3; at ia. As such, a local Airy parametrix is required in Us(ia). Consequently, there
is no improvement to error estimates in the modulated region.

5.3. Error analysis and conclusion of the proof of Theorem 2.4. Define P(k;x,t) to be equal
Pyes, (k; x,t) inside the disk Us(in1), to be equal Paj(k;z,t) inside the disk Us(icr) in the case oo < 12
and Ppgesp, (k; z,t) inside the disk Us(ia) in the case oo = 1. Furthermore, in the corresponding disks
|k +im| < 8, |k +ia| < ¢ in the lower half plane, we define

0 1 = 0 -1
and define P(k;x,t) to be equal to W (k;x,t) elsewhere. Next, define the error function

R(k;z,t) = S(k;z,t)P(k;x,t)

Lemma 4.9, Proposition 4.7 and the matching properties of Paj, Pgesy,s PBesy, allow to conclude
that

R(k;x,t) =T+ 0O(t™)
uniformly in k£ as t — oo. Tracing back the chain of transformations from the remainder problem R to
the original RH problem 1 for X, we find that

q(z,t) = lim 26k X 2(k;z,t) = lim 2ikTo(k;x,t) = lim 20kWhg(k;z,t) + lim 2ikRyo(k;z,t) .
k—oo k—o0 k—o0 k—oo

The second term here is of the order O(t!) in view of smallness of R, and the first term decomposes
further into a background part and a solitonic part,

(5.22) q(z,t) = klggo 2ikWia(k; 2, t) + Ot ™) = gug(2, 1) + geol(z, 1) + O(t™1),
where
(5.23) Qe (z,t) = kl;n;o QikaS)(k;w,t) ,

(£) ()

2[1—(9 )}X +4QW Y™

(5.24) Gsol(2,) = =2(c+b) = 2(aQ(i) —b) = (X(:t))2 N (Y(i>)2

Observe that A(ikg) € R, implying that 0® € R and thus Y™ > 0. Similarly, X € R, so that a(z,t)

and b(x,t) are well-defined for any value of (z,t) € Sp U Sg. Note also that the sets 8™ and 8 in
(4.23) are defined such that X% 5 00 as (x,t) = oo in 8™ — non-tangentially to the boundary — due

to the exponential growth/decay of the term ye?#(#%0::t) while Q(i) and Y remain bounded as they
have no dependence on the residue coefficients, therefore

(5.25) gsol(x,t) = 0 as (z,t) — oo in any relatively compact subset of s
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This justifies the interpretation of the term gy (, t) as the background solution through which the localized
soliton solution gsoi(z,t) is passing.

In order to complete the proof of Theorem 2.4, we simplify the expression in (5.23) of the background
term gpg.
Simplifying the formulze for g,,. We will resort to the following identities:

05(0; 7)04(2; 7) = 04(2;27)% + 01 (2 27)2,

(5.26) 04(0;7)03(2;7) = 94(2;27')2 —01(2527')2.

Using the large k expansion of (5.11), the first equality in (5.7), and (5.13), we have that (5.23) takes the
form

(0; ( SR 03(0;7) 04(527)
7t = —_ = —_
ng(x ) = (a 771)93(%;7_ 93(Q;;TA;T) (a ?71)94(0;7')93(92J;A;T)
(0 g 2T 4 (s 27
— (o —
0458 2r)? — 0y (BB 272
1+ y/msn? (Ksrm)(Q—i—A),m)
= (@ —m) Rom)
(5.27) 1—\/msn2( (m (Q+A),m)
K
:(am)nd( (;nl)(QJrA),ml)

K
= (a+mn1)dn < (;nl)(Q—i—A%—ﬂ),ml) ,
so that
(5.28) o (z,) = (@ + 1) dn ((a )z — 202 + o)t — 2, ml) (2, t) eSS uSy,
where we’ve used the Landen transformation [Akh88] to simplify the above expressions:
4/m dam
5.29 = = 1 K =K
and
A(i)
Kma® —g ( !
(5.30) P = 2 LD .

am a+n

It’s clear from the above formulae that the effect of the soliton passing through the background elliptic
wave solution is to induce a phase change in the background solution which we can compute in terms of
simple objects on the Riemann surface X (4.15) which defines gp,.

