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Abstract

This thesis concerns the semi-classical sine-Gordon equation with pure impulse initial data
below the threshold of rotation:

Uy — Uy, +sinu = 0,

u(z,0) =0, ew(r,0)=G(z) <0, and |G(0)|< 2.

We consider a wide class of solutions that decays at infinity. A dispersively-regularized
shock forms in finite time. We study the universality of the solutions near a certain catas-
trophe point. In accordance with a conjecture by Dubrovin et al. [26] on Hamiltonian
perturbations near the gradient catastrophe point of an elliptic system, we found that the
asymptotics of the sine-Gordon solution is described by the tritronquée solution to the
Painlevé-1 equation. Furthermore, we are able to describe the local peak-like structures
corresponing to where the tritronquée solution, well-known to have singularities, fails to
describe the asymptotics. Our result is universal in the sense that the local asymptotics is
not sensitive to the initial conditions as long as it falls into a large class of functions; it is
only the space-time location of the transition that depends on the initial data. Our main
tool is the Riemann—Hilbert technique for integrable systems, in particular the Deift-Zhou
steepest descent method [23]. The approach is inspired by the work of Bertola-Tovbis |§|

on the focusing NLS equation.



Chapter 1
Introduction

This thesis concerns the study of universal phenomena in wave propagation. The specific
aspect of this topic that is of interest to us is the formation, in certain general classes of
models or in specific models but from certain general types of initial data, of universal
wave patterns. These are mathematical descriptions of evolving waves, frequently in terms
of special functions, that become relevant in certain well-defined asymptotic regimes. For
instance, one may think of the wake generated by a ship, and viewed at some large distance
from it, taking a universal form independent of the details of the ship generating the wake.

To use rigorous analysis to prove the existence of universal wave patterns, it is useful to
work in the context of models for wave motion that are mathematically tractable. In this
thesis, we work with one such model that is in the class of completely integrable nonlinear

partial differential equations, namely the sine-Gordon equation.

1.1 sine-Gordon equation (sG)

The sine-Gordon equation (sG) is an important and well-known nonlinear wave model.
First of all, it is a universal model for dispersive waves with periodic nonlinearity. It arises
in a wide range of applications. The equation was first discovered in characteristic form [9|
in the 1860s as the Gauss-Codazzi conditions for surfaces of constant negative curvature in
3-space,

Upe = sinu. (1.1)

In 1939 Frenkel and Kontorova [32] studied a discrete model in the theory of crystal dislo-

cations that can be approximated by the sG equation in space-time form,

Uy — Ugy +sinu = 0. (1.2)



A mechanical analogue of this model by A.C. Scott has been proven extremely useful for
visualization and experimental observations of its solutions. It is realized by taking the
continuum limit of an array of pendulums subject to gravity and coupled to their nearest

neighbors via Hooke’s law (torsion-coupled pendulums), see figure 1.1.

Fig. 3. — Mechanical model of the SGE: a) spring 0.2 diamecter, b) solder, ¢) brass,
d) tap and thread, e) piano wire, f) nail, g) and &) ball bearings, i) wooden base.

Figure 1.1: Mechanical model for sine-Gordon equation from [4]

Other appearances include modeling the transverse magnetic flux in superconducting
Josephson junctions in the zero dissipation limit [43], the study of breathers, the propaga-
tion of deformation in the DNA double helix [47], the orbits of a string of stars near the
inner Lindblad resonance within a galaxy, Coleman identified the solitons of sine-Gordon
equation as the fundamental fermions in massive Thirring model [19], among others. For
more details, we refer the readers to the 1971 classic [4], as well as more modern treatments
of the topic summarised in [21].

Another reason that the sine-Gordon equation is a particularly interesting model is be-
cause of its integrability. In 1970s, the 1-D sine-Gordon model was found to be one of the
very few nonlinear equations that are completely integrable in the Inverse Scattering Trans-
form (IST) theory [2, 29]. Thus the solution to this equation can be described in great detail
via the IST tools, which should be regarded as specialized analogues for nonlinear integrable
equations of Fourier transform methods for linear equations. In fact, sine-Gordon, among

others such as the Korteweg—de Vries (KdV) equation and cubic nonlinear-Schrédinger



(NLS) equation are the only few simple and fundamental nonlinear equations that are inte-
grable [1]. That is not to say that the number of integrable equations is small. In fact, even
the aforementioned three examples are all the first ones in a countably infinite family (or
hierarchy) of equations. They arise as Hamiltonian flows with infinitely many conservation
laws associated with infinitely many commuting symmetries. This remarkable structure
is a common feature of numerous integrable systems. And there are many other known
families besides the three listed here. That being said, within the class of nonlinear PDEs,
integrability must be regarded as a rare phenomenon.

In this thesis, we exploit highly-specialized techniques associated with the sine-Gordon
equation as a completely integrable system, leveraging them to study a certain univer-
sal wave pattern. Such techniques are generally not available for generic nonlinear wave
equations, but they will allow us to obtain very precise results in the present setting.
In particular, we will study the Riemann-Hilbert problem associated to the sine-Gordon

equation, one of the most powerful tools to analyze the inverse scattering problem.

1.2 Semi-classical sine-Gordon equation

The terminology semi-classical in mathematical physics often refers to the Bohr correspon-
dence principle: in the limit A — 0, quantum mechanics should become consistent with
classical mechanics.

As mentioned above, one may expect universal wave patterns to appear in certain
asymptotic limits, and as such, this thesis will be concerned with a semi-classical version
of (1.2):

€Uy — XUy +sinu = 0, (1.3)

with semi-classical initial conditions
u(z,05¢) = F(x), eu(x,05¢) = G(x). (1.4)

The problem we are considering is the semi-classical Cauchy problem, where u(z, t; €) should
be seen as a one-parameter family of solutions, with the initial data F', G independent of
€. We care most about the asymptotics of this family of solutions in the limit ¢ — 0, which
is an analogue of the Bohr limit 7 — 0.

It is a well-known fact that the elementary excitations of the sine-Gordon equation
are kinks, antikinks and breathers, see |2, 29, 35| for the inverse scattering theory for sG

solitons. In semi-classical scaling, such solutions have width in z proportional to e¢. In



general if F'(z) — 2mny and G(z) — 0 sufficiently fast as @ — +oo, where n, are integers
(ny — n_ is the topological charge), the solution to the Cauchy problem (1.3)-(1.4) can be
viewed (through the lens of the IST) as the combined effect of kinks, antikinks, breathers
and radiation. The initial condition F' and G in (1.4) being independent of € suggests that
approximately 1/e solitons of width e will be excited. Before the ensemble of solitons break
apart, the ones closer to each other will travel at similar speeds, thus forming a wavetrain.

One motivation to study the semi-classical limit of this equation can be found in physics.
In the idealized model of long superconducting Josephson junctions, the parameter € is the
ratio of the Josephson length [; to the transmission line length. In one such laboratory
experiment, Scott, Chu, Reible [43] studied the magnetic flux in a Josephson junction of
length Iy = 35 cm with [; approximately 10~* to 10~2 m, hence ¢ ~ 0.0005. The particle-
like magnetic flux corresponding to solitons in the sine-Gordon solution are called fluxons
in the Josephson junctions. In accordance with the previous discussion of soliton numbers,
when € is small, O(1/¢) number of fluxons will be excited. In this case, the semi-classical
limit corresponds to a larger number of particles in ensembles thus resulting in a classical
effect.

It is interesting to point out that in the Thirring model, the small parameter ¢ has
the exact same quantum-—classical interpretation as the Planck constant h being small.
In [19], Coleman explained 3? (same as €* for our equation) has the same effect as i in the
semi-classical asymptotics. Therefore small € corresponds to many fundamental particles
excited.

Notice that as in the Schrodinger equation, the small parameter ¢ can be scaled into
the variables. If we take

r=eX, t=¢€T, (1.5)

then the initial-value problem (1.3)-(1.4) becomes

urr — uxx +sinu =0,

(1.6)
u(X,0) = F(eX), ur(z,0) = G(eX).

In this reformulation, the differential equation is again the unscaled form (1.2), but the
initial data is dependent on €. Taking e smaller and smaller in this context means u(X, 0;¢),
u (X, 0; €) are slowly-varying in X. Equivalently, in form (1.6), the O(1/¢) number of O(1)
size solitons combine to form a structure of characteristic length proportional to 1/e across
the X-axis.

A third way we can write the semi-classical initial-value problem (1.3)-(1.4) is to rescale



t as in (1.5) but retain x as the independent variable:
ury + sin(u) = €Uy,  u(z,0) = F(x), up(z,0) = G(x). (1.7)

This scaling suggests neglecting €*u,, as a small perturbation, in which case the sine-
Gordon PDE reduces to an independent ODE for each value of # € R. In undergraduate
courses on differential equations one learns that the solution of the unperturbed problem
(the simple pendulum) is of a different character depending on whether the total energy
E(z) = sup(z, T)?+ (1 —cos(u(z, T))) > 0, which is independent of T for the unperturbed
problem, is less than 2 (the librational case, where the pendulum swings back and forth)
or greater than 2 (the rotational case, where the pendulum rotates around its pivot point).
The borderline case E(x) = 2 characterizes the separatrix in the phase portrait and the
corresponding motions are homoclinic orbits representing the nonlinear saturation of the
linearized instability of the unstable vertical equilibrium configuration of the pendulum. It
turns out that when e > 0 is small, the solutions of the sine-Gordon equation exhibit a
similar dichotomy at least for a certain range of T, and interestingly the behavior can be
different for different values of = because it is possible for smooth initial conditions F'(x)
and G(x) to give rise to librational motion for some x and rotational motion for other x.

In [12, 13|, a family of solutions u(x,t;¢€) closely related to the solution of the Cauchy
problem for the sine-Gordon equation in the form (1.3)-(1.4) was studied under the as-
sumption that the initial conditions of the system induced rotational motion for |z|< L
and librational motion for |z|> L. In [13] the family of solutions was shown to closely ap-
proximate the given initial conditions in the limit € — 0, and in [12], the authors identified
a certain type of universal wave pattern appearing for small time near the transition points
r = =+L.

This thesis concerns the less-energetic case, in which E(x) < 2 holds for all x € R. Thus
the system is globally below threshold for rotation in the sense of the unperturbed simple
pendulum problem. While this may seem at first to be less interesting, in fact we shall
uncover a new universal wave pattern in this case that locally resolves a kind of focusing
of pendulum energy near a certain point x at a positive time .

Our approach is inspired by Bertola and Tovbis. Their approach uses a Riemann—Hilbert
problem associated with the NLS equation. The sine-Gordon equation adds significant new
challenges in the analysis, because the solution before catastrophe are described by theta-

function of genus 1 Riemann surface, as opposed to genus 0 in NLS.



1.3 Universality

Dubrovin et al. conjectured in [25, 26| that for weakly dispersive Hamiltonian systems con-
sidered as perturbations of elliptic and hyperbolic first order systems, universal behaviours
appear near the gradient catastrophe points of solutions of the unperturbed system in
a weak-dispersion limit that is mathematically very similar to a semi-classical limit. By
formally expanding the Hamiltonian perturbation, it is argued that for suitable initial
conditions, the asymptotics of the solution near the catastrophe point are described by
particular solutions to the Painlevé-1 equation (elliptic case) or the second equation in the
Painlevé-1 hierarchy (hyperbolic case).

This conjecture for the hyperbolic case was first rigorously studied in the example of

the weakly dispersive KdV equation
Uy — Uty + €2 Upyy = 0 (1.8)

by Claeys and Grava in [17], where they took advantage of the complete integrability of
the KdV equation and successfully combined rigorous asymptotics for the direct scatter-
ing problem with steepest descent techniques for the Riemann-Hilbert problem of inverse
scattering to rigorously prove the universality conjecture with respect to initial data. On
the other hand, the conjecture for the elliptic case was first studied in [8] by Bertola and
Tovbis for the focusing NLS equation. Again their work employed the integrability of the
NLS equation, but since the direct scattering problem is less well-understood than in the
KdV case, the authors had to settle for a rigorous analysis of a wide class of solutions that
were not directly connected with given Cauchy data.

Some attempts to prove special cases of the conjecture without using complete integra-
bility (near integrable cases) are made in [27|. However, the proof of the full conjecture,
which asserts universality both with respect to initial data and (more strongly) with respect
to the equation of motion, remains open.

Some numerical evidence of the universality phenomenon in this thesis for sine-Gordon
with various initial conditions can be seen in figure 1.2. The numerical code to generate
these pictures was generously provided by Christian Klein. The picture looks similar in all
four cases pictured in the vicinity of the point where the waves appear to focus.

Since it is the case most relevant to this thesis, we give here some more details about
the conjecture of Dubrovin et al. in the elliptic case |25], and its justification in the case

of the focusing NLS equation by Bertola and Tovbis [4]. The semi-classical focusing NLS
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Figure 1.2: Numerical demonstration of the universality behaviour for semi-classical sine-
Gordon equation with various initial conditions, € = 0.05.

equation
1
i€'l,bt —+ §€2wxx + |¢|2¢ =0 (19)

can be easily recast as a weakly-dispersive perturbation of a first-order quasilinear system
through the Madelung transform (z,t) = meis(“:’t)/ ¢, where p > 0 is the amplitude
and S € R is the phase. Letting 1 := A%S, denote the momentum density, the focusing
NLS equation (1.9) can be written in terms of the real variables p and p as a coupled

system:

2 1 1
ot =0 and k| L] = 1 plogo). (1.10)

The terms proportional to € represent a weakly dispersive correction to a quasilinear
system of conservation laws that is easily checked to be elliptic by a simple computation

of the characteristic velocities. If the dispersive terms are neglected and the dispersionless



equation is solved with analytic initial data on p and pu, a certain typical singularity called
an elliptic umbilic catastrophe (also gradient catastrophe) occurs generically in the solution
at a certain point x = x,. € R at a certain breaking time ¢ = t,. € R, the subscript gc
denotes gradient catastrophe. The conjecture of [26] asserts that in a neighborhood of an
elliptic umbilic catastrophe point of the unperturbed system, the dispersive terms generate
a subleading correction to the solution of the full problem that is written in terms of a

special function Y (v) solving the Painlevé-I equation
Y'(v) = —6Y (v)* +v (1.11)

known as a tritronquée solution. This solution is distinguished by the property that it
behaves like Y (v) ~ \/v/6 as v — oo in a maximally wide sector: 47 /5 < arg(v) < 117/5.
However within the complementary sector of opening angle 27/5, the solution has infinitely
many double poles (and their confinement to the indicated sector is not just asymptotic
near v = oo but exact according to recent work of Costin, Huang, and Tanveer [20]). In
support of the conjecture of [26], Bertola and Tovbis proved the following result, in which
H denotes the Hamiltonian of Y

s Y'(v)?

2

H=-2Y(v) +Y(v)r. (1.12)
In particular this theorem describes ¢ (z,t) in a shrinking neighbourhood of (e, te), with
radius ~ €5. Inside the neighbourhood (z,t) will also be bounded away from points corre-

sponding to the poles of the tritronquée solution. The cut out disks also scale like €.

Theorem 1.3.1 (Bertola and Tovbis, [8]). There exists a mapping s : R* — C taking

(Tge, tge) to 0, with e=™/®s, positive real and e~"/>

sy purely imaginary at the catastrophe
point, such that the following is true. Suppose that with v = s(z,t)/e'/®, |v|< M and

Y (v)|< M for some M > 0 independent of €, then

Y(z,t) =b [1 — 2¢5Im <%) + 0(62)}
' 5; (1.13)
X expé [S(xgc,tgc) - Q(GAJJ + (2@2 _ b2>At) + 262Re ( C_Z)H(V))] .

2
Here a := —%Sz(a:gc,tgc), b= \/p(Tge, tge), C = (%)5, C is a well-defined coefficient
in the fraction expansion of a phase function (details not important here), Y (v) is the

aforementioned tritronquée solution of Painlevé-I and H is its Hamiltonian.



This estimation fails when v is near the poles of the Y, where “spikes” form in the
fNLS equation. The “spikes” are discussed in detail in the next theorem. The condition
Y (v)|< M makes sure the theorem to work ‘away from spikes”, i.e., v remains uniformly
bounded away from the poles of the tritronquée solution.

Due to the double pole singularities of Y (v), the conjecture of [26] makes no statement
about the accuracy of the approximation in the sector containing the poles. However,
the reader will see that Theorem 1.3.1 also gives the accuracy of the same approximate
formula for (x,t) in the image of the tritronquée pole sector, provided one also avoids small
neighbourhoods of each of the poles. Zooming in on a neighbourhood of a typical pole of
Y (v), Bertola and Tovbis were also able to characterize the solution ¢ (x,t) of (1.9) near
the image of the pole. They found that locally [i(z,t)| has a peaked amplitude which

resembles a “spike”. They obtained the following result:

Theorem 1.3.2 (Bertola and Tovbis, [8]). In the same domain near the gradient catastro-

phe but instead close to the poles of the tritronquée solution:

o The mapping v = s(z,, tp)/eé :R? — C defines a one-to-one correspondence between
the poles of the tritronquée solution v, and spikes of the NLS solution, centered at its

preimages (x,,1t,),
e The shape of each spike is universally described by

rT—xp t

_Ttp) (1+ O(e)), (1.14)

o, t) = eSEnt g, (

for |z —x,| and |t —t,| both bounded by O(€). Here Qv denotes the rational breather
(Peregrine breather solution) of the NLS equation in the from iQ,+3Q¢ +|Q*Q = 0,

(1.15)

ih2
Quel€, ) = e 206+ (a0 (1 .y 1+ 4ib ) |

1+ 40%(€ + 4an)? + 16b*n?
Equation (1.15) implies the each spike has 3 times the amplitude of the background.
This is an important result because it describes the field ¢ (z,t) near points where the

conjecture of [26] is not effective because the approximation blows up while the solution

¥ (x,t) itself remains bounded.



1.4 Whitham modulation system for sG

It is the Whitham modulation system for the sine-Gordon equation that acts as the unper-
turbed system which gives rise to the elliptic umbilic catastrophe point in the perturbation
of the elliptic system case in accordance with the Dubrovin-Grava—Klein conjecture in [26].

Taking the averaging idea from [46], assume the solution to (1.3) forms a modulated

periodic wavetrain of period 2,

O(z,t
u(z,t) =U (M) : O(x,t) = kr — wt,
€ (1.16)
and  U(C +27) = U(Q),
where k is the wave number and w is frequency of the wavetrain.
Integrate once to

1, 5, o (AU
(W2 — ) = = £. 1.1
2(w k><d§> cos(U) =& (1.17)

Here £ is the integration constant that has the physical meaning of energy. Another physical

quantity of interest is the phase velocity vy,

The Lagrangian density of the semi-classical sine-Gordon equation is given by

1 1
Llu) = éezu? — <§ezui — Cos(u)) : (1.19)
kxr — wt

€
then take average of L over one period, denoted by (L). View (L) as a functional of £ and

0, with

and

and the sG equation is the result of the variational principle. Substitute U

k=60, and w=70,. (1.20)

One can then apply the averaged variational principle on (L), with respect to the functions
& and 0. This will lead us to a linear system for £ and n, = % (the reciprocal is just for
eliminating a singularity of the modulation equation that does not fundamentally change

the system otherwise) called the Whitham modulation system. The Whitham modulation
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equation for the sine-Gordon equation takes the form

0 |n, 9 |ny|

where A(n,, £) is a known 2 x 2 matrix whose elements are certain elliptic integrals. The
system (1.21) is the correct dispersionless system corresponding to the sine-Gordon equation
in the sense of the Dubrovin universality theory. One can show that the system (1.21) is
elliptic for librational wave solutions, and hyperbolic for rotational wave solutions. As
mentioned above, this thesis concerns the dynamics of the Cauchy problem (1.3)-(1.4) in
the situation that the initial data gives E(x) < 2 for all x, so the problem is globally below
the threshold for rotation, hence the dispersionless problem (1.21) is in the elliptic case. In
accordance with Dubrovin et al.’s conjecture in [25] and [26], we have found that it is the
tritronquée solution of the Painlevé-1 transcendent and its modification at the poles that
describe the asymptotics near the point of gradient catastrophe for (1.21) when € > 0 is
small.

Our work provides a new example of universality near the elliptic umbilic catastrophe
that has not been studied before. To our knowledge, after the work of Bertola-Tovbis for
the focusing NLS [8], this is only the second rigorously studied example for the elliptic case

of the aforementioned universality conjecture.

1.5 Results and outline of the thesis

Figure 1.3 is an illustration of how the poles of tritronquée solution is related to the solution

of the sine-Gordon equation in our main results. Notice that the pole location picture is

Figure 1.3: Left: poles of tritronquée from [31]
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rotated to showcase the correspondence of poles and the local structures. In the left figure,
the vertical line pointing downward is the z-axis. In fact, the picture of PI tritronquée
solution from [31] is not quite what we used either. For their tritronquée solution, the
pole-free sector is —4?” < argv < 4?”. However, the two solutions are related by a simple

transformation and the relative pole locations are exactly the same.