Proposition 5.1. Fir x/t > 4n?, then the phase shift in the soliton gas induced by interaction with the
trial soliton travelling with initial velocity 4k3 is given by

- 2K 2K
7 g = (m) (1+4A(irg)) € <_(m1)7 0) ,
o o+ m

where A(k) is the Abel map on the Riemann surface given by (5.6).
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Proof. By fixing x/t > 4n?, we consider a line in space-time where the background solution is an elliptic
wave with fixed parameter a = a(x/t). Starting from (5.30) we have

B A(_) _ A(+) K K
20w K (m) (m)h(mo)’
aTm aT

where, using (4.25), the function h(k) is given by

(5.31) h(k) = —4i /EMUEM In (Z J_r z> w(s),

where w(k) is the normalized holomorphic differential on the genus one Riemann surface X introduced in
(5.4). By differentiating in k, and evaluating the resulting integral using residues, one finds that

W (k) = —8773—: — —8nA'(k) , i.e. h(k) = h(co) + 87 (A(co) — A(k)) .

The result is completed by observing that h(co) = 0 from (5.31) and that A(co) = —% from (5.7). O

We conclude the proof of Theorem 2.4 by calculating the behaviour of the soliton gs1 for kg > ns.
Simplifying ¢, in the limit as kg — 0o. The expression for ¢y, can be greatly simplified if we assume
that kg > n2. In order to get something nontrivial when ko — oo we use (1.4) to write the norming
constant in the form y = 2sgn(x)roe 25020, Then using (4.6) we have

o 29
(5_32) Xe—chp(mo,x,t) _ QSgn(X)HerHO(x—xo—zmgt) [1 N i 1 +0 (/{0—2) ’
0

where

1 2(2 ts® Q [mog?
gy = / s(a:5+83)d3+ / 5 s

2m21 S R (s) 2mi | i, R(s)
(5.33) a? +n? a?—n3)? Qo
= Tl (1‘ + 2(0z2 + n%)gt) + (21)t + 7(E(m) — K(m))
2 _ 2
= —% (x =33+ 1)) ,

where in the last equality we used (4.8) and (4.14).

From the expansions,

. N 1 1 (0] -3
A(ikg) = 4+4K(m)/€0+0(ﬂ0 ) ,
(5.34) -
Pliro) = 1= =+ 0 ()

it follows that Q' (z,t) and Y (z,¢) in (5.16) and (5.18) simplify to

) a —n1 03(0;7) O5(3 + L2 7) )
) =— n 0
¢ D T ain gm0
1 _
(5.35) :—%qbg(x,t)+(’)(/@02) ,
) qog (T, 1)? _
Y (x,t) = — o, )° + 0 (ky?)

2K0 4%%
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Similarly,
=) (Oé B 771) 93(07 T) 93(% + Q;Av ) _3 ng(x,t) _3
Qo ()t T +0 = + 0 (K ,
o (1) kG O3(3:7)  O5(2;7) (o) K (0)
(536) 0! (Q+A . ,7_) 0! (0 T) o
3\ 27r _ 73\ = -2
wzQ(a?,t)—1+4K(m) [93(Q2trA;T) 5 (0:7) R0+O(ﬁzo )
imply
) sgn(y)e2ro(z—zo—drot) XD | gg(z,t) L
(5.37) (z,1) T T 2 Ok,

where X() contains the corrections of order @ (/{61) coming from f(irg)?, w3y, and e (#50),

Including all terms at leading order we find that as kg — oo
4Sgn(X)Hoe—Qno(a:—xo—élmgt)
1+ 6—4H0(m—m0—4ngt)

= 2sgn(x)ko sech(2k0(z — zo — 4K3t)) + O (1) ,

Gsol(z,t) = +0(1)

(5.38)

where generically the O (1) term is a complicated non-vanishing expression.

6. ASYMPTOTIC DESCRIPTION OF THE INTERACTION DYNAMICS AND PROOF OF THEOREM 2.7

After establishing the asymptotic expansion of the soliton+gas solution in (5.22) for large times, we now
focus on better understanding the interaction dynamics taking place between the soliton gas and the large
soliton passing through it. We will determine the speed of the soliton on an elliptic background and then
we will identify the location of the soliton peak up to corrections of order O(t~1).

6.1. The speed of a soliton on a genus-1 background. Once a large parameter is introduced —be it
large time or large |x|—- the soliton must lie along a spacetime curve (x(t),t) satisfying

©(ikp; z(t),t) = constant (of order 1);

an analogous argument holds for the soliton gas. Indeed, if this is the case, implicit differentiation
automatically gives the value of the phase velocity of the soliton (resp. soliton gas)

| (5.4)
(6.1) o(iro; z,t) = R(ikg) |4tikg + W)KK(OW; (z —2(nf + )t)
#)

So, the average soliton velocity is given by

_ Orp(iko; T, t) + oy Dasp(iko; 2, t) pa(iko; x,t)
(62) Usol(KvO) = - . . = - .
ang(’lF&(],.’I),t) + oy 8a(p(ZH07x7t) SO()(ZHO,JJ,t)

since Oy p(k;x,t) = 0 for any « satisfying the Whitham evolution equation (see Remark 4.4); thus, from
(6.1), we have

n
- 4.2 K (a2 2 2 2
(6.3) Usol(Ko) = 4k§—F——F5~ + 2(n] + a“) , for all z > 4njt |
1

2
m o on
(% o)

where we can recognize the velocity of the elliptic background solution vy,s = 2(n? + a?).
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We also recall the expression of the function ¢ in terms of the g-function (see formula (4.19)):

o(k;x,t) = g(k; z,t) + zk + 4tk3 = / In(k — s) p(s; z,t) ds + zk + 4tk>

El,aUEQ,a

where

1 (k*+a?) (z — 6t(a® — nf — 2k?
2mi R(k)

By enforcing %cp(k;x(t),tﬂ k=ir, = 0 (and recalling that the density p vanishes at the end points), we

obtain

/ In(ikg — s) (pt(s) + pa;(s)x'(t)) ds + ikoz' (t) + 4(iko)> = 0,
Y1.aUS2.0

which, solving for Use1(ko) = &' (t)|k=ix,, yields

1 1Ko — S

- 2 0 _

(6.4) Usol (ko) = 4k + "o s liro + s (vgroup(s) — Tsot(K0)) pa(s) ds ,

where vgroup 1= —S—; is the group velocity of the genus-1 background wave and the integral term is real,
as py € iR.

Furthermore, for k € ¥ ,, we also have

k—s
k+s

g+ (k) +g-(k) =2 / In p(s)ds = —8k3t — 2k .

1,a

By taking the derivative of the g function with respect to ¢ and = separately,

k—s 3 k—s
/ln p pi(s)ds = —4k° | /ln p
by

1,a 1,

pz(s)ds = —k

and by simple algebra manipulations, we obtain that

1 k—s

(6.5) Ugroup(k) = —4k* + 7 /El,a In ‘M (”group(s) - Ugroup(k)) pz(s)ds

where we notice that since k € iR, the term —4k% > 0 and the second term in the expression above is
real (p, € iR).

6.2. Locating the soliton peak. For simplicity, we will consider here the case of a trial soliton (x > 0).
The case of a trial anti-soliton (x < 0) is analogous, but the roles of the critical points X7, Xo defined by
(6.17) below are reversed. Suppose Zpeak(t) is a function tracking the position of the (peak of the) trial
soliton as it evolves in time. Before the soliton enters the modulated elliptic region, we have Zpeak(t) =
o + 4/{%t, which coincides with the position of a trial soliton moving in the vacuum (i.e. without the
presence of a gas). As we want to analyze the situation where the trial soliton is interacting with the
modulated elliptic wave, we consider the region of space-time such that

4n%+5< §<v2—e,
(6.6) .
4 +e< 7 + 4K3,

The first condition defines the region of space time in which the gas behaves as a modulated elliptic
wave (here ¢ is a positive constant ensuring that we do not encounter any delicate transitory phenomena
occurring at the boundary of the modulated elliptic region) while the second ensures that enough time has
passed that the soliton initially at position zg < —1 has traversed the quiescent region and has entered
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the modulated wave region of the soliton gas. Then we identify two times ¢; and t9 characterized by the
soliton peak entering and leaving the modulated wave region respectively:

= _xo = 2 ) ( )
t = , T = 4nit and to, x t
( 1 4(:%(2) — 77%) 1 mt1 2 peak( 2 )

for some ty > t1 such that
:Epeak(tQ ) — vy |
t2
where vy is the solution of the Whitham equation for o = n3 (see (4.4)). For t > to, the soliton enters
the constant elliptic wave region. The same arguments that will be explained below still hold, but the
quantity « will be constant for all values of x/t > vs.

Computing the position of the soliton peak as it travels through the elliptic background is complicated by
the existence of the many local extrema of the background; computing the maximum as a roots of g, = 0 is
inefficient as this also characterizes the (infinitely many) local extrema of the background. To account for
this, we introduce the following change of coordinates which put us into a slowly varying reference frame,
following the characteristic lines of the phase of the background wave. Evolving along these characteristics
the background wave is slowly varying. This will allow us to identify the unique global maximum (i.e.
the soliton peak) via straightforward calculations. For z and ¢ satisfying inequalities (6.6), we introduce
the following coordinate system:

s(x,t) = s:= Qz,t) + A(z/t) ,

(6.7) T(t) =71:=1.