Theorem 1.5.1 (First correction near the gradient catastrophe away from poles of the
Painlevé-1 tritronquée solution).

Let un(z,t) be the fluron condensate associated with suitable Cauchy data (1.4), for
which the elliptic system (1.21) exhibits an elliptic umbilic catastrophe point at (z,t) =
(2ge = 0,tg.). Then there exists a real-analytic univalent mapping s : R* — C defined on
a neighbourhood of the catastrophe point, such that the following is true. Supposing that
v = s/es, [v|< M and |Y (v)|< M for some constant M > 0 independent of €, then the

following asymptotic formule hold:
cos(Yu(z, 1)) =C + e (£]C +€R8) + O(e?),
).

(1.22)

(Sl

sin(Fuy(z, 1)) =S + €5 (52(})0 + 55?5) + O(e

The ezact expressions of C and S are given by (3.97) and (3.98), and the first correction

matriz £' is given by

1 _ 1 1 (V)
g_(ﬂbhﬁw() W“[

0
1 1 0 cns—1
+ _ch* gC*W/( O-QC [O (.%I ) 02
o) (1.23)
1 1 v
- - _5C -1
ch 2Z§CW,< >U2 ( ) [0 0 (wO ) 02

1 1 (1) 0 H(v)*
T o o

C<w§C)*l> :

where w§ is wy first defined in section 3.1.4 evaluated at the gradient catastrophe point,
= \Jwg® principal branch and C(wE®) are constant matrices with definition given
by (5.95), and W'(w§") given by(4.112).

The importance is that £' is only dependent on (z,t) and € via H in the complex

variable v = s(x, ) /€5.
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Theorem 1.5.2 (Rational solutions emerging at the poles of the tritronquée solution).
Under the same assumptions as in theorem 1.5.1, suppose that v, is a pole of the tritronquée
solution. There M, when, |v|< M and H(v)/(v—uv,) > Me™5, such that the corresponding

(x,t) neighbourhood of (xp,t,), where v, = s(xp,tp)/e% and v = s(x,t) /€5, has a universal
leading asymptotic behaviour (we call them local structures), described by a special soliton

solution of sG, given by

wtl=

sin(Sun) = GO + G95'S + O(e5),

. . ) (1.24)
cos(suy) = G9'C + G93'S + O(e3),
GOt — [ — GOC _ G0y _ OQGO? & (1.25)
where
a C C
Go = b [Cg,m _Og,n] : (1.26)
and C§5; is the (i,7) element of the matriz C(wo) evaluated at the gradient catastrophe
point. The coefficients (a,b) solve a 4 X 4 linear system with 6_%ﬁ in the coefficients.

The solution exists for every (x,t) in the area we consider.

The rest of this thesis is concerned with setting up the necessary background and giving
the proofs of these two results. Specifically, in Chapter 2, we introduce some assumptions on
the initial data (1.4), the most important of which is that the perturbed simple pendulum
system (1.7) corresponding to (1.3) is below the energy threshold for rotation at each z € R,
and we properly define the notion of the corresponding fluxon condensate and the Riemann-
Hilbert problem by means of which it will be studied. Chapter 3 concerns the analysis of the
fluxon condensate before the catastrophe occurs. This analysis uses aspects of the Deift-
Zhou steepest descent method, which in turn relies on the construction of an e-independent
scalar exponent function known in the literature as a g-function. We observe that the g-
function exhibits a certain type of singularity at the catastrophe point, which complicates
any further local analysis in the neighbourhood of this point. Then, in Chapter 4, we show
how the g-function can be modified to avoid the aforementioned singularity, and obtain
as a by-product the mapping function s(z,t) = e%y(x,t) mentioned in the statement of
Theorem 1.5.1. Another by-product is the existence of a conformal mapping that allows
us to study the fluxon condensate uy(x,t) in the neighbourhood of the catastrophe point
by the construction of a certain local parametrix in the complex plane of the spectral
parameter. In Chapter 5 we construct this parametrix and show how it is connected with

the Painlevé-I tritronquée function Y (v). After that, the parametrix reduces the Riemann-

13



Hilbert problem characterizing uy(x,t) to a small-norm problem whose solution we describe
also in Chapter 5, allowing us to complete the proof of Theorem 1.5.1. Then in Chapter 6,
we explain how to modify the parametrix in order to zoom in on the neighbourhood of a
particular pole of Y (v), and hence we complete the proof of Theorem 1.5.2. In Chapter 7

we list some possible future work to expand the results in this thesis.
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Chapter 2

Fluxon condensates for librational Cauchy data

and Riemann-Hilbert problem

2.1 Lax pair and inverse scattering transform for the semi-classical

sG Cauchy problem

The more well-known form of Lax pair equation for the sine-Gordon equation in character-
istic coordinates comes from [35]. Kaup observed that the sG equation in the form (1.2) is

the compatibility condition of the following Laz pair of linear equations

AB(2) + 2711 — cos(u))  —zLsin(u) — i(ugp + u;) |
—z7tsin(u) + i(uy +up) —4FE(z) — 2711 — cos(u))
4D(z) — 2711 —cos(u))  z7'sin(u) — i(uy + up)

27V sin(u) +i(uy +ug)  —4D(2) + 2711 — cos(u)) |

div, =U(z;x,t,1)v =

- (2.1)

divi =V(z;z,t,1)v = [

where z is a complex spectral parameter while

E(z) := i (z — %) and D(z) := 411 <z + %) : (2.2)

More precisely, v is a vector function of the spectral variable z € C and two real
independent variables x and t. The Lax pair equations in (2.1) can admit simultaneous
solution if and only if u(z,t) is a solution of the sine-Gordon equation. In this thesis, we
make two small changes. First of all, because we will be considering the semi-classical sG
equation in the form (1.3), we simply scale € into the parameters z,¢ in (2.1). Secondly,

because of the symmetry in the Lax operators U and V, the corresponding eigenfunctions
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and the Riemann—Hilbert problem will also be symmetric with respect to the involution
2z — —z. We are going to reduce the symmetry by replacing z with w so that z = iv/—w.
Whenever we use a square root, we always mean the principal branch.

The choice of w rather than z as the spectral parameter in (2.1) is not essential for
our purpose. In principle the analysis can be done in the z-plane in a fashion completely
parallel to what is done in the w-plane in this thesis. We use w in place of z as the
spectral parameter in (2.1) because this work is continued from [13], in which the authors
chose to work with w. The reason they chose this variable is because, roughly speaking,
the asymptotic approximation of the solution of sG is built from the theta function on a
Riemann surface with cuts that preserves symmetries from the Riemann—Hilbert problem.
The symmetry z — —z means that the cuts in the z-plane always come in pairs. In
general, this will result in more cuts, hence higher genus, in the Riemann surface, which
could potentially make the theta function representation more complicated. Working in
the w-plane reduces the number of cuts by a factor of 2 (and then adds an additional cut
from the square root). Thus if the number of cuts is large, it is far more efficient to take
advantage of the symmetry and work in the w-plane.

After the minor changes, E(w) and D(w) become

B(w) = % [\/—_w+ ﬁ} and  D(w) == [\/—_w - —} | (2.3)

We arrive at the Lax pair for the semi-classical sG equation in the form (1.3):
AE(w) — ! (1 — cos(u)) ! sin(u) — ie(ug + uy)
diev, = U(z;z,t,€)v = - - v,

\/i_w sin(u) + ie(uy +u)) —4E(w) + - (1— COS(U))_

4D (w) + (1 —cos(u)) — sin(u) — ie(ug + uy)
diev, = V(z;x,t, e)v = ~ - vV ; v,
sin(u) + te(uy + uy) —4D(w) — (1 — cos(u))

i
]

]

]

S
QN.
g

~—

0
]

(2.4)

The Cauchy initial-value problem (1.3)-(1.4) is generally studied by the inverse-scattering
method as follows ([35, 29] and [10, Appendix A]).
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Inverse Scattering Transform for sG

e Firstly, one replaces u, u,, and eu; in the x-ODE in (2.4) with their initial conditions
at t =0, F(x), F'(z), and G(x), respectively. One then studies how the solutions v
of this linear ODE depend on the spectral parameter z and collects certain scattering

data. This is the direct spectral transform.

e Secondly, one uses the scattering data to formulate a matrix-valued Riemann-Hilbert
problem in which (z,t) € R? appear as parameters. From the solution of the Riemann-
Hilbert problem one extracts certain coefficients depending on the parameters (x,t)
giving the values of sin(3u(z, 1)), cos(3u(z,t)), and euy(x, t) solving the Cauchy prob-

lem.

Both of these steps involve the small parameter ¢ > 0 in a singular way that requires

substantial analysis to resolve.

2.2 Initial data and the corresponding fluxon condensate

We can significantly simplify the Lax pair at ¢ = 0 by choosing the initial condition
u(z,0;¢) = F(z) = 0. All the u and u, terms disappear. The spatial differential equation
(in z) in (2.4) is called the Faddeev—Takhtajan eigenvalue problem. The Faddeev-Takhtajan
eigenvalue problem is reduced to the well-known Zakharov-Shabat eigenvalue problem:

EVy = [__M w(x)] v, P(z) = —}lG(az), A= E(w) (2.5)

Therefore we adopt

Assumption 2.2.1 (Pure impulse initial data). In the initial condition (1.4)
F(z)=0. (2.6)

When viewed as an eigenvalue problem L£v = A\v, several properties are known for real
1. From the symmetric structure of the operator £, the spectrum comes in quartets, i.e.,
if A is in the spectrum, then —\ and +\* are also in the spectrum. Furthermore, Klaus
and Shaw [36] showed that if v € L'(R) N C'(R) is real, of one sign, and has single critical
point (“bell-shaped"), then the discrete spectrum is purely imaginary and nondegenerate.

On G(z) we assume
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Assumption 2.2.2. In the initial condition (1.4) for euy, the function G(x) is a nonpositive
function of Klaus-Shaw type, i.e., G € L'(R) N CY(R) and G has a unique local and global

minimum.

For Klaus-Shaw type nonpositive functions G(x) in our pure impulse initial data, the
purely imaginary eigenvalues A can be approximated by a WKB method when € < 1 [36].
The initial condition G(z) is associated with the WKB phase integral

1 @+ 1
U(A) = 1/ " Vv G(s)? + 16A2ds, 0<—iA< max(—ZG), (2.7)

where z_(\) < z,()\) are the two roots of G(s)? + 16A?. Then by the Bohr-Sommerfeld

quantization rule, the eigenvalues are approximated by

1
\If()\k)zﬁe(k+§>, k=0,1,2,...,N(e) — 1, (2.8)

with . .
VO = |5+ 161 (29)

We refer the readers to [13] for details of the following assumptions we make on our

initial data and choices of parameter. In this thesis, we will assume the following:

Assumption 2.2.3. The small parameter € is taken from the infinite sequence

Gl
=€y = N=1,23,... 2.10
€ €N Ar N ) )&y ( )
Under this assumption,
w0
():WN, N=1,23,.... (2.11)

€

Also, it is implied that the reflection coefficient is uniformly small for A € R, making
the reflection coefficient negligible in a neighborhood of A = 0), or equivalently w = 1.
This assumption is needed later to control the jump on the real line, and thus justifies
our neglecting an additional jump on the real line for the Riemann—Hilbert problem that

generally is not negligible. See its use in [13, Prop. 3.3].
Assumption 2.2.4. G(x) is an even function. Thus min G is taken at x = 0.

Therefore G is completely defined by its inverse G~! on the positive z-axis.

18



Assumption 2.2.5. The function G s strictly increasing for x > 0, real-analytic, and the

positive real-analytic function

 mJ/E0P :
G(m) := 2 (G )) 0 <m < G(0) (2.12)

can be analytically continued to neighborhoods of m = 0 and m = G(0)?, with G(0) > 0,
and G(G(0)?) > 0.

An important consequence of this assumption is that the WKB integral W(\) is holomor-
phic in a simply connected strip neighbourhood containing the segment where the discrete
spectrum accumulate (on the imaginary axis 0 < —iA < —G(0)/4. This strip corresponds

to a neighbourhood of an arc of the unit circle.

Assumption 2.2.6. The initial data is below the threshold of rotation, i.e.
|G(0)|< 2. (2.13)

The reader may notice in [13] for a similar set up of the Riemann-Hilbert problem for
i

sG, there is an assumption that ﬁ is irrational. We would not need this assumption

here because the purpose of the &JLs(jIﬂ;tion is to avoid a double pole occuring at w = —1.
However, in our case, because our initial data is below threshold, the spectrum will end up
away from —1.

So far nobody has succeeded in obtaining enough control on the errors in the WKB
analysis to be able to carry these errors forward into the inverse-scattering step and therefore
solve the Cauchy problem. Therefore we follow another approach, which has been used with
some success in several other situations.

Examples in the past include, Lax-Levermore for KdV [37|, Kamvissis-McLaughlin—
Miller for focusing NLS [33], Miller-Xu for Benjamin-Ono [39, 40|, Buckingham-Miller for
sG [13], and Buckingham-Jenkins-Miller for the 3-wave interaction system [11]. Namely,
we replace the true scattering data by its formal small-e approximation, neglecting the
reflection coefficient and retaining only the eigenvalues which are replaced by their Bohr-
Sommerfeld approximations. Putting this approximate data into the inverse scattering
problem yields a family of exact solutions of sG parametrized by ey that we call the fluxon
condensate corresponding to the true Cauchy data. In general, the fluxon condensate does
not match the given Cauchy data for any ey > 0 (but it does for all ey in the Satsuma-

Yajima case [42] where G is proportional to sech(x)).
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Definition 2.2.1 (Fluxon condensate). The fluxon condensate ux(x, t) is the exact solution
to the inverse scattering problem for € = €, with the continuum spectrum of the scattering
data neglected, the eigenvalues and auxiliary discrete spectrum get replaced with their
WKB approximations in the second step in the inverse scattering transform in section 2.1.
An alternative, yet more precise definition of the fluxon condensate, is the exact solution
un(z,t) of the semi-classical sine-Gordon equation for € = ey recovered from Ay in the

Riemann—Hilbert problem 1, given by (2.23).

One can view the fluxon condensate as a quantised (as the name fluxon suggests), exactly
solvable approximation of the original Cauchy problem. However, the approximation needs
justification. Theorem 2.2.7 tells us that the initial condition is well approximated by the
fluxon condensate. However, as we explained, the connection between the fluxon condensate
and the Cauchy problem is generally a hard problem.

It is shown in [13| that the fluxon condensate for some 0 < ¢ < T'(z) is approximated
by an elliptic function with uniformly O(e) sized error. In fact what was proved is that this
is true inside any compact subset of the librational region and any compact subset of the
rotational region. A very similar argument will work for us. Therefore we woud not give
the detailed proof here. Interested readers can find it in [13, Theorem 1.1, Theorem 1.2].
In this thesis, however, we are dealing with the below threshold initial data. Therefore the
librational region is the whole real axis.

At t = 0, the leading term approximation of uy(z,0) and exuy¢(x,0) calculated from
the elliptic function are 0 and G(z) respectively. In that sense, the fluxon condensate
{un(z,t)} for the Cauchy problem (1.3) with € = ey and with pure-impluse initial data of
the Klaus—Shaw type is close to the Cauchy problem. More precisely,

Theorem 2.2.7. When t = 0, the fluron condensate {uy(z,t)} associated with the pure-
impulse initial condition of impulse profile G(x) satisfies
un(x,0) =O(en)

oun
ENW(J?, 0) =G(z) + O(en).

(2.14)

where the error is valid for x # 0 and uniform on any compact subsets on the real line.
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Terminology

Definition 2.2.2. Throughout this thesis paper we will use the standard Pauli matrices:

[0 1] [o —i] [1 o]
oy = , o= | , 03:= ) (2.15)
10 i 0 0 —1

2.3 The Riemann-Hilbert problem for librational fluxon

condensates

The fluxon condensate, by definition, is reflectionless. This implies that the Riemann—
Hilbert problem will only have isolated singularities and a trivial jump from taking the
square root v/—w on R, . The set up here is very similar to [13].

Define Q(w) as

Q(w) = Q(w; z,t) := E(w)x + D(w)t, for |arg(—w)|< 7. (2.16)
Define the Blaschke product

T :NHM“M—H—V_‘“}*V‘y (217)

k=0 yePN W \/__y

where A(])V’k are the approximated spectrum from (2.8) and Py are the location of the poles

of [y where E(y) = A} for some k. According to assumption 2.11, [], has 2N simple
poles.

The discrete spectrum stays constant. Inserting the correct time dependence, we arrive

at the Riemann—Hilbert problem

Riemann-Hilbert Problem 1

To Find: 2 x 2 matrix function H(w) = Hy(w; z,t)
Analyticity: H(w) is analytic for w € C\(Py |JRy)

Jump Condition: H, () = ooH_({)oy. £ € R,

Singularities: Each of the points of Py is a simple pole of H(w),

0 0
5{165 H(w) — 1})13; H(w) ( )k+1 E“es 6QzQ(w x,t)/en H (218)
N
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Normalization:
lim H(w) =1

wW—00

Note that this is not the only way to formulate the Riemann—Hilbert problem (RHP). In
fact, in [13], the authors found that another formulation of the Riemann—Hilbert problem
is essential for the analysis of the Riemann—Hilbert problem when ¢ is very small. The idea
behind this RHP is the following: dividing the set of eigenvalues in two sets, V and A.
The spectral data from V are viewed as scattering from the left, while A are scattering
from the right. Since our case is not concerned with very small time, our formulation of
Riemann-Hilbert problem for H is equivalent to A = ) in [13], the simplest case that
suffices for our purposes.

Using a Liouville argument on det(H), one can show that the solution to Riemann—
Hilbert problem 1 has to be unique. In addition, the Riemann-Hilbert problem itself is

Schwarz symmetric, therefore, the solution also has symmetry

H(w") = H(w)". (2.19)

If we formulate the Riemann-Hilbert problem 1 in variable z for w = 2*

, see section
5.3.2, then the standard Riemann—Hilbert theory tells us that, supposing the solution to the
Riemann—Hilbert problem exists, then it will admit a power series expansion. Equivalently,

H(w) has convergent series expansions of the following forms

oo

H(w) = 3 HY (o, )(/=0), |wl<r (2.20)
k=0
and

H(w) =1+ i HF (2, ) (V—w)*,  |w|> R. (2.21)

The radius r and R are independent of V.

Define
Ay(x,t) :=HY (x,1), BY(z,t) = HY (2, ) "HY (,1), (2.22)
BY(z,1) = HS'(a,1), N > No. |
Proposition 2.3.1. Let
1 (1
oS (§UN(Q77t)) = Apu(z,t) and sin (éuN(xaﬂ) = Anai (2, 1). (2.23)

Also assume that Q@ C R? is open and for a given integer Ny the Riemann—Hilbert problem 1
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has a solution whenever (z,t) € Q and N > Ny. Then for each N > Ny, u = uy(z,t) is an

ezact real-valued solution on € of the sine-Gordon equation (1.2) with € = ex. Moreover,

ou
€Na_tN(95>t) = B?V,12(xa t) + By 1a(7, ). (2.24)

The reader can find the proof in [13|. In Chapter 3, we will sketch a proof that this
solution at t = 0 is close to the initial condition in the Cauchy problem (1.3)-(1.4).

The result of this proposition is that now we can use the solution of the Riemann—
Hilbert problem 1 to study the asymptotics of the Cauchy problem of the sine-Gordon

equation.

2.4 Removing Poles of H

The original Riemann—Hilbert problem 1 contains 2N poles, where N % Technically we
can solve a linear algebra problem associated with this Riemann—Hilbert problem. However
we are interested in the semi-classical limit when e goes to zero, therefore the number of
poles will become very large. The matrix in the linear algebra problem is very ill-conditioned
for large N, and in this set-up it is difficult to do analysis.

In this section we are going to do an explicit invertible transformation of Riemann—
Hilbert problem 1 in order to convert it to a form that is better suited for analysis. For

convenience, we will use the notation
Oo(w) := V(E(w)) (2.25)

for the WKB phase integral determined by the initial conditions.
As a consequence of the Bohr-Sommerfeld quantization (2.8), whenever we are at an

eigenvalue: y € Py such that E(y) = A(])V,k, we have
FiefhoW/ey — 1)k k=0,...,N—1. (2.26)

Introduce regions 2, and {2_ that enclose the discrete poles Py. Denote >, as the

boundary of €2.. See figure 2.1.
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Figure 2.1: Introducing regions €2, , 2_ and contours >, >_

Let

1 0
H w , W S Q:ta
M(w) = ( ) +4 HN(w)e(2iQ(w;w7t)ﬂF2'90(w))/eN 1 (2_27)

H(w), w e C\(QUR,).

M inherits the Schwarz symmetry from H, i.e. M(w*) = M(w)*.

From the residue condition (2.18) in the original Riemann-Hilbert problem, we can
verify that M(w) only has removable singularities inside Q = Q, UQ_. Thus M(w) may
be considered an analytic function in different regions and continuous on the boundary,
but it has jump discontinuities across the boundary of the regions. Here in order to use
this transform to eliminate the poles from the original Riemann—Hilbert problem, the key
of choosing € is that X = ¥, UX_ = 0 must be closed and enclose all the poles. Also,
the region should be chosen in a symmetrical way that preserves the Schwarz symmetry of
H, so that M inherits the Schwarz symmetry of H.

2.5 The equivalent Riemann-Hilbert Problem for M

Choose the orientation of ¥, as clockwise on the upper half plane, and let the lower half

plane mirror the upper half plane. Thus »_ is counterclockwise in the lower half plane.
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From (2.27), it is clear the the jump for M(w) is

1 0
M+ - Mi [_Z HN(w)e(QiQ(w%Tvt):FiGO(w))/EN 1] <228>

The function [], still has multiple poles. For our analysis, we only use the value of the
function near the boundary . To simplify the analysis, we will approximate the product
[y (w) near the region of consideration.

The goal here is to express the product as an exponential. Introduce the logarithm-type

function, for y ¢ R, , let

I(w,y) == log (M) . (2.29)

Vow ==y
Here both the log and the square root are denoting the principal branch. The branch cut

of [ therefore is on R, and a line segment from w = y to w = 0, see figure 2.2. Moreover,

y=—e
LELEL Y
»t L4
A = el o ‘e
= e * .
L] *
*
*
*
.
l+—l_:2’ﬂ'l .
Vi +1-=0
s V4 -
0 .
L]
L
-
.
.
*
0. ‘,
. *

o
T g gan®

Figure 2.2: Jump for [

on Ry, I, (w)+1_(w) =0; onyto0, the jump is I; (w) —I_(w) = 2wi. We move the branch
cut to the unit circle. When y varies along the circle, the branch cut of m(w;y) will always

be a subset of the same union of curves. Suppose y = —e™ with —7 < w < 7. Define

—2im, when 0 < w < 7wlw|< 1 and 0 < arg(w) < w,
m(w;y) = l(w;y) + { 2ir,  when —7 <w <0, |w<1andw < arg(w) <0, (2.30)

0, |lw|> 1 or |w|< |arg(w)|< 2mi.

See figure 2.3.

25



Figure 2.3: Jump for m

Next, set
LY (w) = Z m(w; y)en. (2.31)
yePN
This function is analytic for where each summand is analytic, while there is a jump dis-
continuity on the arc of the unit circle starting from the last eigenvalue yy, as well as on
R,. The jump contour is illustrated in figure 2.4. It also has Schwarz symmetry. Both

properties are inherited from m term-wise.

Figure 2.4: Jump contour for L%

We also have the identity

[(w) = e"5tevw e C\(Pe UR,). (2.32)
N

P, is the arc of the unit circle where Py accumulate as N — oo. Notice that the £2¢7
will cancel in the end because Py come in pairs.

By Bohr-Sommerfeld quantization rule (2.8),

QO(yn—l-l) — 90(%—1) = 27T€N. (233)
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(In accordance with the orientation of y,, the orientation of P, is from endpoints to w = 1.)

Expanding the left hand side around v,

Yn+1 — Yn—1 TEN 3
Ay, = = + O(ew). 2.34

As ey — 0, (2.31) can be approximated by a Riemann integral. To be precise, for each

1 1
> mwiyen == Y O (y)m(w;y)Ay = —/ 0o (y)m(w;y)dy + O(ey).  (2.35)
yEPN g yEPN @ o
So if we define the integral part as L°(w),
0 1 /
) =+ [ ymlusy)ay (2.36)
Poo

then the jump contour of L° is illustrated along with curves 3. in figure 2.5. L% is

approximated by

Ly(w) = L°(w) + O(e}) and  [J(w)e ™™/~ =14 O(ey), N > 00.  (237)
N
when w is bounded away from Py. Since H and M agree in neighborhoods of w = 0 and
w = 00, the same formule apply to extract the fluxon condensate from each.
Next we integrate L° in (2.36) by parts. At the two endpoints, E(y) = —iG(0)/4, thus
0o(y) vanishes. At w = 1, m(w; 14) + m(w; 1—) = 0. Therefore,

V—w Oo(y) dy
T Jpo VoYY —w

By the Plemelj formula [41], the function L° has a jump of difference —2ify on Ps.
Define

LO(w) = (2.38)

Y (w) = [ J(w)e =" w)ex, (2.39)
N
Proposition 2.5.1. (Baik et al. [3]) The function Y (w) is analytic for w € C\(X U Py U
Ry). On compact sets in the domain of analyticity disjoint from P, Y (w) admits the
approximation
Y(w) =14 O(en). (2.40)
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Figure 2.5: L° jump contour along with the contours X

Modified contours near w = 1

We want to control Y on the boundary of the whole region. However, the proposition 2.5.1
only guaranteed Y is near 1 away from the accumulation of the spectrum P,,. The region
Q)4 of our choice closes at 1 which is a point on P,,. To deal with this problem, we follow
the idea from [38], by adding small regions €2, and 2_ near the point 1. We fix a point B
on the original >, then draw a contour to the right of 1 on the real line. Then continue
back to 1 along R to close the contour. On the other side, we simply deform the contour
a little to land on the real line away from 1 before connecting to 1 along the real line, as
shown in figure 2.6:

We require that the jump from Q4 to the exterior region remain the same as (2.28) on
>+ and ¥_. Note that the definition of ¥, and »_ has changed since the region €)1 has
changed. A new arc denoted by £+ has been introduced between €2, and 2_. Calculating

the jump matrix on X:

1 0
M - M_ 21 Lt 5 E . .4
+(6) (€) [_% [ (6) cos(f—;)e Q(ese) . £eds (2.41)

If we let T be

N X (2.42)

00> _Lo%w) eo/en - Im(w) > 0 and |w|> 1,
e
e~®o/en - Im(w) < 0 and |w|> 1,

then we can eliminate the Blaschke product [[,(§) from the jump on the new contour X
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2

Figure 2.6: Avoiding 1. Introducing additional regions and moving the contour to approach
1 from R.

in favor of T'(§).

For convenience, denote the upper half plane as C; := {w : Im(w) > 0} and the lower
half plane as C_ := {w : Im(w) < 0}.

According to Bohr-Sommerfeld quantization, the poles will vanish for 7. Thus, T stays
bounded near P,,. Comparing the definition of 7" and Y, they have relation

T(w) =Y (w)(1 + e*20)/evy - for w e Co (2.43)

For w away from P, and |w|> 1. In particular, the neighbourhood of the arc where T" will
be used, Re(ifly) has the correct sign and e*?%/e¥ decays exponentially, thus T~ 1. When
w approaches P, more attention is needed. However, one can consult [3] for the proof
that

T(w)=1+0(eny), wé&R,. (2.44)

Now the boundary of the whole region is bounded away from P, except on the real line.
To calculate the jump on the two segments on R, near 1, we collapse the three copies and
reorganise the orientation. Let the two segments be ¥;_ and ¥, , as shown in figure 2.7.
Using the definition in (2.27), we can replace RHP 1 by the following Riemann—Hilbert

problem:

Riemann-Hilbert Problem 2
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Find a 2 x 2 matrix function M(w) that satisfies the following conditions:
Analyticity: M(w) is analytic for w € C\(Z UX-UZ: URy)
Jump Condition: On jump contour in figure 2.6:

M, (§) = 02M_(§)o for £ € Ry, (2.45)

_ ' _
M, (&) =M_(§) Y (€)eliem o -t e | for € € ¥, Ulm(w) >0, (2.46)

_ ' _
M, (&) =M_(§) Y (€)eliem L it e | for £ € ¥_UIm(w) <0, (2.47)
M =M — ! O_ f Yy Ul 0 2.48
+(£) - *(5) iY(f)e[2iQ(w)+LO(§)_i90(w)]/€N 1 or é c + m(w) < 5 ( . )
M =M - ! O- i Y Ul 0 2.49
+(£) - —(g) ZY(f)e[21Q(w)+LO(£)+190(w)]/€N 1 or 5 € — m(w> > 9 ( . )
M =M - 1 0- f by I 0 2.50
-‘r(g) - —<§> _iTe[QiQ(w)'f‘LO(f)_ieo}/EN 1 or g € F U m(w) > 0. ( . )
M =M - 1 O- f )y I 2.51
+(§> - —<€> _Z'Te[%Q(w)-i-LO(E)+i9°}/EN 1 or § e F U m<w) < 0 ( 5 )
1+ elibor—ibox)/en FiY_ (5)6(27;Q—(§)+L07(§)¥'L’907(£))/5N

M,(§) = 02M_(§)on | _ (20Q14(€)+Lo 4 (€)%if0 4 (€)) /e

Y, (€) eI Loy (O ©) e 1
for £ € Xy,
(2.52)
Normalization:
lim M(w) =1 (2.53)
w—r00

We will study this Riemann—Hilbert problem for the purpose of analysing the asymp-

totics of the sine-Gordon equation.

2.6 Notes on small time

In the next chapter, we will see that at t = 0, the S curve coincides with part of P,,. Thus
Y (€) is not small on the entire 8 curve. In this case we have to set up the 2, and Q_

regions in a different way. Indeed when ¢ is small, the former single loop set-up does not

30



Figure 2.7: Zoom in the jump contours near 1, introducing >,

work. The correct way to set up the Riemann-Hilbert problem is to use two regions on
each side of 5. The small region added to handle the singularity near 1 will instead end at
A, so we can use T, the quantity without poles along >, for the entire 5 and its extension
to A (at ¢ = 0 this curve happens to be Py). The details are described in [13].

In fact, we started off setting the Riemann—Hilbert problem that way. Later we dis-
covered that the g-function first fails to control the exponential for two regions set-up.
However, when we analytically continue the g-function by collapsing the inside loop and
only use the outside loop, the g-function can again control the exponential. So the failure
in the original set-up is not related to the breaking, but rather a technical failure. Instead,
we switched to Riemann—Hilbert problem 2. In the next few chapters, we will describe how

the failure of RHP 2 actually captures the mechanism of the sG solution breaking curve.
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Chapter 3

Asymptotic behavior of fluxon condensates

before the gradient catastrophe

The Deift—Zhou steepest descent method was first developed to analyse the Riemann—
Hilbert problem for the mKdV equation in 1993 [22|, in which they implemented the
contour deformation and well-known steepest descent method. Followed by the contour
deformation attempt, they introduced a so-called g function to study problems where the
Riemann—Hilbert problem is qualitatively different and involves Riemann surfaces of genus
1 in [23]. This method since then has become the well-established tool to study Riemann—
Hilbert problem. We try to control the exponentials and study the asymptotics of the
Riemann—Hilbert problem by introducing an auxiliary scalar function g with suitable jumps.
This breaks down the Riemann—Hilbert problem into several steps which are better suited
for study. The idea is similar to the steepest descent method, where the asymptotics of an
exponential type integral is expressed by information at certain points on the contour, and
there is negligible exponential decay elsewhere on the contour. The Deift—Zhou steepest
descent method is a well-known technique in the field, yet in this Chapter we still try to
motivate the construction of the g-function. The reasons for this are twofold: 1) this is
central to the analysis and while the technique is well-known, it took some time to learn and
we wish to document the details for future reference; and 2) motivating the old g-function

also helps to explain how to change the new g near the gradient catastrophe point.

3.1 The g-function and the Deift-Zhou steepest descent method

Let’s take a look at how we can proceed to analyse the Riemann—Hilbert problem 2. The

jump condition (2.46) contains the essential piece of information that is going to give us
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the asymptotics of M. Due to the presence of the coefficients of e]_vl in the exponents, the
exponential factor is going to make significant contributions to the asymptotics.

Recall the idea of steepest descent. In an oversimplified summary: suppose we are doing
an exponential type of integral, where we can deform the contour to a path that passes
through the saddle point and following the direction of steepest descent, then the leading
contribution will be from the saddle point alone.

Similarly, the Deift-Zhou steepest descent method seeks to simplify the exponential
factors in the jump condition by identifying the the significant contributions and neglecting
the exponentially small terms. In the case of matrix functions however, the significant
contributions will not always come from isolated points. Indeed, in some cases there are
whole arcs of the jump contour on which the jump matrix is not negligible but rather
converges to constant but non-identity values. As it turns out, neglecting all but these
arcwise-constant jumps leads to a model Riemann-Hilbert problem that can be solved

exactly.

Convention

When we set up the Riemann—Hilbert problem or discuss the jumps on the boundary, we use
variable £ instead of w. £ is still the complex spectral variable,. However, where it is used,
we are emphasizing that we are evaluating a function on a contour, i.e. a l-dimensional

manifold instead of an open set in the complex plane.

3.1.1 Introducing the g-function

The way we simplify the jump in order to control the exponentials is to introduce an

auxiliary scalar g-function in our matrix function. Let
N(w) := M(w)e W3/ (3.1)

We do not want g to disturb the structure of our jump contours. The matrix function
N should have the same regions of analyticity, same jump on the positive real axis, the
Schwarz symmetry and same normalisation at infinity. These will translate into conditions

we place on ¢ as:
g(w) is analytic in C\(R; U X4),
9+(6) +9-(§) =0, £eRy, (3.2)

g(w) = g(w")", (3.3)



lim g(w) = 0. (3.4)

w—r00

To see (3.2), we give a simple proof.

Proof. Recall the jump of M on the real line is
M, (§) =M (¢, £ ER,. (3.5)
Combining with the definition of N in (3.1), the jump for N in R, is:
N, (&) = 0uN_(£)ed=73/N gy 9+73/N 52, (3.6)

In order for N to have the same jump as M on R, on the right hand side of the jump
condition (3.6) sandwiched between N_ and the last oo must be identity:

e9-/en 0 —il le—9+/en 0 —i elg++9-)/en 0
0 e—9-/en | |4 0 ed+/en | |4 B 0 e (9++9-)/en
In order for this matrix to be the identity, we require g, (£) + g_(§) =0 on R,. O

This also implies ¢/ ({) + ¢~ (§) = 0 on R,

We will investigate the jump of g on ¥ = ¥, UX_ U X, soon. Essentially, we will be
solving a Riemann-Hilbert problem for a scalar function. The benefit is that while we have
fewer tools for a general matrix Riemann-Hilbert problem, for scalar analytic functions, we
have the Cauchy integral theory at our disposal to help us construct g explicitly. A general
reference for the theory of Cauchy integrals, singular integral equations, boundary-value
problems for complex functions, and the Plemelj formula is [41]. Notice here that up to
now Y is just the boundary of a region that encloses all the poles in Riemann-Hilbert
problem 1, the location of the boundary, like the integration contours in standard steepest
descent methods, is somewhat arbitrary and will be chosen later. We are going to position
the contours to help us best to identify the asymptotic behaviours.

On certain part of the boundaries of Q4 either T'(w) or Y (w) occur as ingredients in
the approximation of the Blaschke product [],. The point is that they are both 14+ O(en)
and will not affect the asymptotics more significantly than O(ey). From (3.1), it follows
that N has the following jump along >:

e~ (9+(8)—9-(8)/en 0

N+(§) = N-(§) —ielO+2QEF ()= g+ +9-(ON/ex 4 O(epy) elg+E)=9-(E)/en |7

g S 27
(3.8)
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Define the phases as

0(§) == i(g+(&) — g-(8)), (3.9)
6(6) = 2iQ(€) + L°(§) £ ifo (&) — (9+(&) +9-(€)) € €Cu. (3.10)
Therefore the jump matrix we wish to control can be rewritten as
eia/eN 0 ei9/€N 0
[_Z'€¢/€N e—iG/EN] - [_Z'e¢/5N 6—i9/6N] ’ (3.11)

which also admits the following factorisation:

1 jeli0=9)/en 0 —je%/en | |1 je(-10—0)/en
= 4 . (3.12)
0 1 —jedlen 0 0 1

Because

i —¢p=—2iQ—L°+iby+ g, +9- — gy +9- = —2iQ — L° £ i, + 2¢_,

(3.13)
—i0 —p =g, —g_ —2Q — L° +ify + g, + g- = —2iQ — L £ 6, + 2¢,.
The second factorised jump matrix can be written as
1 je(—21Q—LO+ifo+29-)/en 0 —je0len | |1 je(-21Q-LO+ifo+2g4)/en
, (3.14)
0 1 —ie?/en 0 0 1

In the next subsection, we consider what properties 6 and ¢ need to have for the steepest

descent analysis.

3.1.2 Desired properties of g

From the jump conditions (3.11) and (3.12), the jump matrix on 3 that produces the

leading asymptotics is

ei0/en 0 1 jeli0—d)/en 0 —je=0/en | |1 je(m10-9)/en
, _ . (315
—je?/N  emW/en 0 1 —je®/eN 0 0 1 (3:15)

Suppose that # = 0 and Re(¢) < 0, then the jump matrix ion the left hand side tends
to identity matrix exponentially fast as ey — 0. Thus this part of the contour will not
contribute to the asymptotics. However, this will not be true for the whole jump contour.

One reason is because the behaviour of the solution suggests the elliptic function in the
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background, which in turn suggests that the solution to the Riemann-Hilbert problem is
produced by genus-1 Riemann theta functions. This relates to the g-function having a
significant jump on X.

The right hand side factorised the matrix into three matrices. To use the other form of
the jump matrix, we connect two ends of an arc with two additional curves, and then build
the jump matrices by these three matrices. The original arc has the middle matrix as its
jump matrix. We choose the arc in such a way that ¢ will be a constant. See figure 3.1.
On the two additional arcs, we make sure the real part of the exponentials has the right
sign to decay exponentially fast. Thus they will not contribute to the asymptotics. This
procedure is standard in the Deift—Zhou steepest descent method, and is called opening a
lens [23].

We have discussed that for ¢ small, another configuration to set up the Riemann—Hilbert
problem is needed. Since the two setups result in the identical g function for ¢ not so small,
we can continue the current setup from the other when ¢ starts evolving. Therefore, we can
use the known results near ¢ = 0 from [13]|. Later on, we demonstrate that at t =0, ¢ <0

on 7.

hy .H+

0 1

Figure 3.1: Opening a lens

Modify the matrix value inside the two lenses in the following way:

(1 —jel-i0-0)/en
N , we By,
0 1
Ow) = ¢ 1 jelib=)/en we B (3.16)
O 1 ) -
(N, otherwise.
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Let’s name the contour where we use the factorized version of the jump matrix in (right
hand side of (3.15)) as the bands. On the bands, we require the phase ¢ to be imaginary
constants, while 70 has positive real part in B, and negative real part in B, .

How can we make sure the real part of i has the right sign in the specified regions?

Observe in figure 3.2. Choose unit vectors n orthogonal to 5 and § tangent to 5. Suppose

Re(ifl) < 0

Ty

0 1
Figure 3.2: Re(if) sign

on the band i is purely imaginary, while 6 has positive directional derivative i@ along
the band (thus increasing), then following the Cauchy—Riemann condition, the derivative
of Re(i0) along the orthogonal direction 7 is positive real. Thus, if the lens is close enough
the the band, Re(if) will have the desired sign.

Next, let’s call the other part of the contour the gaps. On the gaps we will use the
original jump (left hand side of (3.15)). We would like for the jump to go to the identity
matrix exponentially fast. Therefore, on the gaps we demand 6 = 0 and Re(¢) < 0.

We will call the bands ; and the gaps ;. We formulate the requirement on the bands

and gaps. We want the exponentials to have the following properties:

Bands:
¢(w) = imaginary constant,

0(w) = real increasing function,

Gaps:
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Re(p(w)) <0,
f(w) = 0.

3.1.3 The scalar RH problem for g(w)

Next we will formalize the requirements we have made on g. Firstly, since some conditions
we asked for g and the phase 6 and ¢ are unknown constants, it is easier for us to formulate
the jump conditions in terms of their derivatives, in which case, all constants will become

Zero.

Riemann-Hilbert Problem 3.1.1 (Scalar Riemann—Hilbert problem). Seek a function

¢'(w) satisfying the following conditions:

(1.) &€ € bands,

94 (6) + g-(€) = 2iQ'(€) + LV(€) Fi6” (&), € € Ba (3.17)
(2.) & € gaps
9:(§) —g_(§) =0, (3.18)
(3.)
g'(w)=g'(w)", (3.19)
(4.)
g (w) =O0(w™?), w — 00 (3.20)
(5) )
95 +d (=0, weRy (3.21)

3.1.4 Constructing the g-function

Right now we have not determined where the bands or the gaps are. In particular, their
endpoints. The simplest case is to put one band and one gap in each half plane. Indeed,
roughly speaking, for sine-Gordon equations, on each band the constant phase ¢ in the
jump gives rise to one highly oscillatory phase in the leading asymptotics. Before the first
qualitative change which we call the first breaking, the solution looks like the single phase
oscillation. Thus the behaviour of the solution confirms our use of one band and one gap.