Lemma 6.1. The mapping (6.7) is well defined for (x,t) satisfying (6.6), and it is invertible:
o(x,t)  Ox '

det

Proof. The inequalities (6.6) guarantee that €2 is well defined, therefore the change of coordinates makes
sense. From (4.20) and the fact that dnp(k;x,t) = 0 for a satisfying the Whitham equation, we have
0,82 = 0, therefore

0s 0
= = 7= [(Q(a(v)) + 280 (a(v)) + A(v)]
Jxr Ox
" = fa(v) + 1A0) = oD 4 A )
0 t T K(m) 't '
where ’ refers to the derivative with respect to the variable v := z/t. Notice now that Qo = % > 0 for
m € [0,1) (see (4.8)) and A(v) is bounded, therefore % > 0, for large enough ¢ and a > ;. O

At t = t; and for any = > x1, we can identify a corresponding value of s = s(z,t1) and follow the
characteristic line s = constant. By keeping the value of s fixed, we then seek the maximizer 7(s) for
the leading order behavior (5.22) for the solution ¢(s,7). It is clear that as we change 7, the quantity
z, as well as @ = a(x(s,7)/7), deform so as to hold s fixed, therefore in the physical coordinates (z,t),
this setting will account for the background gas gie to be slowly varying, while the soliton g is passing
through it.

The change of coordinates (6.7) gives

o 1w o 1 9
(6.9) 0s  Qp +t 1A 0s ds  Qp+t7 1A Oz’
| or_ oA o 9 _0 w0
or Q.+t 1A Or or 0Ot Ot ox

In particular, ;v = 77! (—v+2,) = O (771).
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From the explicit formula of g1,5 (5.23) and gso1 (5.24) and the RH problem 6, it is clear that the background
and soliton components of (5.22) can be written as

(610) ng($,t) = Fbg(S,O[(’U)) P QSol(xvt) - FS()](S,OZ(U),)Z(ZE,?'J)) )
where )Z(x, t) =xf_ (i/{}o; a(’u))2e*2i¥’(m0§wzt)'

Following similar calculations as in the Section above, we can simplify the expression (5.16) of Q(i)(az, t)
appearing in the definition of gs:

(Y(iko)? — 1) O3(A(irg) — & — LA 7

(=) —
© T im0 1) 0n(Alimg) — &~ %57

==
\]

which simplifies to

(6.11)

_ ko) — 1
07 (2, 1) = (v(%)2 ) (a+m)
(v(ik0)? +1) (v — m)
The first elliptic function dn in the expression above is a slowly evolving envelope oscillation and since
—1 < A(ikg) <0, dn (2K (m1)(A(iko) + 1),m1) € ((1 —my)V4, 1). The second dn has a period of
O (1), therefore dn (2K (mq)(A(ikg) — 1 — Q;A),ml) € [vI—m1,1]. Since 0 < v(ikg) < 1 and a > 71,

it follows that Q' (z,t) is strictly negative; more precisely,

- 1 — v(ikg)? 1 — v(ikg)? -
(6.12) o' >(x,t) c (- ’Y(l‘/‘éo)2 a+m — 7(%0)2 ja=m
1+ 7(iko)* \ev —m 1+ 7(iko)* V o +m
Furthermore, we notice that while the right endpoint of the range of QH is bounded within the interval
(—=1,0) for ko > a and a € (n1,n2], the left endpoint is a strictly decreasing function of kg for kg > «,
with absolute minimum —2* < —1 for k) — a. Therefore, there exists a unique value ket such that

a—n1
for any kg < Kerit, the equation

dn (2K(m1)(A(m0) + i),m1> dn (2K (m1)(A(iko) — 3 — H2),mq) .

Q" (a,t) = 1
will have two solutions per period. Such a value can be computed explicitly:
1+m+/(1+m)?+4y/m(l + /m)?
(6.13) Kerit = Qv )
2(1+/m)

From now on we will assume kg > Keit. Applying the change of variables (6.7) to (6.10), we have

Fj
Oavs _ 0Tva—a8 % _ 0z,
(6.14) or ov Oa
. 9gsol -9 v%anol %anol . %anol +O( _1>
ar  "'ov da | or ox  or 0% T
and
9x : “2igp(ing;z,t) O O f— o Q —t~ oA
s AU (i 28 (i ey
Q)
(6.15) = —2ix <90t - Qt%:> + 0O (7'*1) = —8koR(iko; (s, 7), T)x + O (7'*1) )
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where we have used (4.8) and (6.1)—(6.3) to simplify the expression. Therefore, for all sufficiently large
T, we have

5‘q . L O0Fq —
gy = ~SRoR(R0i (s, 7). X + O (77)
6.16 =) =) (=)
(6.16) SnoR(ino; (s, 1), 1) 2 [1 = (@7 P (X7 - X)X - %) o ()
= — N T Y
w22(x(877.),7.)2x ((X(—))2 4 (Y(—))2)2
where
1-— Q(_> =) 1+ Q<_)
(6.17) X1=—37Y 7, Xo = — )

14+ Q(*) 1— Q(*)

and X' and Y are given in (5.18). Thus, up to O(7~!) terms, we found two critical points of ¢, given
by the implicit equations X7 = X and X7 = Xs.

By a similar calculation, the second derivative of ¢(s, ) evaluated at X; and X is
(=)
P _ <8noR<mO, 2(5,7), T>>2 2[1- (77| (X1 - Xo)
2(x(s, 7),7)? (X2 + Y ()22
2 (=)\2
Y
_ (_1) <8/€0R(ZKO,$(S,T; 7’)) 8ko( ) i +O(7'_1) ,
ol (X3 + ()

wao(x(s,T),T)
¢ = 1,2, which is strictly nonzero. Thus ¢ has an (approximate) maximum at X; and minimum at X.

+0 (!
87’2 X(,):X[ (T )

(6.18)

Such solutions X7, Xo are still expressed in terms of the dependent variable Q(_) and in the moving
frame (s, 7), however existence of a global maximum in the physical (z,t)-coordinates is established in
Theorem 2.7 that we are going to prove. For our convenience, we state and prove below Theorem 6.2 that
is a more extended version of Theorem 2.7.

Theorem 6.2. For x > 0 and xo < —1, there exists a k& > Keit (see (6.13)) , such that for all ko > K
there exists a unique, continuous, global mazimum Zpeax(t) of the solution q which identifies the position
of the soliton peak for allt > 0. For any (x,t) satisfying the inequalities (6.6), Tpeax(t) = z*(t) + O (t71)
where x*(t) is implicitly defined as the solution of

1- 07 (@), ) 1+ Q" (a*(¢),1)?
14 Q7 (x*(¢), ) 2K ‘

(6.19) X7 (@ (t),t) =

where Q(7> is given in (6.11). The amplitude of the solution at the mazimum is given by

207 (2*(t),1)
* t

e @ (0.1

q(Zpeak(t),t) = qng(x*(t),t) + 2K0

+o((t).

This global mazimum, xpeak(t), is strictly increasing, and satisfies:
(i) fort € (0,t1), Tpeax(t) = zo + 4K3t;
(ii) fort > (14 €)t1 (for some small positive €),

2p9(iko) — Oy In U (x,t; ko, m1) Lo <1>
200(iko) — Op In W (x, t; Ko, M1 ) le=2pear (t) t)
Here WV is defined by (6.23).

(6.20) Fpeak(t) = —

Finally, fort > (1+¢€)tq, let T be the time it takes the soliton peak Tpeax(t) to traverse one period
of the elliptic background wave qng(x,t). Then the average velocity of the soliton peak over the
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period satisfies

2 (i)
@o(ikg)

1 [T Tpeak(t + 1) — Tpeak (T _
(621) T/ xpeak(s) ds == k( 72 = k( ) = ESOI(KO) +0 (t 1) ’ 5501(“0) =
t

Moreover, the leading order term for the averaged soliton velocity satisfies
1 [« Ko — S

Tsol(Ko) = 4K3 + — —_—

sol( 0) 0 Ko+ s

(Ugroup(s) - 77501(%0)) 81"p(ZS) ds .
Ko Jm

which we recognize as the kinetic equation for the average velocity of an mKdV soliton analogous
to those described in [E103; EK05; ET20] for other evolution equations.

Remark 6.3. The condition x > 0, in the above theorem is strictly for convenience. Physically, this
means we are tracking the position of a trial soliton as it interacts with the soliton gas. The cases x < 0,
corresponds to an anti-soliton of mKdV, and an analogous result can be proved where the equation for the
global minimum; specifically one can show Tmin(t) = z.(t) + O (t71) where z.(t) is implicitly encoded in

the condition X7 (2,(t),t) = Xa(z.(t),t) (c.f. (6.17)).