Because of Schwarz symmetry, we can, without loss of generality, consider the problem
in the upper half plane. Sometimes for simplicity I will only give description for the upper

half plane.
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Define the derivative of the g-function as f(w). Suppose the band starts at 1 and ends
at wy and wy = w§. wo = p +i/—q and wy = p — iy/—q, where p and ¢ are positive real
numbers. In order to build f = ¢’ that has a branch cut on the band, we use a standard
trick. We define a function R(w) that has branch cut and opposite values on two sides of

the band, i.e.
R*(w) == (w — wp)(w — wy), R — w when w — 0. (3.22)
Take the branch cut of R along /5 (the bands). Equivalently

R(w;p,q)* = (w—p)? —q, R — w when w — oo. (3.23)

R,
i
Figure 3.3: R and 3

From the Riemann-Hilbert problem 3.1.3, f has cut along the bands § and R,. Set

h(w) = ~2¥ — (3.24)

where \/—w denotes the principal branch, with cut on R,.
Using the conditions in Riemann—Hilbert problem 3.1.3, h needs to satisfy

L) fep

1

h+(§)R+(€)ﬁ —h(§)R.(¢)

which is equivalent to

ﬁ = 2iQ'(&) + L") Fi6y'(€), &€ Bs, (3.25)

(21Q'(&) + L(€) F i6,(€)) V=€

R.(©) , S€bs (3.26)

ho(€) — h_(€) =
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2.) h preserves the Schwarz symmetry

Therefore, by the Plemelj formula,

hw) = [ L)+ LY(s) F i) (s))v/—s
2mi Jg, R (s)(s —w)

__Rw) (2iQ(s) + LY (s) T i6" (s))v/—s
2min/—w Ja, Ro(s)(5 — w)

ds

f(w) ds.

3.1.5 Rewriting the formula for f

(3.27)

(3.28)

(3.29)

Using the fact that R has opposite signs across [, we can rewrite f as the average of the

integral along 5 plus side and —E minus side. Then using the integrability of h at the end

point wy and wq, we blow up both sides of the contour 5, and name it C'; as shown in figure

3.4. Thus we have a closed contour.

Figure 3.4: Cj

The integral evaluates the same,

R(w) (2 (s) + L (s) F i6y'(s))v/—s

~ dmiv—w Jo, R(s)(5 — w) ds.

f(w)
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Figure 3.5: The three curves Cp, Cs and Cy

To complete the steepest descent analysis procedures, we want the v curve to go around
back to 1. However, recall L° in the integrand in equation (3.30) has a jump discontinuity
along P.,. It is inconvenient for v to cross P, for the following construction of g-function.
Therefore we introduce two more contours, C; and Cy, as shown in figure 3.5. Like Cj
enclosing 8, C encloses P,. Next we are going to rewrite the formula of f(w). The
2iQ'\/—s/(R(s)(s — w)) term in the integrand h has simple poles at 0 and w. We can use
residue theory to extract the value of the integral contributed by the residue. Furthermore,
we can also deform the contour so it does not depend on the now still undetermined band
[ curve. Note here that the end point of 5, wy and wy, will still depend on the space and
time parameters (x,t) that are independent variables in the sine-Gordon equation.

First, deform the lobe Cs so w is inside. The residue at w is:

R(w) (2iQ'(s) + LY (s) Fib)(s))V/—=s . ., . 1d , ili .
471'2.\/—_7“0/]3(1076) R(S)(S—w) dS—lQ (U}, 7t>+ L( ):F ‘90( )

2 dw 2 dw
(3.31)
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After picking up the residue at w,

1d R(w;p,q) / (2Q'(s) + L (s) F i60'(s))v/~sds

f(w) :=iQ'(w; x t)—i—E@L( w) + drv/—w R(s;p,q)(s —w)

(3.32)

Deforming Cjs to Cy, and C; (because L has a jump along P,), we obtain a new

expression for f

dQ 1d 1d R(w;p, q) LY(s)v/=s
flw) =g, (Wi t) 4 5 3o L (w) F i3 5 6(w) + 4m-¢——w/c Rsip ) —w)
+R(w;p,Q)/ (2iQ'(s) + LY(s) F i6¢'(s))v/—sds
2min/—w Jo, R(s;p,q)(s — w) '
(3.33)

The integral along C) can be further simplified by calculating the residue at 0, which
comes from the simple pole in the Q'(s)y/—s term. Notice that although in general the
integrand in A has a branch cut on R, for Q(s)y/—s they cancel out.

ot (e om) - 8 (50 )+ (- )]

—i(5)

N\w

(——) x — t) + other terms.

(3.34)
The s~ power in Q'(s)y/—s is %2—18@ —t). Therefore,
R(w) 2iQ'(s)\/—s o R(w) (Tt 1 1 }
Amiv/=w Jp,,,, R(s)(s — w)d Amiv/—w Jp,, 2 ( 8 23) R(s)(s — w)d
_ R(w) '(x—t) 1 ozt R(w) |
o U8 ) RO T F wcwhve g
(3.35)
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Collapsing C, along P,

R(w; p,q) L/=s . Bwpg) (LY (s) = L°'(s))v/=s )
47in/—w /Coo R(s;p,q)(s —w)d  Ami/~w /poo d

R(s;p,q)(s — w) (3.36)
__R(wip,q) / Wo(s)v=s
2miv/=w Jp, R(sip,q)(s —w)

We combine (3.35) and (3.36). Observe that one can collapse C to Py, _US, and a straight
line connecting A and wg, while in the lower half plane, from w; to A*. The direction is
reversed in the lower half plane (so the integral has a Schwarz-symmetric form). This pair
of lines is denoted by 7o, see figure 3.6. The integral with the ¢ term cancels on P, and
[. It follows that

— R(w; d 1d
f(w) =2 3 tw<_25)u;,p,—§2)_ - + i%(w;x,t) + EﬁLO(w)
1d R(w;p, q) 00'(s)v/—s
/yo R ds.

T " = |, Rlsp ) —w)

(3.37)

2 dw

Figure 3.6: 7

Assuming the integrand has proper decay at infinity, and the WKB integral associated
with the initial condition (2.7) is an entire function (generally not true, we only assume 6
is analytic in a neighbourhood of P..), then one can also deform C} to infinity and along

the real line. Notice, the integral cancels on the positive real axis. In this deformation, f
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has the form

_r—t  R(w;p,q) dQ, 1d 1d

f(w) T ] w(_w>%\/p27_q+2@(w7l"t)+§@[/ (w)$1§@00(w)

_ R(w;p,q) / O'(s)v=s . R(wipq) /0 00'(s)v/—s
2mv/—w Jp. R( oo R(55p,q)(s — w)

(3.38)

ds.

spa)s—w) 2/~
This formulation is particularly useful when we are proving certain quantities are real
valued, or in numerical simulation. It utilises the Schwarz symmetry, and avoids the branch
cuts that shows up in the numerical computation.

Another deformation useful for the analysis is to use the fact that R has opposite signs
along [ to make two copies of 7y U f and make two lobes that contain both § and P...
Name this contour C' (see figure 3.7). Under this construction, f has the form

Figure 3.7: Contour C

z—t  R(w;pq) 99 e+ L o
SR p—2—q+ 1o (wiz,t) + o L0(w)
1d o) R(w;p,q) 00'(s)v/—s
Fig gyt Amy/—w /CR(S;]%Q)(S—W)

(3.39)

ds.
2 dw °

3.1.6 Constructing the desired properties of g, introducing M, H and I

Define: "
g(w) := /0 f(s)ds. (3.40)
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Let’s see how many of the desired properties of g are already satisfied and what else we
need from equation (3.25) to (3.28). The jump condition on 3 (3.25) and on is automatically
built in from the construction using the Cauchy integral along 8. The jump on R is ensured
by the \/—w factor. Note g automatically has Schwarz symmetry from construction. Recall
that 6 is the jump of g. Since g is analytic on v, # = 0 on v as well. So we still need the

following:
1.)
lim g(w) =0, w — oo, (3.41)
w—r00
2.)
o(&) = +£iP, w € Py for some real P, (3.42)
3.)
0 is real and monotone on f3, (3.43)
4.)
Re(¢) < 0 on 7. (3.44)

We consider each condition in turn.

/ —
For (3.41), recall h is A
R(w)
analytic function in a finite contour, h admits a Laurent expansion. Thus, g — 0 at infinity

. Since h is defined by the Cauchy integral of a piecewise

implies the < term in h’s expansion at infinity has to be 0. Or equivalently, the w=/2 is 0
for the expansion of f at infinity.
Expanding f in (3.30), the coefficient of ﬁ is

1 . r—t 4 05 (s)v/—s .
8( +t+,/p2—q ™ Ja R(S;p7Q)(S—W)d ) (3:49)

Define the quantity we want to be identically 0 as

v-t 4 bo(s)vV=s 1. _, (3.46)

Vr—q ), Rspa)(s—w)

The equation (3.46) only implies the ¢’ is decaying fast enough. There is still the

M(w;z,t,p,q) =+ 1+

integration constant
o) = [ f5)ds (3.47)
0

that we need to confirm is zero.
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We integrate along R_ to —oo. Since f is jump free on the negative real axis, we
can split it into two parts and deform it to the positive axis but circumventing [Fy. Since
fi+ f- =0, the two parts cancel out along R,. So what remains is the integral along g,

/gjl—-f’(S)ds (3.48)

(see figure below) i.e.

+

B

Figure 3.8: g(o00) contour of integration

Computing f4 (&) — f-(€), we find that

B _ r—t \/_ds
f+(€) - f,(f) —R+(§,p, <4§\/F\/_ 271.\/_/ S D, q §)> (349)
=— R (OH(&p,q,2,t), £€P.

Here we define H as

1 —t 2 0 (s)v/—sd
H(w;p,q,z,t) := — a — —/ o(s)v—sds : (3.50)
4y/—w w\/pz—q T Jo, R(sip,q)(s — w)
Then (3.48) is equivalent to
I(z,t,p,q .—Re{/ R, (¢ }
ot (3.51)

%{/mm d§+;/ R(OH <£>d£}z
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Next, for (3.42), by the formula for f in (3.30), it can be simply verified that

dQ dL® ,
PO+ 1-(6) = 2T G .0 + GO F ifu(6), € € B (3.52)
Thus, by definition of ¢ , it has to be a constant along the [ curve.
Furthermore, it is handy for us to have a formula for d_f and d_f on [ and y respectively,
in order to evaluate ¢ or 0 later. A direct consequence of (3.49) gives
dé .
d—f(f) =R (&p, ) H(E), €. (3.53)

On the other hand, on =, we directly compute f, + f_ from (3.30), and find

dQ dL

2id—§(£;x,t) + d—g(ﬁ) = f+(&) = J-(§) = R(OH(E), e (3.54)

Comparing to definition of ¢ (3.10), we obtain

do
de

Among the desired properties, § monotone is going to come after we have defined [ in

(&) = R(&p,q)H(E), £en. (3.55)

proposition 3.1.6. See [13] for details.

So far, in this section we found that in order for g to satisfy the properties we need,
we have to impose two more conditions: M = 0 and I = 0. Once these conditions are all
satisfied, we still need to have Re(¢) < 0. Indeed, the behaviour of Re(¢) will characterise
the first breaking of the qualitative behaviour of the solution, which we will study next.
Also, we proved some useful properties of 6, ¢ and the g-function.

To summarise, in this section we proved

Proposition 3.1.1. Suppose M(x,t,p,q) =0 and I(x,t,p,q) =0, then

g(w*) = g(w)*, (3.56)

Jim g(w) =0, (3.57)

¢(§) = +i® on By, P real, (3.58)
0(¢) is real and monotone on B, (3.59)
%fb = R(&p, q)H(E) on, (3.60)
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ggG—*—H?NSJLQFNE)Onﬁ- (3.61)

Note we have not discussed the sign of Re(¢) yet. In fact this condition turns out to be

crucial in analyzing the behaviour of the solution to the sine-Gordon equation.

3.1.7 Other properties of g

Here are some other known properties about g that can be found in [13, Chapter 4], where

interested readers can find more details. We will quote without proof.

Proposition 3.1.2. Att =0, the equations M =0 and I = 0 are satisfied identically if
1 2
p=plr)=1- §G<I) , z€eR (3.62)

and ¢ = q(v) = p(z)* - 1.

In fact, this proposition is also a special case of the M and H symmetry in the next

section, which we will prove in details.
Proposition 3.1.3. Att =0, § coincides with the arc of the unit circle, and
e & =0,
e ¢ <0 on v except for in a neighbourhood of the endpoints.
e 0 s real, monotone nondecreasing on [3,
o H(¢) is bounded away from 0 on 7.
Proposition 3.1.4. Recall wy, are the two roots of R as well as the two ends of B. For
k=01,

M vt () (3.63)

8wk

ol 1 / R (s)ds / R_(s)ds )

— =—H(w _— 4 —_ |, 3.64

Oowy, 4 (wy) < 5. V—5(5 —wg) 5. V—s(s —wg) (3:64)
where in each case the partial derivatives w.r.t. wy is calculated holding the other root fixed.

By the chain rule, p and q are expressed in terms of the two roots.

As a consequence,
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Proposition 3.1.5. The Jacobian

oM oM
J (wg, wy) := det [aé’)’f 85‘}1] (3.65)
owy  dwy
18 equal to
j(wo, wl) = —D\/ —WovV —le(wo)H(wl)(wl - wo). (366)
Here
K(m) 1 P
D=——"— m:=-|1—-——1]€(0,1). (3.67)
(P* —q)7 2 < \/p2—q>

And K denotes the the complete elliptic integral of the first kind

1 ds
K(m) := /0 \/(1 — 0 m52>, 0<m<1. (3.68)

3.1.8 Determining wq(x,t) and wy(z,t)

M and I are both functions of (x,t, wp,w;). The proposition 3.1.5 implies that as long as
H(wy) is nonzero, and by assumption wy will lie inside the upper/lower half plane, then
the Jacobian will be nonzero. Then we can use the implicit function theorem to determine
locally the dependence of (wg, w;) on (x,t). In fact, using wy and w; in proposition 3.1.2 at
initial value wg(z,0), we can determine as functions wy(z,t) and wy(z,t), or, equivalently,
the dependence p(z,t) and g(x,t).

This scheme will fail when H = 0 which is what happens at the gradient catastrophe.

Proposition 3.1.6. Suppose the  curve is parametrised by (1), where £ is determined

by a well-posed autonomous initial value problem

d¢*
dr

= —iR (& p(x,t), q(x, ) H(E p(z,t), q(x,t),2,t), 7>0, £0)=1 (3.69)

Then

dg(¢(r)) do d¢

=R g = IR OHEIHROHE) = —iROHEOP<0. (370

Thus 6 is monotone on [3.

Indeed, proposition 3.1.6 gives us a scheme to find . The only missing piece in g

function for analysing the Riemann—Hilbert problem for N is the sign of Re(¢). And since
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we have determined (3, we can compute the value of ¢ by integrating i_g = RH and continue

analytically when necessary.

3.1.9 Qualitative behaviour of ¢ and the solution to sine-Gordon equation,

numerical examples

Let’s consider a numerical example of the g-function, i.e. the sign chart of Re(¢).

(a) t = 0.60 (b) t =1.80 (¢) t =2.16

Figure 3.9: x = 0.2, G(x) = —sech(z). The green region denotes Re(¢) < 0, while red is
where Re(¢) > 0.

In order to place the v curve where Re(¢) < 0, we want the green region to connect wy
and w = 1. As we can see from the previous figure, for the initial conditions we used, at
t = 0.2 and t = 0.6, the green region does connect the two end points. However, at t = 0.72,
the red region blocks the green. Somewhere in between, when a saddle point occurs, and
after this the original g function built from one band and one gap is not sufficient for
our analysis any more. This suggests that we need to introduce more bands and gaps,
corresponding to the multiphase qualitative behaviour of the sine-Gordon solution. The
phase transition is matched with the phase transition of the solution of the sine-Gordon
equation.

Indeed, we can overlay the region on the (z,t) plane where the g-function transition
occurs with a picture of the sine-Gordon solution in the same frame. We find the g-function
transition convincingly describes the qualitative change in the solution we study.

The end point wy is where Re(¢) = 0. Unlike in the example for z = 0.2 or for any
generic breaking point except for the gradient catastrophe point, Re(¢) near the endpoint
behaves like (w — wo)%. However, for z = 0, at the gradient catastrophe point, the saddle

point and the end point wy will coincide. Thus the local behaviour of (¢ — ¢(wy)) becomes
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Figure 3.10: g breaking curve

(a) t = 0.80 (b) t =1.20 (c) t =1.62

Figure 3.11: = = 0, G(z) = —sech(x)
(w — wo)%. This will turn out to require additional strategy to analyse.

We give some numerical examples:

One interesting phenomenon we found after the numerical experiment is that it looks
like the endpoints, as well as the level curve of Re(¢) = 0 seems to always lie on the unit
circle for our example. We wondered if it would be true in general. In fact, for the focusing
Nonlinear Schrédinger equation, there is a corresponding symmetry on the imaginary axis.
This correspondence can be found in [33|. In the next section 3.2, we are going to prove

the symmetry result.
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3.2 Symmetries at x = 0 before the gradient catastrophe

In this section, we are going to show that when x = 0, the Riemann-Hilbert Problem will
have extra symmetrical properties. Using the symmetry information, we can easily find
the angles of the local coordinates near the endpoint wg of the jump contour. We can even
explicitly express a condition when the gradient catastrophe happens, i.e. (0,ty). (From
the way we chose initial data (even, with minimum at x = 0), we can deduce that the
gradient catastrophe point also lies on x = 0).

Essentially, we will show that for x = 0 and ¢ small,
1. The endpoints will always lie on the unit circle, moving to the left when ¢ increases

2. One branch of the phase function ¢ will be purely imaginary on an arc of the unit
circle. Note that because ¢ locally behaves like (w —wo)%, there are three such curves,

with angle %’r apart.

32.1 6% symmetry

Recall at t = 0, B coincides with the arc of the unit circle P,. Denote the end point as

ag = e'“.

Theorem 3.2.1. When z =0 and t is small, if we continue the g-function from the right
(x > 0) side,
0°(w) € iR, w=e", a<T<T (3.71)

Proof. Recall from the definition of 6° (2.25).

Step One: The analytic continuation to the left of A on the unit circle

z4(A)

1 1
U(A) = 2 " VG(s)? + 16A2%ds. 0< —iA< max(—ZG) (3.72)

' 1

with A(w) = L V—w+ ——|. Let Ag = —3G(0), and A in upper unit circle such that
4 v —w

Ay =)\A).

Define function B(s;\) in such a way that B(s)? = G(s)? + 16\ and B(s) has the cut
from z_(\) to x4 (\). Along the cut on the upper half plane, B (s) is positive real valued.

Across the cut in the lower half plane, B_(s) = —B,(s). So we can rewrite the integral as
1
U(N) = 3 ]{ B(s; A)ds. (3.73)
L
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Figure 3.12: Initial condition G(z) and x4 (\), z_(A)

where L is a clockwise contour enclosing the cut. Using this definition, we can choose L to

be independent of .

z_(\) z4(A)

/ \

Figure 3.13: Picture of function G?(s)+ 16\ = B?(s; \), which has two zeros at 2, (\) and
x_(N).

Figure 3.14: Loop L clockwise enclosing x, (\) and z_(\)

Assume that G”(0) > 0, then the two roots x4 () will coalesce at 0 when A = iA,
(w = ag), and split into two purely imaginary complex conjugates if A goes above iAq (w
in the extension to the left of the arc from 1 to ag). This way we showed that ¥(A(w))
can be analytically continued to the left of A on the unit circle, and in proximity of the
original arc where it is defined, with the exception of point 1 corresponding to A = 0 or

z4(A) = 0.

M =0whenz=0

So suppose that for all > 0 small time ¢ > 0, the point wy = p + i,/—¢q, the origin of the
[ curve, and the § curve is located at the outside of the unit circle. Take z = 0, then we
deform the contour C' to enclose § in L, region. M is defined as

r—t 2/ 06(&)v/—EdE
c

M(z,t,p,q) = ——+ax+t—— | ———= (3.74)

VP —q ™ R(&:p,q)
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If we take = 0 and wy on the unit circle, i.e. p> — ¢ = 1, then M becomes

2 [0 V—Edg
M= 77/0 R(&p,q) (3.75)

Now since we continue wy(z,t) from outside the unit circle before hitting it, we can
deform the contour C' so that the upper region L, encloses wy and the § curve. That
means enlarging the outer/upper region L, to include a part of the unit disk. The lower

half plane reflects the upper half plane so M has Schwarz symmetry.

Figure 3.15: Contour C' when x =0

Deform C' to start from A to wg along the unit circle, then from wq along 5 to 1. We

will have two copies from both sides.