Remark 6.4. The condition that ko be sufficiently large in Theorem 6.2 is not merely a technical condi-
tion. Forikg = in2, we see numerically that the position of the global maximum peax(t) is not continuous.
One observes, that as the soliton attempts to crest a peak of background wave it loses amplitude while the
incident peak of the background peak grows; if ko is sufficiently small, then there exists a critical time at
which two amplitudes—of the soliton and the incident peak of the background—are equal. Evolving past
the critical time, the global maximum jumps forward emerging out of the incident peak, while the former
mazximum settles into the background wave. See Figure 15. This phenomenon was already foreseen and
analysed by Lax in [Laz68], for a simple two-soliton interaction.

Proof of Theorem 6.2. The behavior of the peak for x < t; — € is trivial since ¢(x,t) = 2kgsech(2ro(x —
zo—4k3t))+ O (e~) for some constant ¢ > 0. For (z,t) in the modulation region we use (4.1) and (5.18),

to rewrite the equation X'’ = X in the new (s,T) coordinates as

(6.22) P(s,7) = 2ip(ikg; x(s,7),T) + 2k0x0 — In W (x(s,7), T; Ko, m1) = 0,
where

. f(i N2 o [1-07 (1) =) 2 )
(6.23) U(z,t) = fliro) wan(z, 1) =T [1 + 07 (@, 1) ] — 2k0 QL) (2, 1)

Using (6.1), we can expand

(6.24) P(s,7)= 27'\/(1433 —a?) (kg —n?) |4ko — — -

HW@W)«@ﬂ
ko K(m)

-2 +o?))

+ 2K'OxO - IH\IJ(S, T; ko, 771)

Here the reason for the change of variables (x,t) — (s, 7) reveals itself: it’s straightforward to check that
9:-¥(s,7) = O (771). Furthemore from Remark 4.4 we have 9, = 0 so that a short computation shows
that 0
Optp = —Q—x(llz'/ioR(i/io) — 1)
t
and (6.9) and (4.8) imply % = -0/ + O (t71) so that

0.P(s,7) = 2ifdup0 + Ougl = U5 =Sk — a3 — ) + O (¢71) 0.

As the first bracketed term in (6.24) is linear in 7, while the remaining terms are bounded ensures that
the equation P(s,7) = 0 has a unique solution 7*(s) for each fixed s in the modulation region.
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FIGURE 13. Demonstration of discontinuities in the location of ek (t) when the soliton
eigenvalue ikg is near the soliton gas spectral band [in, ins]. Left: Evolution of g(z,t) at
times t* + At around a time t* = 503.17 at which the global max becomes multivalued.
Right: Computation of Zpeax(t) as a function of time. In both figures we have 1 =
0.25,72 = 0.75,x = 0.8 and y = 1.6e73%.

Now differentiating with respect to s one finds that

2 _ 2 _ 2 2 2
o, = —p ¥ 16— G — )y (’71 m) + 0, I (x(s,7), 75 Koy 1)

TakQ K o?

where 05V is quite complicated but bounded. The first term in 0, P is an increasing, asymptotically linear,
function of kg, while the second term is a bounded function of kg. In fact, the calculation in Section 5.3
show that 0;In ¥ = O (Ha 1) as kg — o0o. So for all sufficiently large x we have 9; P # 0, so we can invert
the unique solution 7*(s) to get s*(7). The function z*(¢) is then given by x*(t) = x(s*(¢),t)). This
establishes the existence of the solution 2*(t) of (6.19). The existence of the global maximum zpcak(t) for

q(,t) then follows from the Implicit Function Theorem, as 92¢ does not vanish at X - Xi.

We then compute an expansion for Zpe.x by first observing that @peax = 2* + O (t‘l), and &* can be
computed by differentiating the condition P(x*(t),t) = 0 with respect to ¢:

T (2ipy — O In W) + 2 — Oy In ¥ = 0.
Solving for #* gives the desired result.

To complete the proof we consider, for ¢ > t1 + ¢, the average of the soliton velocity @peak(t) over a period
of the background wave gug(,t). First we observe that as Zpeak(t) = *(t) + O (t7'), the leading order
term Tgo1(ko) in (6.21) can be computed from the difference of x*(¢) over a period of the background.
From (6.22) we have

(6.25) 2ip(irg; (1), t) = —2K0z0 + In V(2™ (1), t; Ko, 1)
for all t > t; + e. When t > to, the right hand side of this equation is periodic. This implies that
o(ikp;2*(t+T),t + T) = p(iko; z*(t),t) or equivalently