Figure 3.16: Symmetry: deformation of C' overlapping S and the arc of the unit circle

Because R has a cut along 3, where Ry = R_, the integral cancels along . What is
left for the integral are two copies of the contour from ag to wy. We can choose it to be
along the unit circle.

One can show that along the unit circle, to the left of ay, % is real valued.
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In the same part of the unit circle,

1

00(6) = ¥NE)) = § f BlsiN)ds. (3.76)

B(s; A) has two purely imaginary conjugate roots, namely x_(\) = —ibg, 1 (\) = iby. We
interpret B with a vertical cut along the two roots. On the left of the cut, B_ is negative
imaginary valued, and B, (s) = —B_(s). Now we can collapse the contour L along the

vertical cut and write 6, as

1

ibg
() =5 [ BN (3.77)

Clearly 0y(&) is purely imaginary. By Schwarz symmetry, the upper half plane cancels with
the lower half plane. Hence, we have proved the following:

Theorem 3.2.2. M = 0 for wy on the unit circle to the left of ag, when v = 0 and t is

small.

3.2.2 H symmetry
Using a similar argument, we can show:

Theorem 3.2.3. For some T > 0 when t < T, Re(¢) is 0 on the arc of the unit circle to
the left of wy and wy .

One implication of this theorem is it shows the mechanism of the occurrence of the
gradient catastrophe point. Indeed, theorem 3.2.2 tells us that wg will lie on the unit circle.
Theorem 3.2.3 says the unit circle to the left of wy is a level curve of Re(H) = 0. Suppose
that H has a zero on the level curve and as ¢t grows, the zero is moving towards the right
while wy is moving to the left. If they are moving closer to each other at nonzero speed

then eventually they collide. This is exactly where the gradient catastrophe happens.

3.3 Parametrix construction before breaking

3.3.1 Global parametrix

In the standard Riemann—Hilbert theory, the jump condition is a Holder continuous func-

tion and the solution we are seeking is also Holder continuous. The matrix function O°*
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has the same jump matrices as in the RHP for O on 8. As it turns out, this is the main
constant jump that gives the leading asymptotics of the solution. However, O°* blows up
in powers of O((w — wg1)~ 1) near the two endpoints.

To overcome this difficulty, we put two disks Uy and U; around wy and w;. The disks
are of size O(1) (independent of €). Then O°" is uniformly bounded outside of the disks.
Inside the disks, we will use another parametrix, we call it O™, to approximate O. O™ will
solve a Riemann—Hilbert problem with the same jump as O inside the disks.

Then we patch together O™ and O°*, and call it the global parametrix 0,

: O"™w) welUyUul
O(w) = (3.78)
OOUt(’w) w € C\(Ug U Ul)

Assembling the jump conditions for the inner and outer parametrices, the jump for the

global parametrix is shown in figure 3.17.

—jel—if—¢)/e
1

1

0" (0}

1 iel0=9)
0 1

O+ = 0'20_0'2

0

on (Oout) !

Figure 3.17: Riemann-Hilbert problem for the global parmetrix

Of course O™ and O°" will be two different matrix functions and they do not match
exactly on the boundary of the regions of definition. However, we have some more freedom
with O™. We can left multiply it by a holomorphic function and still have it satisfy the
same jump condition. We will try to find a holomorphic function such that on the boundary
of the disks dUj 1, the mismatch is as small as possible. We will characterise this mismatch
by a jump condition, and use the small-norm theory to prove that this global parametrix

is a good approximation of O, and characterize the corrections.

56



As a preview of the later chapters, after we approached the gradient catastrophe, a
different inner parametrix will be called for. In particular, the error term is going to be
more significant than in this chapter. Moreover, the new model for the inner parametrix
has poles. When close to the poles, no matter how we choose O™, the change alone would
not match O°* closely enough. We will then need to modify O°"*. For now we lay out
a strategy to achieve the asymptotics of the solution before the first breaking, where the
solution to the fluxon condensate is given by elliptic functions, corrections described by
the Airy functions. This is not the focus of the thesis, by all means it is explained in
literature, among them [13]. However, it motivates what we need to modify near the

gradient catastrophe point in the later chapters.

3.3.2 The outer parametrix

Suppose we try to solve the Riemann—Hilbert problem with the constant jump.
Introduce
)
K= —. (3.79)

€

Riemann-Hilbert Problem 3.3.1 (Outer Parametrix). Find a matrix O°" that satisfies
the following conditions

Analyticity: O°" is analytic for w € (C\SA, U S_ UR,) and Hélder-a continuous for any
a < 0 except for an arbitrarily small neighbourhood of wy and w;. In the neighbourhood
Uy of wy, the elements of O° (w) are bounded by |w — wy,| 1.

Jump condition:

O (&) = O (&)iore™™s, ¢ € By, (3.80)
09" (&) = 0,0°"(€)aa, € ER,. (3.81)
Normalisation:
lim O°"(w) = I. (3.82)
wW—r0Q

Even though the constant jump in Riemann-Hilbert problem 3.3.1 is the most significant
part, the solution O°" is not Holder continuous everywhere, hence we cannot yet conclude
this will give us the approximation of the solution to the sine-Gordon equation.

Instead we fix Uy independent of ¢, and only use the outer parametrix outside of the
disks. Inside the disks we will build a new parametrix we call the inner parametrix, such
that the inner and outer parametrices matches well enough on the boundary of Uy.

This Riemann—Hilbert problem for the outer parametrix has a unique solution that

can be built from the Riemann theta function associated with the Riemann surface with
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Figure 3.18: Jump for the outer parametrix

2 cuts (genus 1). The discontinuity of the function O°" can be viewed as connecting
two sheets of the surface. The approach is to build the Baker—Akheizer function with the
Abel map. A general reference for Baker—Akheizer function and its application in solving
nonlinear equations is in [28|. In the current setting, we will follow the careful explanation
in [13]. Riemann theta functions of genus 1 are closely related to the classical Jacobi
elliptic functions see [24, Chapter22|. However, the connection is not always clear. In [13,
Appendix B| the authors also related the Jacobi elliptic function to oent,

Here I list both expressions. The elliptic functions help us better understand the oscil-
latory waves, while the Riemann theta function expression will come in handy later when

we need to evaluate near the endpoints wy and w; of the band.

Riemann theta function

Let X be the Riemann surface of the equation
y? = S(w)? = w(w — wp)(w — wy), (3.83)

compactified at y = w = co. View X as two copies of w-plane glued along the cut of S(w).
S(w) is analytic in the complement of the jump contours, and S(w) = w¥?(1 + O(w™'))
as w — 00.

Let w(P) denote the sheet projection function. Let Py(w) denote the preimage of w
under w(P) on sheet k of X.
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For Im(w) > 0,

: ti(Pr)e ot 4ty (Pr)e ™2 —i(ty(Py)eth — ty( Py)ete?"
O (w) = 4 _1( 1)e o 2(Pr)e | it ( 2)? 2 2)? ) C(3.84)
2 —Z(tQ(Pl)e_th — tl (Pl)e_““h) tl <P2)€z<p1h -+ tg(Pg)eW’?h
For Im(w) < 0,
: ti(Py)e" ! +ty(Py)er2  —i(ty(Py)e "1 — ty(Py)e"e2h
O (w) = 4 .1( 2)e o 2(Py)e ‘ it ( 1)6‘ 2 1)6‘ ) (3.85)
2 —Z(tQ(PQ)ewzh — tl (PQ)e“plh) t1<P1)€_up1h + t2<P1)€_up2h
In this expression ¢; and g are defined as the following,
01 =K — T and Y2 1=K+ s (3.86)
2 2
a(w) = =—2 (3.87)

w—wg’
with cut along 8 and g(w) =1+ O(w™!) as w — oo.
The function ¢; are built from the Baker-Akheizer function and the Abel map. These

pieces in the elements of O°" turn out to be

O(im; H)O(A(Py(w)) + K —ip;; H)

op i) _ 3.88
i(Pr(w))e O(im —ip;; H)O(A(P(w)) + K H) 35
wheress O(im; H)O(A(P:(w) + K + iy H)
+ (Pofw))e—iwitw) — O \w)) & R+ 05 7). 3.89
i(Pa(w))e O(im + ip;; H)O(A(P(w)) + K; H) (3:59)
Here, ©(z;H) denotes the Riemann-theta function [28|
O(xH) = Y e gz, (3.90)

n=—oo

H, K and the Abel map A(P;(w)) are defined as follows. Let S(P) denote the lift to X of
S(w)
. S(w(P)), P € sheet 1,
S(P) = (w(P)) (3.91)
S(w(P)), P € sheet 2.

The holomorphic differential
dw(P
w(p) = J0P) (3.92)
S(P)
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Figure 3.19: The homology basis on X, loop a and b

The constant ¢ is chosen such that

j{w(P) = 2. (3.93)

And H is the other loop integral

H e ]{ w(P). (3.94)
K= im+ %7—[ (3.95)

A(P) = /Pw(P’) (mod 2mim + Hn), m,n € Z. (3.96)

Po
The reader can find more details about using the ©-function in nonlinear waves and the
motivations for this particular construction in [28|. Because in our case, the genus is 1,
equation 3.90 can be written in terms of the Jacobi #-function. For more details and
properties of the Jacobi f-function the reader can refer to [24, Chapter20]. Note that the

Riemann theta function we use is almost identical to Jacobi theta function 6s.

Elliptic Function Expression

The expression in terms of the elliptic functions on the other hand are listed in this section.

1 1

Recall the elements to express sin(3u), cos(3u) and 9% are certain elements in the coefficient
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matrices of O expansions: 0%, O%! and O>!,
C =0, (3.97)
S =09, (3.98)
and

G =03 + [(0) oM ] 500
ool | A00A0L 40,050, )
=01y + 055075 — 075055 .

While C, S and G are given by

C =dn (%ﬁ(m);m) , (3.100)
S = — /msn (%ﬁ(m); m) , (3.101)
G=- %m)%—f\/ﬁcn (%jm);q@ : (3.102)

The elliptic parameters are given by

1 2 1
m := sin (5 arg(wo)) , 0< 5 arg(wp) < g, (3.103)
while K'(-) denotes the complete elliptic integral of the first kind:
! ds
K(m) := , 0<m< L (3.104)
o V=)= ms?)

3.3.3 Inner parametrix

Locally the phases ¢(w) — ¢(wo) and if is has asymptotic behaviours like (w — wp)2. In
fact one can map (¢(w) — ¢(wp))? to a new variable ¢. Both ¢ and i6 in the original jump
matrix Uy are mapped to the jump of the standard Airy parametrix (see figure 3.20).
Moreover, using the expansion of the Airy paremetrix at infinity, we are able to show
that on the boundary of the inner and outer solutions, the mismatch of the two parametrices
are given by
O (6)O(6) L =T+ O(e), €€dU,, k=0,1. (3.105)
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Figure 3.20: Airy parametrix

3.3.4 Error

We aim to illustrate in this section that the global parametrix (3.78) gives the leading term
in the asymptotics of O(w).
The way we measure how good the global parametrix O is an approximation of the

matrix O is by looking at an error matrix defined as the following:
E(w) = O(w)O~ Y (w). (3.106)

By construction of the global parametrix, the constant jumps on § and R are already taken
care of exactly. In essence they will cancel when we multiply O by the inverse of O and
therefore will not show up in the error matrix £. What is left now for the jump of £ should
be the lens opened and the circles that separate the inner and outer parametrix, as shown
in the figure 3.21.

This is not exactly true, as the jump on R, is not in the standard form by right
multiplication. This jump is created by using v/—w as spectral variable. It is not essential
for the Riemann-Hilbert problem we are trying to solve. The way to handle this problem
is by returning to z variable. We will discuss the technical details in Chapter 5.

As it turns out, the Riemann—Hilbert problem for £ is a so-called small-norm prob-
lem [5], a summary can be found in [14, Appendix B|. We can write out the asymptotic
expansion in powers of € by analysing the jump for £. We are going to demonstrate it in
detail when we calculate the first correction term near the gradient catastrophe point. For

now, we will refer to [13| for the following facts:
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Figure 3.21: Jumps for &£

e The inner parametrix built from the Airy parametrix has O(e) mismatch with the

outer parametrix on the boundary of disks Uy;
e All the other jumps are decaying exponentially;

e As a result, O°" is the leading term of O, with error of size O(e).
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Chapter 4

Modifying the g-function near the gradient

catastrophe

At the gradient catastrophe point (z4 = 0,14 ), a saddle point of the phase function ¢ and
the endpoints wy, w; of the band § coalesce together. Thus the local behaviours change.
This can be seen in a zoomed-in picture at a generic end point like in figure 3.9 and one at

the gradient catastrophe as in figure 3.11 (¢), as shown in 4.1 At a generic point, the phase

(a) Generic point (b) Gradient catastrophe point

Figure 4.1: Comparing zoomed-in pictures near wy at a generic point and at the gradient
catastrophe point

¢ —1i®P locally behaves like (w— wo)% and can be conformally mapped to the new coordinate
¢ 3 that shows up in the Airy parametrix. This is no longer true at the gradient catastrophe

point. In addition, when we get closer to the gradient catastrophe point, even if the Airy
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parametrix still can be used, the coefficient for the dominant power (w — wo)% becomes
smaller. Thus as we approach the gradient catastrophe point, the approximation becomes
less accurate and as the gradient catastrophe point is approached, the approximation fails
completely. Another failure of our old approach caused by the higher degeneracy of the
gradient catastrophe point is that, since H(w; Zgc, tg) vanishes at wo(zgc, tec), the Jacobian
defined in (3.1.5) is 0, and we can no longer use the implicit function theorem to determine
the location of the endpoints wy and w;.

We will need to introduce a new inner parametrix to replace the Airy parametrix. The
g power behaviour near the endpoint wy, as well as the previous example of NLS [8| suggest
that we should use the Painlevé-1 parametrix.

The phase exponent suggested by the Painlevé-1 parametrix (see section 5.2) is
4 s 1
o(w) — d(wy) = 2 5W2 —sWz |. (4.1)

On the other hand the phase exponent ¢(wj;x,t) produced by the g function in (3.10),

assuming M and [ = 0 are satisfied, has the expansion
d(w; , 1) —p(wo(, 1) 2, 1) = Oy, £) (w—1wo)? +Cs(w, ) (w—1wp) s +O ((w - wo)%> . (4.2)

where C5(Zge,tgc) vanishes, while C5(zge,tec) # 0. An analogous expansion holds at
W (Tge, tge) following the Schwarz symmetry in the exponent ¢. This expansion does not
have the more dominant % power terms like the Painlevé-1 exponent. While it is possible
to map the local phase (4.2) to (4.1), we find it requires less effort to identify branches of
multivalued functions if we are able to match the dominant power.

Our strategy is to introduce a new g-function to replace the old one; it will be well-
defined in a neighbourhood of the gradient catastrophe point, before or after breaking. The

corresponding local phase has the expansion

[T
(IS
o

O— o = Cr(x,t)(w—wp)2 +Cs(x,t)(w—wp)2 4+ Cs(z,t)(w—wp)2 + O ((w—wg)%) (4.3)

in a neighbourhood of the gradient catastrophe point. It is also exactly the same as the

old g-function at the gradient catastrophe point. This means
6 — 68 = Ca(wyes tge) (w = w)E + O ((w = wo)?) . (4.4)

In other words, the coefficients C; and C3 vanish at the gradient catastrophe point. In the

Painlevé exponent 4.1, s(x,t) depends on and varies continuously with respect to (z,t).
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In fact we will prove later that s is a real analytic function of (z,t). At the gradient
catastrophe point, s(gc, tg) vanishes. In order to use this construction in the parametrices
for the Riemann-Hilbert analysis for our sine-Gordon Riemann—Hilbert problem we are
going to prove theorem 4.3.1 in this chapter:

A conformal mapping from the local coordinate (w—wjp) to a normal form coordinate W
exists for each (z,t) near the gradient catastrophe point (g, tsc), and depends smoothly
on (x,t). Under this conformal mapping, the new phase function ¢ is exactly in the
normal form: £¢(w)— 3é(wo) = %W(w)% — sW(w)z, and at the gradient catastrophe point
$(Tge, tge) = 0. The same holds true in the lower half plane near w;. The most precise
statement and proof of theorem 4.3.1 will follow after we have properly introduced the new

g-function.

Notation

In this chapter, we are going to emphasize that although similar in form, the g-function
and all variables and functions whose definition are dependent on g implicitly, are not the
same as the generic g before breaking in Chapter 3.

For example, we will still use R? = (w— 1) (w —tv1) to produce a jump on E . However,
we should keep in mind that the endpoints vy and tv; are implicitly solved from equations
defined by the g-function. The fact that g is changed implies that the endpoints are also
not the same as wy and w; even if the definition of the old g still makes sense at the given
(z,t) location. In particular, since the endpoints are no longer the same, the band 5 will
also change into E , the original line connecting A and wy, 7 into 7y, and even the phase
exponents ¢ and 6 into ¢ and 9. Alas, thankfully Greek letters happen to have two different
writings for these two letters. In addition, those new quantities also include: g, g, toq,
M, H, T and R. Another useful sub/superscript is gc, denoting the gradient catastrophe

point.

4.1 Modifying ¢

As discussed earlier, the dominant term in the Painlevé-1 exponent has an % power term. In
the original ¢, the expansion starts in % power. The first step is to simply add a term with
behaviour (w — wo)% and another similar term at w;. Instead of harnessing the Schwarz
symmetry and only studying in detail the upper half plane, as we did in the previous
chapters, in this chapter we will define two copies of the quantities: one for the upper half

plane, and one for the lower half plane. The reason behind will be clear in the proof of
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our main theorem 4.3.1. Basically we want to be able to treat the dependence on (x,t)
like complex variables and avoid conjugating, because conjugation is not a linear operator.
The fact that (z,t) and the solution of sine-Gordon are still real will be a result from a
uniqueness argument.

Recall that g is more conveniently constructed from its derivative f. Our new g will
be built in similar steps. In its derivative, the two added terms should be m(w — mo)*%
and n(w — ml)‘%, where m and n are coefficients to be determined. The initial steps are

motivated by the same reasoning as in Chapter 3.

4.1.1 Defining §

Define f, the new version of f, as the following:

. _deQ -t Rw)  Rw) 6 V=S
f(w,x,t,mo,mhm,n) .—Zdw S oo, w\/__w 27T\/__w iﬁ(f)f—wdg (4.5)
1d 1d m  R(w) L R(w)

——I° ——0 )
* (w):FZ2dw o(w) + N—ww — gy W/ —ww — 10

Analogous to equation (3.49), the difference of f along the new E curve is given by:

B x—t 1 o(s)v/=s
fr(6) =F-(&) =R (§) <4\/m§\/__§ Com/—¢ /c R(s)s =) (4.6)

N 2m N 2n >
V=E(E —mo) V=L 1)
The analogue of H in (3.50), the new ) is given by
_ 1 r—t 2 0(s)v/—s 8m 8n
Hlw) = = ( oo w /C R(s)(s — w)ds * w — to * ) ' (4.7)

Recall that

0= —i(gy —g-) on B,
¥ = —i(f+ —f-) on B,

0 =2ip + L° Fify— g, —g_ on 7, (4.8)
¢ =NH on 7,
19/ = 2%4_5 on B
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4.1.2 Analoguesof M =0and I =0, M=0and T=0

Recall in Chapter 3, the condition M = 0 is used to make sure f has proper decay at
infinity (so g is well defined and go to 0 at infinity), while the condition I = 0 is used to
make sure ¢ is a constant on the band. Both of these properties are still needed for the
new g-function. By the same reasoning as in Chapter 3, this condition has to be that the

new 9t and J are equal to 0, where 9 and J are defined as follows

ae 2 [ OVE
Sm._\/wowl—i_ert W/cm(f;woawl)df—i_gm—i_gn (4.9)

=M +8m + 8n

Notice M has almost the same expression as in Chapter 3.

J=[] RH+ [ RH
B+ B-

:/@%*[_wl—_f(%&‘§L%d5+f§10+£nml)]dg

o (e Rt e )
- v (e 2 Ltz

oo v (G Lmeg)

“ | i ()i [ e ()
SR . X EE SR . SO

5. 4/—€E-—my o Ji 4/=EE—w,
ERGEE EEGHE! }
sl [ e [ e
(4.10)
For convenience, define
R 1 R_(§ 1 }
m = - d T d )
‘ { 5, 4/—EE&— g S 5 4/—E&— g : (4.11)

R e A M ve =t
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We may compare 9t and J with the form of the original M and [.
M = M + 8m + 8n, (4.12)

J =1+ 8mc,, + 8ncy,. (4.13)

Here we are abusing notation in the sense that, in equation (4.9) and (4.10), M and I
actually mean M (x,t,tog, 1) and I(x,t,t0g,w;), where among other things, the contour
of integration is the changed to the new 5 . Nevertheless, at the gradient catastrophe point,
m and n are both 0, in which case 9t = M, and J = 1.

4.1.3 Eliminating the parameters m and n

In chapter 3 the conditions M = 0 and I = 0 are used to solve for the endpoints wy and
wy as implicit functions of (x,t), i.e. wo(z,t) and wy(x,t). Here the new M =0and T=0
are used for a different purpose. We are going to use them to eliminate m and n. In order

to express m and n explicitly, we only need ¢, — ¢, # 0.
Lemma 4.1.1. If vy # oy, then ¢, — ¢, # 0.
Proof.

D I [ —
T ) T e \E—w -y d§+/,3_ e\ Eow)®

o B m.;,_ g — 101 tog — 104
‘/m 4\/—_§(§—m0)(§—m1)d§+/ﬁ_ W€ o) )"

__m()—ml 1 1
T Ms\/_ SR RV %_dé}
:_M / \/—_x_d£7é0

(4.14)
]
Observe w® # wt’. Later we will show that the to;, j = 0,1 are continuous function of
(z,t), and %" = wi®. Therefore we may assume that c,, — ¢, # 0.
Thus, we arrive at the expressions for m and n,
—cp M+ 1
8m(x, t, g, ml) =
Cn — Cm
S (4.15)
8”(.%, t, g, ml) =
Cpn — Cm
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where

_ Tt 2 0()vV—=E
M_\/wowl Fott 7T/C9%(f§w0>wl)d57
C

DNy T T

Henceforth we will assume m and n have already been eliminated, and all related quantities

are determined by (x,t, wg, w;) instead.
It remains to determine the dependence of wq(x,t) and w;(z,t). Since MM = 0 and
J = 0 are already used for other purposes, we will need a different approach in the next

section.

4.2 expansion

The main goal of this chapter is to map the phase near the endpoints tvg; to the Painlevé-
I exponent. For convenience, we avoid carrying fractional powers in the expansion by

introducing local substitutions:

2 2
w — g = qo”, w:q0+m07
o, o, (4.17)
w—11=q"°, wW=q;+w,

(therefore /w — 1y = qo, and similar for ¢, where the branches are chosen later, see

figure 4.2). Suppose ¢ has expansion, similar in form to 4.3,

@ — (1) = Cqy + Cq5 + C2q5 + Cq5 + O(qf)

(4.18)
¢ — (1) = Clagr + Ciq} + Cigl + Crgl + O(q).

Here we have written out two expansions and two local substitutions near the endpoints
w, and t; for the aforementioned reason: we are going to treat (x,t) as complex variables
and forget for now about the conjugation symmetries. The knowledge of the expansion
coefficients is sometimes convenient and in some other cases essential. The fact that the
conformal mapping we seek has smooth dependence relies on €y and C3 being 0 at the

gradient catastrophe point (which we will prove at the end of this section).
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Near tvy, we want to compute the expansion of

_ (Y RO (a2 [ Gls)Vs o 8m 8n
p(w) so(mo)—/mo Ve (Wf W/C’%<S)(S_£>d +§—mo+§—m1>d£’
(4.19)

or after substituting w for ¢,

L ) rot 2 GV sm
I /o 4y/—tvy — ¢ (\/moml(mo +q%) /C’ R(s)(s —wo — q’2>d " ¢’ (4.20)

8n
4+ — ) 24'dd.
q’2+m0—m1> 7¢4

A similar computation can be done near to;.

4.2.1 Picking branches for the square roots

The more convenient way to specify the branch of the multivalued square root functions
here is not to use the principal branches. The branch cuts for \/w — vy and /w — to; are

chosen to be congruent with the branch cut of 5(w), where R is given by
R (w) = (w — o) (w — ), R~ w, w— 0. (4.21)

See figure 4.2. After branch cuts are chosen, we specify the branch through its behaviour
at +00. Suppose:
So = (w — tvg)2 with branch cut on 8, U (—o0,1),
Sy = (w — ;)2 with branch cut on S_ U (—oc0, 1),
So, S1 ~ y/w at +oo.
Let ¢ = Sy, then

0 "..I\.A.')A/V\

0 I.A-'v)cvv\
(a) Sp branch cut (b) S1 branch cut

Figure 4.2: Branch cuts for Sy and S,

71



x—t q’Sl(q’2+m1)

AV (—mmy — ¢?)3 - (-1)

Ao = (w) — pli0g) = / q [

'S1(q” Opsv/=s 1 Si(¢” + 1w
L A5 wo) [ hsvs ds— U)o )
2m(—rog — %)z Jo R(s) s —two—¢ (—to — ¢%)2¢
q/

- 5 ST2n 2¢'dq’ .
S1(q"” + o) (—1o — ¢%)2

1
We xxpand for small ¢’, and note that Sl(q’2 +10g) = /tog — 10 (1 + a” > ‘) (—tog —

top—1tog
3

) (1 + %) 5, here square root 1/tvy — tv; means the principal branch.

Njw
ol

¢')> = (=)

1

/2 2

A /q r—1 q/\/mo — 10, (1 + —moq—m1> ’
0%Y0 = - 3
4 10t / 2

DLV g (1 £) - (<)

N

1
12 2 12
N q/ /Y0g — 101 <1 + —moq—m1> 965 /—_8 1 1 1 /109 — 10 (1 + moq_m1>
S E—
— 2\ 2 R —wp1 — 22 2\ 2
27_‘_ _mo (1_‘_%)2 C (3) S 01 s—tg _mo (1+%)2q/
q/
- - =2n| 2¢'dq’.
12 2 12\ 2
\/mo — ml\/—mo <1 + h)Q (1+ qm_0)2

(4.23)

4.2.2 Computing the expansion coefficients of ¢

From (4.23), we can easily determine the coefficients in the expansion
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4m(mo — ml)

Cy = : 424
' v/ —10gy/Tog — 1oy ( )
1
Cy = 3 [8m7l'm()\/ ot + 16nmog/togto,
67T<—m0)5\/m0 — ml\/moml
3 1
_ (_Qmo - 2oy — m1)> (—8m7rm§\/m0m1 + 8m7rm0m1\/m0m1)
—W(mo — ml)(t — l’) — 2m0(m0 — m1 /10101 me () )d8:| , (425)
- 0
1 3
Cs = 8nm/iogm; — Srr(t —
> 27r(—m0)(3/2)\/m0 — ml\/moml |: TV voter 27T( .27)

15 3 3
— ( -+ + ) (—8mmiog\/togto; + 8mivgto;1/1ogtoy )

8m0 8(m0 — m1)2 4m0(t’00 — m1)

- v (om0 [ (s\_/:i)e)gg(s)ds (=) | %ds)

— <_ 3 _ ! ) (7r(t — ) (10 — 1v1) — 87rog/1ogtos (m + 2n)

2109 2(t’00 — t’ol)

+2m0<m0 — 1‘01 \/W \/_0/ ) d8>:| . (426)

S—mo ()

4.2.3 At the gradient catastrophe point, C; = C3 =0 snd C5 # 0

The universality in our result relies on the gradient catastrophe being the lowest degeneracy.
It happens when a simple zero merges with the end point of the band. To be precise, we

assuime:

Assumption 4.2.1. At the gradient catastrophe, H vanishes. We would assume that the
vanishing is generic with first derivative nonzero, i.e. supposing H has expansion near wg

(and similarly wy )
H(w;x,t,wy,wy) = Ho(x,t, wo, wy) + Hy(z,t, wo, wy)(w —wp) + O((w — wO)Q), w — Wo,

(4.27)
then at the gradient catastrophe, H§® = 0, while

HE £ 0. (4.28)

A direct consequence following this assumption and the expansion of ¢ is that

Proposition 4.2.2. At the gradient catastrophe Cy, Cs are zero, while C is bounded away
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from 0, i.e.

coe Lo, Oy = o =0, (4.29)

Proof. We will do the upper half plane in detail. The lower half plane follows from an
analogous argument.

For convenience, denote the expansion of R near v, as follows:

1
2 2
q
R(q) = vvo — 1014o <1 + ﬁ) =: Rqo + R3q5 + Oqp)- (4.30)
0 — 101
where .
RY = Vg — o Ry = ———— . 4.31
1 0 1, 3 Qm ( )
Similarly the expansion of H near tvg is
H° = Hy + Hyq; + O(qp), (4.32)
and
a 2m o m 2n
A :/ (moq/+m0q/3+oq/5>|: q/ _HO_
0¥ ; 190 3% (q0°) o, 0 Ot~ | \/—tog(tvg — toy)
(—HO N 3. om n B 2n ) .2
2 2m3/—wg oy —g(tg — 1) y/—tog(tvg — toy)? %
"‘0(964)} 2odqq
(4.33)

When only evaluating at the gradient catastrophe point, one can assume m and n to be 0,

thus the expression simplifies to
Nop = /O " (9%?% + R + 0((165)) (—Hé’ — Hiq)’ + 0((164)) 2qday (4.34)
We see immediately
Cose g, o0 g, b —%(%QHS + ROHD). (4.35)

By assumption, at the gradient catastrophe the two endpoints lie inside either side of the
complex half plane. Thus they are not identical. /gy — to; # 0, and HY is nonzero, but

H} is zero, thus

2
Cg,gc = —g\/ vy — mng 7é O, (436)

74



which completes the proof. O

4.3 Theorem 0: conformal coordinates near tvy and to;

In this section we try to find conformal coordinates such that the jump matrices, in
particular the exponential terms exp[£(¢ — ¢(tg))/en] and exp[(¢ — ¢(wg))/en], near
the end points locally map exactly to the Painlevé-I jump matrices with exponential
4 -5 1

exp+2(5(z —v(2).

We are viewing (x,t) as parameters in the phase function as well as the conformal
mapping. In other words we are going to choose 1g(z,t) and o, (z,t), v(z,t) depending on
(2,1), so that we are able to map 3 (o —(1v;)) to a normal form %Wk(w)% — sz, ) Wi(w)?

for each chosen (z,t), k = 0,1 corresponding to the upper or lower half planes, i.e.

Wi(x,t) : U, — C,
k(1) : Uk (4.37)
’lU)—>Wk(1U,l',t),

where for each (x,t) the mapping W}, is conformal, while for each value of w, the Wy (w; z, t)
are continuously dependent on (z,t) in a neighbourhood of the gradient catastrophe point

(Zgc, tae). Inside the neighbourhood of (x4, e ), the phase is exactly

Nt
=

5
Recall that we do not assume Schwarz symmetry of the modified g functions, hence the
need to define two mappings both near tvy and to;.

The first example of a local normal form in the setting of coalescing saddle points in a
steepest descent expansion was worked out in [16]. We use a different approach inspired
by [15], by building the mapping from differentiating the operators with respect to = and
t.

Behind both approaches, the fundamental idea is that the normal form on the right
hand side can be viewed as polynomial (for half powers) of fixed power. Thus, a fixed
number of roots appear. A smooth mapping will only be possible when the zeros of the
function on the left hand side are mapped exactly to the roots on the right hand side, and

varies with respect to the parameters in a smooth fashion.
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Statement of the theorem for conformal coordinates near tog and tv,

Theorem 4.3.1 (Conformal mapping near the endpoint of the band). There ezist real
analytic functions wo(x,t), wi(x,t), s(z,t), well defined in a neighbourhood of the gradient
catastrophe point (x5, t5°). At the gradient catastrophe point, s := s(x5,t5°) = 0, tof* :=
1o (28, 15¢) = wg’, 8 = wi = wg. For (x — x5) and (t — %) small, there is a conformal

mapping Wy, that takes the disk Uy to the complex plane, such that the phase is exactly

=

1 4 5
iAkgo(w) = EWk(w;x,tﬁ — sp(z, O)Wi(w; z,t)2. (4.39)

In particular, the center of the disks voy, k = 0,1, are mapped to the origin of the W plane.

At the gradient catastrophe, derivatives of s, and o, with respect to x and t are:

Cgc Cgc
(g) ® Po (5) W
where
7 1
pET = CFE and arg(py) = (—1)F <% +5 arg(ﬂf?)) (mod 27), (4.41)

and p 1s 05% with the branch determined such that B is mapped into R_.

Notation

For convenience we use 0, in place of a%, as well as 0; := a%’ Jo = % and 0 := %. Also,

recall for simplicity, we have introduced notation Agpg := ¢ — g, and similarly A .

Proof. We continue to use ¢y and ¢; defined in (4.17) with branches and branch cuts
specified in Sy and S7. See figure 4.2. Along the same line of reasoning, i.e. to use integer

instead of half integer powers, we define

QO :Wga
Ql :W1 )

(4.42)

N[

1
where W;? denotes the principal branch. Equation (4.39) implies that we want to find
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conformal mappings Qk(qx; x,t) such that

1 4

éAOQO(QO) ZEQS — 50Q0,

1 1 (4.43)
§A1§0(CI1) ZgQ? —51Q1,

where ();(q; x,t) is a univalent function near ¢; = 0. We will determine the dependence of
so(x,t), s1(x,t), rog(x,t) and toy(x,t). Since both sides of (4.43) are odd functions of gy
and Qj, @ should also be an odd function of ¢.

At the gradient catastrophe point (25, t&°), s& = 0. Thus the right hand side of (4.43)
has only one root of multiplicity 5. Equation (4.29) also suggests the same for the left hand

side:
lAW = 10’“%"’ + le’ng7 4= lck’g%f (1 + 10 a + O(q4)> (4.44)
= 5 Y40 7 4qo = 5 4qo Te.gc 40 0) | - :
2 2 P 2 5 ke
Therefore we can take fifth root and write
gc 5 % oc 1 C;C’gc 2 4
5

where p} = C£%°. The branch we choose should be congruent with the local picture of the

g-function. Note by definition, for every (x,t),
Qx(0) = 0. (4.46)

4.3.1 Branch of p;°

In section 3.2 we have shown that the left arc of the unit circle is a level curve of Re(¢). By
definition of ¢, Re(¢(w))|s is also 0. At the gradient catastrophe point the local behaviour
of ¢ is like (w — wy)?, therefore five level curves of Re(¢) emanate from wy. Between 3 and
the two adjacent level curves, as well as the region between the two curves not adjacent to
B, Re(¢) is positive; the rest of the two sectors have Re(¢) < 0, (see figure 4.3). The curve
~v is placed in one of the regions where Re(¢) < 0, such that « can go back to 1.

At the gradient catastrophe, Agg(w) = C& (w — wg)? (1 + O(w — wy)). Suppose

0 <\ =arg(wy) <, (4.47)

because wy is on the unit circle, the level curve overlapping with the unit circle necessarily
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Figure 4.3: The local picture of 3, the unit circle, and local sign chart of Re(¢). The
checkerboard region denotes positive Re(¢); the green region denotes negative Re(¢).

has argument A + 7.

Thus, the angle of 5 at wg is A — %. Therefore arg(qo) = %)\ — g—g, and
5 3
arg(qq) = §>\ - Zﬁ (mod 2). (4.48)
On the other hand A
o =2 (308) = %1+ 0. (4.49)

The /8 curve is mapped to Wy(w) < 0, thus we choose the corresponding Qo (q) = Wo(w)%
to be iR, i.e. arg(CY) + arg(q®) = 2. Hence arg(Cy) = 3 + 2X\ — 3¢,
Choose pg such that
arg(po) = ;—g + %)\ (mod 27). (4.50)
Because here the p; are evaluated at the gradient catastrophe point where the old g
coincides with the new g, it is convenient for us to keep the Schwartz symmetry. Therefore,
gc
1

we choose pf = p§”*. In particular

arg(p1) = ——= — = (mod 27). (4.51)

4.3.2 Differentiating with respect to x and ¢

Now, let (z,t) move away from the catastrophe point. Hold ¢ fixed and let Q(g; z,t) and
©(q; x,t, 100, 107) evolve. Assuming differentiability in x and ¢, we take x derivative of (4.43)

and obtain

Oxpo + Opp Op0g + 01 Optoy = 8@3 0:Q0 — 20,50 Qo — 250 0, Qo (4.52)
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Therefore
Opp + Opip Optog + 01 Opto1 + 0,50Q0

2(4Q5 — s0)

0:Qo = (4.53)

The denominator has 4 roots
o+ = () n-(3) a3

In order for the right hand side of (4.53) to be an analytic function for small ¢, we require

that the numerator vanishes at the four corresponding values of q.

Batp (Q0 " (Y0)), + Ao (Qg " (To)) Bztog + Ar00 (Qg ' (To)) Doy 4 20550 - To = 0

Oap (Qo (1Y), + Bowpo (Qo " (iT0)) Do 4 1o (Qy ' (iT0)) Batvr + 20,50 - i¥o = 0
(4.55)

Similarly, in the lower half plane, near tv;. Notice the use of a different ¢ function (.

Oo1 (Q11(Y1)), + dogr (@11 (Y1) Butvg + D11 (Q1 (Y1) Oxtoy + 20,51 - T1 =0

81301 (QII(ZT1>)x -+ 80901 (Q;l(lTl)) ('Lmo -+ 81(,01 (QI1<ZT1)) &cml —+ 283381 . ZTl =0
(4.56)

If we view 0,s¢, Ox51, 0o, and 1o, as unknowns in (4.55) and (4.56) to be solved, we

have a linear system of equations. Written in matrix form, this linear system is

2To 0 dopo (Qy'(To)) Do (Qy'(Ta)) | | Buso —dwp0 (Q5 " (Yo))
20T 0 oo (Qy ' (1T0)) 1o (Qo'(iT0)) | | Bus1 | | —0upo (Qp ' (iY0))
0 271 i (QT'(Y1) i (QTH(Y1)) | |Betoo| | 0w (QT'(T1))
0 2Ty oy (Q1'(171)) repr (Q1' (7)) | | Oatoy —0pp1 (Q71(471))
(4.57)
Name the coefficent matrix &, then the system can be written as
050 —0u00 (Qy ' (T0))
& 051 _ | %o (Qa_l(iTo)) (4.58)
d;10g —0z1 (Q1 1(T1))
0;101 —0pp1 (Q7'(i11))

Repeat the same procedure to ¢ derivatives, we obtain a linear system for d;si(z,t),
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att’ok(l’7 t) and atQk(Q7 €, t)a

0s50 — 0o (Qal(TO))

& 0sS1 _ —0po (Q51(1T0>) (4.59)
Dyt 1 (Q11 (1))
oo, —0ip1 (Q7(171))

The essence of the proof is to view sy (xz; ), tox(q; x,t), Qr(g; x,t) as solutions to the par-
tial differential equation system. At the gradient catastrophe s should be 0. Furthermore,
the old g-function and the new modified g-function are the same. Consequently to;, = wy.

Lastly, for each ¢ the initial Q% (¢; Tgc, tgc) is given by (4.45). Thus the initial condition is

(0(2,£), 512, ), 100 2, 1), 0002, £), Qo (5, 1), QL3 2,8)) = (0,0, 1wk, i, Q5°(), Q5°()
(4.60)
for (z,t) = (Tgc, tg). We will show that in an e-dependent neighbourhood of (24, tgc),
when ¢ is in a neighbourhood of the origin (independent of z, ¢ and €), the system of
partial differential equations has a unique continuous solution. Thus the conformal mapping

Qx(q; z,t) is smoothly dependent on the parameters x and t.