(t + T)pa(iro) + 2™ (t + T)po(iko) = tpa(iro) + ™ (t)po(iko)

solving this for the difference z*(t + T') — x*(¢) gives the result. For ¢ € (¢; + €, t2], 2*(¢) still satisfies
(6.25), but the right hand side is only quasi-periodic due to the slow modulation of the wave parameters
as az*(t)/t) varies for ¢ € (¢1,t2). However, the evolution of ¥ with respect to the slow parameters
only introduces changes of order O (t_l) since 0,V = O (t‘l). So treating ¥ as exactly periodic in the
modulation domain only introduces errors at the level of the first correction O (t‘l). g

APPENDIX A. SOLVABILITY OF THE RIEMANN-HILBERT PROBLEM FOR X

Theorem A.l. Given a function r € L*(X1) Riemann-Hilbert problem 1 is uniquely solvable for all
(z,t) € R2. Moreover, the function q(z,t) defined in (2.9) is a classical solution to the mKdV equation
(1.1), which belongs to the class C*°(Ry x Ry).
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Proof. First we prove the existence of solutions to RHP 1. Let il and C;,, be non-intersecting, simple
closed closed in C* enclosing X1 and k = ikg respectively. Orient the contours posmvely Let 22 and
C_ix, be complex conjugate contours (with negative orientation) so that I'y := 21 U EQ U Cikg U C—isg 18
Schwarz symmetric, I'y = I'y.

Given a function r : ¥1 — R in L?(X;) define the analytic function

1 r(§)
Al F(k d k 1.
(A1) 0= 5 | gopdt keC\m
For k € ¥4, it follows from the Sokhotski-Plamelj formula that F (k) — F_(k) = r(k). Morover, since r
is real-valued we have

(4.2) F(k) = - 231'2 5 5(512:

kEC\EQ,

where the minus sign comes from the fact that X5 = ¥; as a set but has opposite orientation.

Using F', make the following transformation X +— Y, which deforms the jumps of X onto the closed
contour I'y where the jump matrices are analytic. Define

[ 1 0 (S
X(k, :E, t) _—F(k)efQie(k?xvt) 1:| k G 1nt (Zl)
[ 1 0 _
X(kv x, t) r Z)Z(KO e—ZzG(k z,t) 1 k € int (Cmo)
' . — T (1) o200 (K, t) =
(A.3) Y (k;,t) Xk t) |1 F(k)e ] k€ int (21)
10 1
M ix 62i9(k;:v,t)
X (k;x,t) 0 k—iro . } k € int (Cix,)
X (k;z,t) elsewhere

A straight forward calculation shows that the new unknown Y satisfies the following problem

Riemann—Hilbert problem 7. Find a 2 x 2 matrix-valued function Y'( -;x,t) with the following prop-
erties:

1. Y (k;z,t) is holomorphic for k € C\ T'y.

2. Y(kjz,t) =T+ 0O (k1) as k — oo,

3. For k € I'y, the boundary values Y4 (k; x,t) satisty Yy (k) = Y_(k)Jy (k; x,t), where

1 0 S
F(k e—2i0(k;x,t) 1:| ’ k€ 3,

(1 F(%)€2i9(k;m,t) =
by
0 1 A
(A.4) Ty (ko t) =4 - ) .
—7 22(50 e—2i0(ks,t) 1:| ke CWO
M1 ix e?i@(k;z,t)
0 k—iro 1 ke Cmo

\ L

The jump matrix Jy (k;x,t) is analytic for k € T'y, and the symmetries I'y = Ty and Jy(k;z,t) =
J(k;z, 1)t are clearly satisfied, so Zhou’s vanishing lemma [Zho89, Theorem 9.3] can be applied to conclude
that a unique solution of RH problem 7 exists. Inverting the transformation from X to Y it follows that
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there exists a unique solution X (k;x,t) of RH problem 1 as well. Uniqueness of the solution follows from
a standard Liouville type argument.

To see that the solution Y (k;z,t) has derivatives of all orders in x and t one can differentiate the jump
relation (A.4) to derive non-homogenous RH problems for the derivatives (D"™Y")(k; x,t) where D denotes
either % or %. The resulting RH problem takes the from:

Riemann—Hilbert problem 8. Given n € N, find a 2 x 2 matrix-valued function D"Y (-;x,t) with the
following properties:

1. (D"Y) (k;x,t) is holomorphic for k € C\ T'y.