4.3.3 Simplifying the integrals

To solve the linear system 4.57, in particular to eliminate the inverse functions Q,;l(-), we

use the Lagrange-Biirmann formula to rewrite the following quantities

Ao (Qy ' (iT0)) — oo (Qy ' (To))
1 Bopold)Qold) , 1 i9oo(q)Qo(d)

=— - - d /
2mi Jig=p Qolq’) —iTo T o a=p Qolq") — Yo 1 (4.61)
_ 4_T8% 80¢O(QI)Q0/(q/)dq,
T Jlgl=p 4Qé(q’) - S

The second identity comes from making substitution ¢’ — —¢’. The circle of radius p
is taken to enclose all four roots of 4Q3(q') — so, orientated counterclockwise. Using the
oddness of the functions Qy and Jdyyp, we replace the original two integrals by the average
of the originals and the new ones. Then we use the identity 4T3 — s = 0 to simplify the

expression.
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Definition 4.3.1. Introducing the notations:

] 2R,
o], PG e

(4.62)

where 7,5 € {0,1} denote the upper or lower half plane, and k£ = 0,2 is the power in the
integral expression. Similarly, to evaluate the z, ¢ derivatives of p(Q~!(-)), we can apply
the Lagrange-Biirmann formula to x or t derivatives to versions of formula (4.61). We

define the following quantities:

) NOROY (o
Xf = % @j,m(q4)62/‘7 Q] (q >dq/ (463)
lgl=p 4Qj(q) -
) / kO (o
iZ—,jk - \% ij,t(q4>Q/] Q] (q )dq/ (464)
lal=p 4Qj(q> o
7J€0,1and k=0,2.
Using definition 4.3.1, equation (4.61) is equivalent to
1/ . -1 4T8 0
(90<p0 (QO (ZT())) — z@ogoo (QO (To)) = WOmo (465)
Applying the same trick, we can compute the sum
1/ . -1 4T0 2
Jopo (Qo (ZTO)) + oo (Qo (TO)) WOmo (4.66)

Therefore, we can write the evaluation of ¢ at the inverse image of the critical points
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of the right hand side of (4.43) as follows:

2T0

80900 (QO ZTO ) ( TQW(?mo + WOQYUO) )

2 T
Qe (@5 (X0)) = = =2 (W, + TEWE,)
27
81900 (QO ZTO ) = . ( T2VVOYIH + W0m1) ’
2 T
d100 (Qo ) = e (WOle + TZWSM) ’
2T1 (4.67)
o1 (Q1 ) - ( TQWlmo + Wlmo) )
22T1 2 ) 0
dop1 (Q1 ) = (Wlmo +7 Wlmo) )
27
11 (Q1 ) == ( T2VV1m1 + Wlm) )
22T1 2 2 0
11 (Q1 ) = (Wmn +7 Wlml) .
Similarly, the parallel results for the x and t derivatives are
27
Oapo (Qy ' (iT0)) :TO (—T5X0 + X7)
20T
Ouipo (Q5™ (X)) = = === (X3 + T3x)
o7 d (4.68)
A1 (Q11(iT1)) :Tl (—TixY + X7),
20T
Oupr (Q71(11)) = = ==+ (X7 + 17xY)
27
Po,t (Qo (ZT0>) :TO (—Tng + TOQ)
2T
0. (Q5(Yo)) = — =22 (T3 + T37)
- T (4.69)
pre (Q1(IT1)) :Tl (-1 +17)
2T
pre (Qr1 (1)) = - ZW - (17 + 13TY)

434 Evaluating det(®)

To prove the system is solvable, it is sufficient to have det(®) # 0 at the gradient catas-
trophe. Unfortunately this is not quite true. Observe on the right hand side of (4.57),
each element has the quantity 1. At the gradient catastrophe, T are the multiple roots
of Q% = 0, thus they are all equal to 0. What is going to happen is, instead, that these

82



quantities which go to 0 when the system approaches the gradient catastrophe point, can
be factored out from both sides of equation (4.57), and the rest of the system is invertible.
Thus what happens at the gradient catastrophe point is well-defined viewed from the limit.

In order to solve for the system (4.57) at the gradient catastrophe, we first evaluate

det(®).

idet(@) = Yo 19090 (Qo ' (T0)) Drpr (Q7H(T1)) + LT 1000 (Qp ' (iT0)) rpr (Q7 (1))

+1TT 1000 (Qo ' (To)) drgpr (Q71(171))
— T Y1000 (Qfl(iTo)) dpr (Q11(iT1))
~ ToT1d100 (Qo (o)) opr (Q1(T1))

— 1T 10190 (Qo (4 0)) ot (Q1 1( 1))
— 1T 10190 (Qo (T )) dop1 (Ql (i 1))
+ T Y1010 (Qo (ZTO)) dopr (Q1 (&7 1)) :

(4.70)
Substituting (4.67) into det(®) and simplifying, we arrive at
ldet<®) 16T4T4(W8‘U1W10m0 W(())mOW{)ml)
4 2
167474 0 q’ Q’ q’ ) q Q/
=— (]{ 14%5 2 ol >dq’]{ 04%( 2 10 )dq (4.71)
& la'|=p Q()(q ) - S lg'|=p Ql(q -

)
doo(q)Qo(d) dpi(q)Q 1(61')
_%q/p 4Q5(q') — s dd 7{1',) 4Q1(q") — s q)

We will see later that the T3] will be cancelled in solutions to (4.57) and the system
having continuous solution near the gradient catastrophe point will be equivalent to the

condition

doo(a')Qo(a") O1¢0(¢)Q0(d") 7. 0 0
det oo oo (’>c);( )dq 7 4Q( (/)/c)z/gf /)dq — det | Vowo Wors
f\q\ . o1 (a)Q) (' j;lq\ . 12100 v W10m0 Wloml

'l=p 4Q1(d)—s

] £0.  (4.72)

4.3.5 Evaluating WO

In general, the integrals WO ~are difficult to evaluate. However, at the gradient catastrophe
point the integrand has poles only at 0. The coefficients too can usually more easily
evaluated at the gradient catastrophe point. We can apply the residue theorem to the

expansion at 0. Recall that, from (4.29), the C}"5° and C5° are zero while C£° is nonzero
0E(q) = CE5ql + CF&gl + - -, (4.73)
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4
=Q8(9)° ——Okgc5 Okg” : (4.74)

Expand term by term, we find

. 5)° 1 Cpee
Qk (a) = (g) Prn (1 + 50}@(]’% + - ) : (4.75)
c _ 1 4 Ok) gc
Qi (qr) ™" = W <1 5 ci @+ ) (4.76)
* P
O n(ar) = 0,0 qp + 0;CY°qp + - -+, (4.77)
” 5)° 5\°  1Cpe
Qy (ar) = (g) pr+3 (g) Pk - C’“ gch +- (4.78)

Substituting in the integrand of ZW/i?nj the terms on the left hand side of (4.75)—(4.78) by

the expansions on the right hand side, then use a residue calculation, we obtain

wo — j{ Pooold) () o _ e (§ ) po
0 lq’|=p 4Q0(q/) — S0 4( ) pO

aOC«OgC 3COgc 40$’gc , .
Xj{”:p(l_’_aoc?gcq —1—) <1+gmq —i—) (1—5@(] +> Edq

2midoCYE (2)7 po (aocggc 1, COgC> 2mi <a (g 1800?’gcf900?’gc>
= 0~3 T T 4 A0ge |

4 Ogc Ogc - 3 0,gc
4(3)° ol i P0G ) 4 (2) 48 S
(4.79)
Similarly, one can show
i . LoCYEo, 0
Wow, =—— 5 (0iC5* — .= )
oM ol
211 1.oc 1 aoCll’gcaoC;’gC
Wiy =———5— | 005 — - =T — |, (4.80)
W@ 5 A
2 . 10101%0,07%
Wloml :TS (81031% _ g 1 (; C’ngc7 _) .
4(3)° s
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436 det Wy, #0

Using expansion of ¢, in particular,
e 2
Cy™ = 2 (907 + R5H7,), (4.81)
as well as, at gradient catastrophe,

OCP* =0, 9% =0, =0 (4.82)

—Q,tUk
where j, k € {0,1}, the expression of det(®) at the gradient catastrophe becomes

Tard 1
01 (27TZ)26—(8QC3?810§ — ang([?OC’;) (483)

=)
Recall that the gradient catastrophe point bridges the original g and the modified g-

function. So we have R8¢ = R8¢, H& = §H° w§ = o, wi = wf{ and so on. Thus

det(®5°) =4

. 2 . 2 . 2 0
8kC'?’g :gRgH&ik = g\/ tog — mngy"%k = 5\/ tog — mla_mk (Hg(mo))
4.84
_2 for w2 (_ 1 ( vt _E/L V_fdf)) s
3 oy, \ 4y/—wy \VIogrogtog 1 Jo R(E)(E — y)
Similarly,
C 2 C
ORCI° = g\/ml — o Hy e . (4.85)
Therefore
8QC§7gC ang’gC 4 ang’gC ang’gc
= —(tog — to1)(tv; — 1o 4.86
’ao();vgc 01 Chee g 1o = rou) (101 = o) BoHYE o HYE (4.86)
It remains to show %((g(g’gf)) is nonzero.

Note that at the gradient catastrophe point we are interchanging the old g and new

g-functions. They have the same value. Because the derivatives of the added terms m, n
O(H{,Hg)
a(woﬂﬂl)

are also 0, the o, derivatives of § is the same as H,,. We compute here instead
for simplicity. As a reminder, wy = wy, to; = wy, H* = H° = H°, H' = H' = ' when we
are only considering the gradient catastrophe.

By assumption (4.28), Hy® = Hy% = 0, Hy® # 0, Hy®* # 0. Taylor expanding
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H°(w) near toy gives
HO,gc(,w) — Hg’gc + Hg’gc(’w _ mO) 4+ (487)

Differentiate with respect to tvy and to;

8%0 (H%5(w)) = OoHy™ — Hy*, (4.88)
w=tog
9 mew)| = oy, (4.89)
aml w=10]

and using equations (4.82) and (4.83) in [13|, we find that

0 __1V—we R(§)

a—wR(é‘)H(ﬁ) N wkH(wk)
5L H(e) + Rl 5 HIE) (.90
. %H(Q :ﬁ\/l__g\/__fH(f)g_—ﬁH(wk)’
Expanding H°(€) near wy, we can deduce B (H"(w)) . = %HS’gC. Then we see
o HY® = aimo (H"#(w)) . + HY* = gHS’gC. (4.91)

Notice for wv; = w; the derivatives of H? = H° and the coefficients in the expansion,
we do need the assumption that H° and H' are conjugates of each other. This is true at

the gradient catastrophe point. Assume they remain conjuating each other,

1 gger 1
0L Hy® = §H§’gc = §H§’g9 (4.92)

Repeating the exact same computation for H!, we can conclude

0,gc 0,gc

= QHYE HLE £ (. 4.93
aOH(;[’gC 81 H(:]ng 2 2 # ( )

3r70,8c 1 prlec
_‘in 2 Hy

1 ryl,gec 3 ry0.8¢
S Hy™ SH,
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Hence we have shown det Wi?.uj # 0, and

TéTéll -\ 2 1 4 0,gc ryl,gc
det(@gc) = 4—2(27TZ) —_— (mo — ml)(ml — mo)QH 8 H 8 (494)
s (g) o p39
8 0M1
437 Computing 0,59, 0,51, 0,10, 0,101
Recalling the formula (4.57), we note that the solution to the linear system is
0250 2T 0 oo (Qal(To)) 1o (Qo1 ) =0, (le(To))
Opsi| _ |21 0 Bopo (@5 (iT0)) Arpo (Qo™( ZTO ) —8,0 (Q5 (i)
100 0 271 o (QT1(T1)) A (Q1H(T1)) —01 (Q1 (1))
01, 0  2i0y O (Qfl(lTl)) o1 (Ql Y ) —0z1 (Qfl(iTﬂ)
(4.95)

Recall section (4.3.3), using the integral representation by Lagrange-Biirmann formula,

the solution to this linear system can be written as

Y4T4W02m1 Wi, X0 641T4T4W02‘UOW10m1X0 641T4T4W8m1WﬁUng 7]
3 3
+64ZT4T4W8mOWPm1X§ 64 CETTWE, Wi X? 64T TG, W, X7
0250 w3 w3 3
641T4T4W12m0 Wiy, Xg | 64YTIWD, Wi, X0 64iTgTiWg, Wi, X7
0251 B 1 =3 - =
100 . det((’i) 642Y4T4W8m0W12m1X0 64zT4T4W§m1WPmOX2 64zT4T4W3mOWPm1
’ w3 w3 w3
071 4 RYFTIWY, X9 327w, X7
- 7T2 71'2
320 YW, X0 32Y4T4W3m0 9
L w2 w2 i
-1
1 1 4
_ 0,gc ryl,gc
= — —2(27T’L) (YUO — ml)(ml — m0)2H2 H2
m 339
,00/01
B 16iW§m1meoX0 16iW5, Wi, X0 16Wg, Wi, X 16iWg, Wi, X§ 7]
7'I'3 - 7'('3 - 71'3 7'('3
16iW5, Wi X7 B 16iW0, W, X7
T2 0 0 ; 07r3 2 0 07r3 2 0 0 2 (496)
16iW, Wi, X0 | 16iWD, Wi, X3 160Wg, Wi, X7 16iW3, W-
- w3 + 3 - 3 - 3
B 16iW5,, Wi, X7 B 16iW5, Wiy, X1
7'1'3 71'3
SWPml 8W00m1
2 2
8WPm0X0 swgmo
B w2 2 i

Thus we have shown the solution (0,0, 051, 109 5, 101 ;) can be solved from a nonsinglu-

lar differential equation system with respect to x.
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4.3.8 The interchangeability of x,t derivatives

Up till now we have shown that with fixed ¢, the conformal mapping exists for each x near
the gradient catastrophe point, and it evolves smoothly with respect to the parameter . We
can proceed in the same way and show the same results for t dependence when z is fixed.
However, the system dependence for both parameters are not necessarily smooth. We still
need to show the differential system is x — ¢ interchangeable. We rewrite system (4.57) for

solving 0,s; and 0,1, as follows:
U := (80,817m0,m1)T (497)
and

Yo — %TS — 50T

4~ .
Yo — BZTO — SQZTO

F(i(x,t),x,t) = — 0. (4.98)
Y1 — %T? — 511y
@Yo — %ZT‘? — SliTl
Then the original system is equivalent to
a —
—F =0. 4.99
5 (4.99)

—

Similarly, s;; and to;; can be derived from EF = 0. Since Yiqz = @Yit, and T; are
directly determined by s;, we conclude that the  and ¢-derivatives of s; and wy, are also
interchangeable.

Now if we let ¢ be in a neighbourhood of 0, so the conformal mapping is well-defined.

Fix ¢ and define G as follows
4 s
G(Qo(q), 50, 7,1, 100, 101) := @o(,t, 100, 101;q) — ng —50Qo =0 (4.100)

Gy =050 + 00000:100 + 01000101 — 4Q50:Q0 — 0250Q0 — S00Qo
Gt =0u190 + 0p0P00i100 + Orpo0i101 + Ot 00200 + Oopo0zt10g + 0110002101 + D1¢000yit01
+ 0100010194100 + 0110002 1010;101 + Do 01000100 + Jo1 0002000101
- 4@33351@0 - 16@3@@0@@0 — 0350Q0 — 02500,Q0 — 04500,Q0 — 500::Qo.
(4.101)

We have show 0,:8;, = 0ipSr and Oy, = Oy, By definition, Gy, = G, For
function ¢, x and ¢ derivatives appear symmetrically and will be canceled. This implies

0:4Qo = 012Qo. The same arguments hold true in the lower half plane. Thus we have
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shown that the system of differential equations: (4.53), (4.57) and the corresponding ¢-
version, does give us conformal mappings Qx(qx; x,t) that are smoothly dependent on the

parameters (x,t).

4.3.9 Schwarz symmetry

Since the initial condition is Schwarz symmetric because they came from the old g function,
and the system of differential equations also has symmetric form, one can prove through a
uniqueness argument that the solution to the system also preserves the Schwarz symmetry.

Thus from now on we can again assume the g-function is Schwarz symmetric.

4.3.10 Solution at the gradient catastrophe

Having proved the differential equations define the conformal mapping for us, now we are
going to evaluate the z and t derivatives of s; and o, at the gradient catastrophe.
Repeating what we have done in (4.79), we evaluate all the integrals in the solution

system at the gradient catastrophe by calculating the residues

. B 1 2 CO,gC
Q@) = (1 - gcﬁygcqz + ) (4.102)
(g) ® poq? 5
Boo(q) =00CY*°q + 0yC55 ¢ + - - (4.103)
1 1
¢ 5\° 5\° 107,
5 (q) = (g) po+3 (g) Po Cg gcq +- (4.104)

W()2m0 :f 8owo(q’)Q%(q’)Qg(q')dq/ _ 8O0 ( ) n
la'|=p

445(a) — =0 1(3)° e
Oy ) ( 3008 ) ( 2008 ) 1
X 1+ Cq +... 1 Cq+ 1__ Cq +... _dq
Z{M( BoC1* 500 5C3* q
_27”;8000@0 0
4(3)" po

(4.105)

The last equality follows because we have shown 9yC{° = 0. Similarly, all Wi, are
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equal to zero, and XJI»“’S are

3

X2 (e 100G

3 ™3 0,gc
4(2)% p} o 0Gs
o 2mi0, O
0 — 1
4 (2>
(8), po N (4.106)
0 2 1ge  10,C%0,Cr®
M= ST Ty e )
4(3)° i TS
2mi0, O &
xp 2O
4(3)° m
Finally, by simplifying the fractions, we arrive at
aTCO,gC
awsgc — l1
(3)° Pt
i (4.107)
0t = — ——.
(3)° ot

4.3.11 Formal expansion

Once we have proved the existence of such a conformal mapping, we can also compute the
derivatives by formally expanding the expression to obtain the coefficients in Theorem 4.3.1.
We will describe the upper half plane endpoint m° carefully but the lower half plane follows
automatically with the Schwarz symmetry.

Suppose the conformal mapping W°(w) has an expansion near w°. We drop the sub-

script and superscript 0 for convenience. Then
W (w) = po(w —wo) (1 + p1(w — wo) + pa(w — w))? + O ((w — wp)?)) (4.108)

Substituting in the right hand side of (4.1), we have

NI

%W(w)g — sW (w)
=2 (ol — w0) (14 pa — wo) + polu — we)? + O ((w — wo)*))]

— s [po(w — wp) (1 + p1(w — wp) + po(w — w))2 +0 ((w — wo)g))}

5
2

(4.109)

N
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Comparing the coefficients, we conclude

Co
So = ——1 (4.110)
P®
where )
gcy 1 gc 8 ~gc ’
(5 )2 =po = 505 ; (4.111)
with branch chosen the same as in (4.50). O

Recall in the statement of theorem 1.5.1, W’ (wg°) was yet to defined. Here we can see

W' (wo)8¢ = pyee. (4.112)
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Chapter 5

Theorem 1: away from the poles

5.1 Statement of theorem 1

In this Chapter we prove the first main theorem 1.5.1

Theorem 1.5.1 (First correction near the gradient catastrophe away from poles of the
Painlevé-1 tritronquée solution) Let uy(x,t) be the fluron condensate associated with suit-
able Cauchy data (1.4), for which the elliptic system (1.21) exhibits an elliptic umbilic
catastrophe point at (x,t) = (g = 0,ty.). Then there exists a real-analytic univalent
mapping s : R? — C defined on a neighbourhood of the catastrophe point, such that the
following is true. Supposing that v = s/es, |v|< M and |Y (v)|< M for some constant
M > 0 independent of €, then the following asymptotic formule hold:

COS(%UN(I, t)) =C + €5 (Eﬁ)(j + 595’) + O(6§)7
).

(5.1)

(S]]

sin(Fun(z, 1)) =S+ 5 (52(})0 + 55?5) + O(e

The ezact expressions of C and S are given by (3.97) and (3.98), and the first correction
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matriz EY is given by

1 _ 1 1 (V)
&€= <_Zo C 228 W (wE°) C(wp’) [

0
1 1 0 cns—1
+ _Z(g)c* QZ(g)C*W/( UQC [O % ) 02
o (5.2)
1 1 v
- _5C 1
2ZOCW/< )02 ( ) [0 0 (wO ) 02

1 1 0 H(v)*
C
gc* 2Z§C*W/( ) (wo ) [O 0

C(wgc)*_1> :

where w§ is wy first defined in section 3.1.4 evaluated at the gradient catastrophe point,

= Jw§ principal branch and C(w§’) are constant matrices with definition given
by (5.95), and W' (wE®) given by(4.112).

5.2 Tritronquée Parametrix

5.2.1 Standard Painlevé | Riemann—Hilbert problem

Following [30], the Painlevé-I equation shows up in the asymptotics to the Painlevée-1 (P)

parametrix, where a matrix satisfies the jump condition in figure 5.1. Here, the Painlevé-I

Figure 5.1: The Painlevé-I parametrix
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exponent v is given by

0= %gi — (e, (5.3)

The jump matrices Vjump are shown in figure 5.1. We seek a solution to the Riemann—

Hilbert problem (see Riemann-Hilbert problem 5.2.1), where
Ty =T Vi, (5.4)

T is analytic except on the rays and satisfies some normalisation condition at infinity. As

it turns out, such a solution only exists when
Sk4+5 = Sk, 1+ SkSk+1 = —i5k+3, ke Z. (55)

Generically, two of the Stokes multipliers s, determines all others. In particular, for our
purpose, a special solution to P, known as the tritronquée solution, is what describes the
inner parametrix near the gradient catastrophe point for sG.

In [34], Kapaev studied the asymptotics of the P; equation and in particular the tritron-

quée solution in detail.

5.2.2 Painlevé-l1 Riemann—Hilbert problem

To briefly recapitulate the idea of using a tritronquée parametrix:

In order to estimate the inner parametrix, we seek a local coordinate such that the
jump conditions inside the disks U, and U; are mapped to a standard parametrix. The
standard parametrix satisfies a Riemann—Hilbert problem that we either already know the
asymptotic solution, or have a strategy to solve it. In the Riemann-Hilbert problem for
O, at a generic z-t point before the first breaking, the disks are mapped to the Airy
parametrix. The Airy function comes up in Airy parametrix and that is why it will come
up in the correction terms for O expansion. For the same reason, Painlevé-I equation
shows up in the approximation of the Riemann—Hilbert problem for the global parametrix
O near the gradient catastrophe point. Because the phase function ¢ has a very different
behaviour near this elliptic umbilic catastrophe point. Painlevé-1 parametrix, instead of the

Airy parametrix, is the candidate to capture the solution for the inner parametrix inside

the disks.