2. (D"Y) (k;z,t) = O (k™'), as k — oo

3. For k € I'y, the boundary values of (DY) (k; x,t) satisfy the jump relation
(DY), (ks 2, t) = (D"Y)_ (ks a,t)Jy (ks 2,t) + Fp(k;z,t),

(A.5) Folk;z,t) = zn: (n) (D”_jY) (k;z,t) (Dij) (k;,t)

(=1 ¢

It is a well-known result in the theory of RH problems that the inhomogenous problem M, (k) =
M_(k)J(k) + F(k), k € T, with M (k) — 0 as k — oo has a unique solution in LP(I'), 1 < p < oo
whenever F' € LP(I") and there exists a unique solution of the associated homogenous problem M (k) =

M_(k)J(k), k € T', with M (k) — I as k — oco. In our setting, the associated homogenous problem is
precisely the RH problem for Y for which we know a unique solution exists. Observing that D" Jy (k, x, t)
is analytic for k € I'y, a simple induction argument shows F (")(k; x,t) is analytic for any n. Since I'y is
compact, analyticity of JF,, implies it is in LP. It follows that Y has derivatives of all orders in z and t.
Finally since Y (k) = X (k) for all sufficiently large k, it follows that

q(z,t) = klirglo EY: o(k;x,t)

lies in C*°(R; xR¢). Finally, one shows that ¢(z,t) solves the mKdV equation (1.1) by a standard Lax-pair
argument. See for example step 4 of the proof in [GM20, Theorem 2.7]. O

APPENDIX B. FREDHOLM DETERMINANT EXPRESSION FOR THE THE KDV SOLITON 4 SOLITON GAS

The KdV soliton gas, with the possible presence of a separate soliton, is very similar to the mKdV case
analyzed in the main body of this paper. The pure N-soliton solution of the KdV equation ([GT09]) is
defined in terms of a 2-dimensional row vector m such that

1. m(k;x,t) is meromorphic in C, with simple poles at {i/@j};v:l C iR, and at the corresponding
conjugate points {—i/ﬁ;j}j»v:l CiR_;

2. m satisfies the residue conditions

. 0 0

kli‘?fj m(k) = kl_lg}ij m(k) |:Z~Xj62i6(k;x,t) 0] ;
0 _Z‘XjefZi 0(k;x,t)

0 0 )

(B.1)
Res m(k) = lim m(k:)[

k‘zfilij k*}*iﬂj
where 0(k,z,t) = kz — 4tk® and the norming constants x; € Ry;
1
3. m(k)=[1 1] +O<k> as k — oo,

4. m satisfies the symmetry
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The KdV solution then reads
i N
(B.2) g (x,t) = 20, < lim ~ (m(k;z,t); — 1)) =20, <Z ozk(a:,t)> ,
k—o00 1 1
where the second identity follows from the ansatz
ia(x,t) i (x,t)

B.3 ki, t) 1 ! !
(B.3) m(k; +Zk—m]’ Zk+1/<;j
Plugging the ansatz into the residue conditions gives a system of equations that yields

al ) i)
(B.4) Z_: ap(z,t) = —Tr ((IN + A)_laxA) = 5 Indet (Iy + A)
where the matrix A has entries

/X‘ lxgei(ej(xvt)"’_ef(x?t))
Aj@ = d ] )
Kj + K¢
with §; = 0(ikj; 2, t). Thus,
82

(B.5) gn(z,t) = —2@ Indet (In + A) .
As in the mKdV case, by rescaling x; & and taking the limit N — oo (under the same assump-

tions on the norming constants x;’s), we obtaln that the matrix determinant converges to a Fredholm

determinant
2

0
q(z,t) = —2@ In det (IdL2(21) —HC)

with integral operator

(B.6) K1f1(k) = . Vr(k)vr(E)

where ¥ = i(n1,72). Finally, it is straightforward to verify that (see again [BC12])

1 dk
q(m,t) = —20, (/ Tr (I‘ZII‘L&EJJ’l) ) =20 ]_-‘1 11
2 21U 2

Iy

ei(9(k;x,t)+9(f§xvt)) d
: F6) S
+ 5 2T

where T is the RH problem solution of the KdV soliton gas found in [Gir+-21].

In the presence of an extra soliton, the solution can also be written as a Fredholm determinant.

Theorem B.1. The function

(B.7) q(z,t) = In det < Idzz2(c) —HC)

(9
a 9.2

is the soliton + soliton gas solution of the KdV equation, where the integral operator K has kernel

=~ 10(k;z,t) /7 10(z;x,t)
(B.8) K(k,2) = YIR)e Vrz)e k,z€C .

2n(k + 2) ’

where C = X1 UCy, with Cy being a small loop (oriented counterclockwise) circling the extra pole ikg € iR,

and not intersecting the real line nor X1, and the function v(k) is defined as 7(k)
(described in (3.13)) and 7(k) = 2%

= r(k) for k € ¥
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