Riemann—Hilbert Problem 5.2.1. (Tritronquée Parametrix)
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Jump Conditions:

0 —
TG =To | D a0 = (5.6)
1 0 4
T, =T_ c20(cw) 1| arg(() = igw. (5.7)
1 e206)] 2
T, =T_ ) ar = —T. 5.8
L 50 =2 59
where ¥((;v) := %C% — (s,
Normalization:
lim TMC7 =1 (5.9)
{—o0

with M defined as
1 1 1
M=— (5.10)
V2 -1 1

For the rest of the chapter, recall the outer parametrix has a constant jump —ioge®"3
on 5. We have already solved the outer parametrix in Chapter 3. As for the inner
parametrix, peeling off et it shares the constant jump i sigmas with the tritron-
queée parametrix. Furthermore, in Chapter 4 we laid out that the phase Ay can be
mapped to the normal form 29 in the Painlevé-I parametrix. Thus we can map the inner
parametrix exactly to one of the painlevé-1 parametrix. In fact we are going to use a very
special PI parametrix, the tritronquée parametrix, to build asymptotic solution for the in-
ner parametrix. Furthermore, we want the inner parametrix and outer parametrix to match
close enough on the boundary of the disks. When the difference is small enough, we will
be able to use Fredholm theory to write an expansion for a small norm problem [5]. The
matching boundary is ensured by the normalization condition at infinity in the tritronquée
parametrix. We will later see why, but basically it boils down to the outer parametrix
blows up in the same power as the behaviour of the standard PI tritronquée parametrix

power at infinity.

5.2.3 Diagonalizing the jump

Now we try to find asymptotic expansion at infinity for the Painlevé-1 parametrix. First,
in (5.9), M can be seen as a diagonalization matrix. Notice that except for R_, all of
the off diagonal terms in the jump matrices on the five rays are decaying exponentially at

infinity. Near infinity, the constant jump on R_ is the only significant one. We first find
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a holormorphic matrix function that has the same constant jump on R_, then we try to
characterize the relation between this matrix function and the solution to 5.2.1. We begin

by diagonalizing the jump on R_,

If we choose

GEDEAGE DL e

1|11 Lo 1|1
S L B -

then on the negative real axis, TM has jump

T M=T_ M
0 —2

! 0,] (5.13)

Let us define T = TM.
0

—1

on R_ would be

i
The simplest choice of a function with the same jump matrix [0

¢ —T. If we multiply T by the inverse of ( _GTS, the jump on R_ disappears, and the jumps
for T‘C 7 all decay exponentially at infinity. We require the matrix ’T‘C % to normalize to

identity at infinity, then we have the Riemann—Hilbert problem 5.2.1.

5.2.4 Power series expansion

At infinity, the matrix 'T‘C % has near identity jumps, and the matrix also goes to the
identity matrix. Fredholm theory tells us that ’TC % itself can be expanded in a sequence

near infinity, i.e. there exists a sequence {T,(v)}52,, such that VP > 0,

P
T, =T(Gv)MCT =1+Y T,)P+0(¢ Y, (= oo (5.14)

p=1

where T,(v) are meromorphic matrix functions in parameter v. The poles which do not
accumulate anywhere in the complex plane are the only singularity allowed (analytic Fred-
holm theory discussed in details in [30]).

It can be shown that det T((;v) = 1. This implies tr Ty (rv) = 0, a constraint we will

use soon to find out the exact expression of the first few terms in the expansion.
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5.2.5 Ridding of the phase: constant jump Riemann-Hilbert problem

Using 94 (¢) +9-(¢) = 0 on R_, define
L(¢;v) = TeCvos, (5.15)

Then
L, = L_e -3 Vypel+os, (5.16)

where V- stands for the jump matrices in Riemann—Hilbert problem 5.2.1. This step gets
rid of the e*?” in the off diagonal elements of the jumps. L solves the following constant

jump Riemann-Hilbert problem illustrated in the picture:

Figure 5.2: L jump contour

Riemann—Hilbert Problem 5.2.2.

Jump Conditions:

0 —

Li(Gv) =L ool arg(¢) = .

[1 0] 4
L,.=L_| : arg(¢) = £-m. (5.17)

i1 D

[1 ] 2
L. =L_ = —T.
+ 0 1 ) arg(C) 571'
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Normalization:

Chm Le YoM =1 (5.18)
5.2.6 Solving LL
A(Gy) = C(C’ v)L(Gv) ™ (5.19)
U(¢v) ¢=5(C; v)L(Gv) ™ (5.20)
. . . oL 0L
Because the jump matrices for L are all constant matrices, a—c, R and L have the

same jumps. Therefore, both functions A and U defined as above have no jumps or poles.
Therefore, they are entire function in variable (. We are going expand A and U, then using
the fact that the terms with negative powers must be exactly zero, we derive information
from T,(v), which is a crucial step to understand the solution to the standard Painlevé-I

parametrix.

52.7 A and U Expansions
To express the expansions of A and U in terms of T,, recall

L = Te" = Ty~ T M e, (5.21)

Firstly, differentiate L termwise except for the expansion in T

oL _9 (ngf%l\/{*leﬁ(fs)

¢ 0C
:%TCSC—?M*@%HTS i - i] M~ telos (5.22)
+T g**M* g—?o Vs
and
Z_L :aﬁ (TSC_%M_Ieﬁ”3>
v v (5.23)

0T TM et 4 T T M ?03619
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Next, take derivatives of 9,

and

4 1
(¢ v) :gCg — V(2
MW(Gr) s 1
:2 _— =
ac CQ 2I/< Y
WGr) ¢k,
ov
oL 0L
Substituting them in — and —, we can simplify A and U to
oC ov
oL
A=—"L"1
o¢
aTs 1 _4i 1 _23 -1 73 v—1
= o T, + T, ¢ L1 T+ T M (9 )os M T
ac
T 1 — 0 -2 +2
SUALY SR ) T.' + T, 2 F 2 o,
oC A¢ 1 —¥ 4+ 2¢° 0
oL
=—1L1
v ov
_aaTS T+ T M (3o MCH TS
v
0 -1
:8TST;1+TS ] T
ov — 0

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

Observing the highest power of ( in the expressions for A and U, we know that the

expansions should be

A=A+ A+ Ay +O(1/¢),
U =U¢+Ug + O(1/Q).

(5.29)
(5.30)

However, as explained before, because A and U are entire, the O(1/() terms become zero,

therefore, the expansions must be of the following form.

A =Ay° + A+ A
U=U,(+ U,
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Using the expansion of T,

T, T, T .
To=I+F+5+5 0, (5.33)

to obtain the expansions of A and U. Define

01 0 0
o4 = [0 0] : o_ = L 0] (5.34)

Ay =20_ (5.35)
Ay =204 +2[Ty(v),0-]) (5.36)
1
Ay =— 3V + 2[Ty, 0] +2[Ty,0_] + 20 _T] (5.37)
U() =—04+ [O'_, Tl] (538)
U =-0_ (5.39)
The elements of the coefficent matrices are
00
Ay, =2 5.40
: L 0] (5.40)
A, =-2U, (5.41)
Ag =2 —(T111T112+ T121 — Ton2) (T111 — T122) — Tim
Tin =TT+ T119T101 — Tonr + Tooe — 5 Ti11Tiie +Tior — Tono
(5.42)
-T -1
U, = 1,12 (5.43)
Ti11—Ti2 Tiao
00
U =—- 5.44
iy »

5.2.8 Compatibility Condition

It is worth a reminder here that what we are after is the asymptotic expansion for the
tritronquée parametrix, which is a solution to Riemann—Hilbert problem 5.2.1. So we want

to figure out what exactly are the elements in the A and U expansions we just obtained.
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In fact, A and U are not completely independent. By definitions (5.19) and (5.20),

oL
o AL (5.45)
oL
5, =UL. (5.46)

where L is an existing function. It is holomorphic expect for jump discontinuities on some
rays. Therefore, generically its ¢ and v derivatives must be interchangeable, i.e. the system
of equaions (5.45) needs to be compatible. We differentiate the first equation with respect to
Jdv, and the second equation with respect to (. The above two expressions are necessarily

identical, in other words

0A oL 0U OL
it A T ekt Use
ou o0A

5.2.9 Differential Equations

Next we expand the compatibility condition (5.47) in powers of (. First calculate the

commutator,

[U,A] = [Ug + Ui, Ay + Ai{ + Ay(?] (5.48)
= [Uo, Ag] + ([Ug, A1] + [Uy, Ag])¢ + ([Ur, Ayl + [Ug, As))C* + [Uy, Ag] P,

and set every order term in (5.47) to be equal to 0.

¢? term (U1, Al =0
) dA,
C term ([Ul,Al] + [Uo,AQ]) + $ =0
dA
¢! term @1+[U1,A0]—U1:0
d
¢° term d—o + [Up, Ay = 0
v

Using A; = —2U,, it is easy to verify that the ¢ and (? coefficients are 0. Therefore,

the compatibility condition boils down to the following two nontrivial differential equations

dA,
=AU+ U (5.49)
dA,
0 a0, U (5.50)
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Define

H =T (5.51)
Y =T 11— Tia — Tilz (5.52)
Z :4T1711T1,12 — 2T?712 — 2T1’12T1’22 —+ 2T1’21 — 2T2’12. (553)

Theorem 5.2.1. H, Y, Z satisfy a system of ordinary differential equations

(

dH
Ty
dv ’

v _ (5.54)
dv ’
dz

[ dv

= —6Y?+ 1.

Before we prove the theorem, we remark here that if we take the second derivative of

Y, we arrive at the Painlevé I equation:

d*y )
Proof.
Z =H>+3YH+2(T191 — To12) (5.56)

If we write equation (5.49) in elements

4
dv

T2 -1
T —Tio T

T — Tim — T2 0
2T 11 T2 + 2T 91 — 2T 10 =T 11 + TilZ + T2

_lg g]_

(5.57)
The (1,1) element of (5.49) is equivalent to
dH
B v ,
o (5.58)
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While equation (5.50) is more complicated, we only need the second row,

2d

a (T111 — T120) — T%,lZ
dv

Ti11T12+ T2 — Toio
4T 11T 10 — 2T:1)’712 + 2T 91 — 2T 12T 20 — 2T5 12
- QTiH + TLHT%JQ — T2+ 3T 11T 22 — T%712T1,22 - T%,QQ +To11 — Tao

(5.59)
Therefore, the (1,2) element of (5.50) is
dYy
and the (2,2) element of (5.50) is
d(Z —-2YH
% + 6Ti11 - 2T1,11Ti12 + 2T 19T 191 — 4T 11T 22 (5.61)
v
-+ 2T%712T1722 + 2T%722 - 2T2711 + 2T2’22 - 5 - O
Rearranging the terms, we get
dz 4 9 5 U
i 2ZH — H* —4H°Y — YY" + 5 2HT 21 +2T9 11 — 2T 9. (5.62)
A few elements of the Ty expansion coefficients are still unknown in %. However, one

of the standard procedures is that we can expand A in its negative powers at infinity. Since
we have established all of the negative powers must disappear, every such term must be
zero. These relations will help us eliminate certain terms. It turns out that H, Y and Z
can be determined by a system of ODE’s. Equations (5.64) to (5.65) are the steps of the

calculation. Notice tr T; = 0, so

T2 = —T111. (5.63)

For simplicity, we can eliminate all T 99 terms.
First, A_; 12 = 0, therefore

0=A_112
) y (5.64)
=4T7 1, +2T1 12T 01 + 2T 11 — 4T 19T 12 — 2T 90 — 5

Using definition of H and Y,

v

H* 4+ 4H(T 91 — Ta19) — 2HT 91 + 2T9 1y — 2To00 + 2H?Y +Y? — 5

=0

103



= —2HTy 91 + 2T511 — 2T :g —9H?Y —Y? — H* — 4H(Ty121 — Ta2)

v

Using the expression for i—f in (5.62), we conclude,

dz

— = _6Y? .
dv T

5.2.10 Hamiltonian

=5~ 2H?Y —Y? - H* —2H(Z — H® — 3Y H)

(5.65)

In addition, another quantity that is going to be useful to us is the Hamiltonian associated

with the system of ODE’s (5.54). The Hamiltonian H is given by,

2
H=—2Y3—%+Yu.

(5.66)

Indeed, if we use this as definition of a Hamiltonian, and Y, Z as the canonical variables,

then the system (5.54) is indeed equivalent to

.

Yy = 0H
dv 072’
z _ o
\dl/_aY'

(5.67)

To verify relation (5.66), we do so by computing a few more elements in A_; and A_,.

The following proof is all about computing the terms needed to eliminate the variables.

Proof.
1

A= —1 + 2T?711T1,12 —2T1 11 Ti21 + 2T%712T1721
v
—2T112T9 11 — 2T 111 To 12 — 2T 01 +2T5 10 — T1,12§

=0
1 1 9 9
= T30 =— >\ 71 +2T7 1 T2 — 2T 11T + 277 o T
v
—2T112T211 — 2T 11T 12 — 2T9 91 — T1,12§> .
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A 19 = —4T?,11 — 4T 11T 12T 21 — QTigl + 6T 11To 11 + 2T 21T 12

+ 2T1712T2721 - 2T1711T2722 — 2T3711 + 2T3722 + T1,117/ (5.70)
=0
1
— T3,11 - T3,22 :é (—4T?’11 — 4T1’11T1712T1721 — 2T%721 + 6T1711T2711 (5 71)
+2T 91T 10 + 2T 12To 01 — 2T 11 T290 + T111)
. Ti 9 o 5 )
A72,21 - - 9 - 2T1’11T1’12 — 2T1,12T1721 — 2T1711T1712T1722 — 4':[‘1712’]:‘1,21’]:‘1’22

+ 2T1,11T%722 — 2T%,12T%722 — 2T§)722 + 2T312T2,11 — 2T 22T 11 +4T1 11 T1,12T2 12

+ 2T 21T 10 +4T; 12T 22T 12 — 2T§,12 + 2T 12T 21 — 2T 11T 00 + QTimTz,zz

v v v
+ 4T 20T990 +2T3 11 — 4T 19T312 — 2T5 90 — T1,11§ + Tilzi + T1,22§
=0.

(5.72)

Using (5.64), (5.69), (5.71) and tr T; =0, we get

—T 12+ 2TiHTil2 — 4T 11T 12T 21 + 2T?,12T1,21
— 2T 5 — AT 11 T112Ta10 + 4T 21 T 1o — 2T5 (5.73)

v v
+ (4T 11 — T%,12)(—4Ti11 — 2T 12T 21 + 4T 12T 10 + 5) — Til2§ =0.
Then using the definition of H, Y, Z, A_59; = 0 is equivalent to the identity
Z2
H=-2Y"-"+Yu (5.74)

2

[]

In particular, H is the Hamiltonian function associated with the solution Y of the

well-known Painlevé-I equation.

5.2.11 Expansion of T

According to (5.14),

T((v) = (]I + ZTP(I/)C’I’ + O(CP1)> CEM (¢ — 0. (5.75)
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From the previous sections, we were able to express some elements in T,,(v). In partic-
ular, by definition (5.51),

Y + H?

T2 =H, Tin=-Tin= 5

(5.76)

Therefore, the expansion for T can be written as the solution to the Painlevé-I equation,

1
S i
T(+<

5.3 First correction at the gradient catastrophe

Y+H?
2

2

* _Y+H"

2

+ O(C2)> ¢CTMTL, (= oo (5.77)

5.3.1 Small norm problem

Our goal is to characterise the solution to sG in the semiclassical limit, i.e. e. We would like
to 1) capture the leading asymptotic behaviour, 2) determine the size of the error, 3) and
perhaps say something about the subleading terms as well. This chapter is more about 2)
and 3). To achieve that, we will utilise the small norm theory [5]. To briefly summarise the
strategy, suppose that a Riemann—Hilbert problem has “small” jump (in operator norm),
then the solution should also be close to identity. The theory tells us that this solution
not only admits the Laurent expansion I + % -+ % + -+, but also the expansion can be
computed by the iteration formula (5.108).

We begin by proving we have a small norm problem.

5.3.2 z-plane and symmetry
Unfolding to z-plane

Our Riemann-Hilbert Problem has a jump on R, that has come from using the auxiliary
complex variable w in the Lax-pair equation (2.4). More precisely, the variable appears in
the equation as /—w. The natural jump of the square root function introduces the jump
on the real line in our RHP. By working with /—w instead of its square, we have avoided
repeated symmetries. However, for certain parts of the analysis, particularly when we try
to have a small-norm problem for the error matrix, the jump condition on R, is hard to
work with. It is not in the standard form where the jump matrix is a right multiplication.

Therefore sometimes it is more convenient for us to use the symmetries to get rid of this
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jump by considering the variable z, defined as
2 =w. (5.78)

For all the RHPs we considered so far, the jump condition on the positive real axis has
been O, (w) = 050 _(w)oy. If we define

P(2) — 0(2?%) Z(z) >0, (5.79)
520(:2)0y  I(2) <0, '

then we can check that the matrix P has no jump on the real line. Indeed the jump contour
B+ € Z(w) > 0 is mapped to two cuts on the first and third quadrants in the z-plane, and
the f_ € Z(w) < 0 is mapped to the second and fourth quadrant. Rearranging orientations
of the new cuts mapped from (3, we can see that they connect on the two points 1 and
—1 on the real line, and the jump matrices are the same in both the upper half plane and
the lower half plane. Instead of four separate cuts, what we actually have are two cuts, as

shown in figure 5.3.

Wy

*
w1 —20 2

Figure 5.3: The jump contours for the outer parametrix on § and R, are mapped to G
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L
~0

Figure 5.4: P jump contour

Symmetry

Now let’s explore the symmetry of P. We know the O(w) has Schwarz symmetry, O(w) =
O(w*)*. Using definition (5.79), we have

P(2*) = 0,0(2**)0y = 0,0(2) 0y = (020(22)02)* = (P(—2))",

or equivalently,

(P(=2))" =P(z). (5.80)

In addition to conjugation, we also have
P(—2) = 2P (2)0s. (5.81)

Essentially the matrix P is completely determined by the information in one of the quad-

rants. Expressed in elements, the two symmetry conditions imply that

P(z)zl plz) Q(Z)], and  (p(—=)" =p(2)s (a=)) = q().  (5.82)
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P, rational function with simple poles

A rational function P;(z) with simple poles that has the same symmetry as P will play an
important role later. For future reference, we will give here the general form of the rational
function P;(z) with only one simple pole in each quadrant, which goes to I as z — oc.
Suppose the pole in the first quadrant is at 2y, then by symmetry the other three poles are
—zp and +z5. Then Py(z) can be written as:

Pi(z) =1+ A + B + © + D (5.83)

z—z20 z—2y zt+z 24z

Applying the first symmetry condition (5.80),

Pi(—z")" =1+ + + + =Pi(2), (5.84)

=20 z2—2y z2+zm z+2

we find the relations between the constant matrices are
A=-D", B=-C" (5.85)

Similarly, using the second symmetry (5.81),

B* A* —A -B
O'QP(—Z)O'Q — 09 ]I—|- + " + + o b
z—zy 2—Z2y Z+tz Z+2 (5.86)
_ ]I+ UQB*UQ n O'QA*O*Q . JQAUQ . JQBOE’ ’
Z— 2z zZ— 2z z+z0 zZ+ 2z
we conclude that
B = O'QA*O'Q. (587)

So to determine Py, we only need to determine one constant matrix A, and it follows

A A* A A*
Pi(z) =1+ p 2202 7202 . (5.88)
Z—zy 2% 24+z0 242z

5.3.3 Inner parametrix and the tritronquée parametrix

If we set,
¢ — 52, (5.89)

then
(5.90)
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Figure 5.5: Inner parametrix mapped to the Painlevé variable

1.e.

¢= v= % (5.91)
€5

Then the Riemann-Hilbert problem for the inner parametrix is exactly matched to the
Riemann—Hilbert problem for the Painlevé-I parametrix in the variable ¢, in area ((Up). In
this area, the jump condition for O™ (w)e 573 is identical to T({(w))

Because of the scaling factor €3 in (5.91), when we are studying the equation in the
semi-classical regime, which means € is a very small real number, U, is mapped to a large
area (of size O (e_%)) in the ( plane. Therefore, we can use the asymptotic expansion
of solutions to the tritronquée parametrix Riemann—Hilbert problem 5.2.1 for large (, to

approximate the asymptotics of the inner parametrix on the boundary of disks Uy ;.

O™ (w)e 57 =H(w)T(¢(w)) + O(C™)

1 Y+H? H oy
SH) (T g2 e 0 ) CFML (e
: , (5.92)
¢ [ g . N e
=H(w) [ I+ W (w) . vom2 | T O(es) | €02 W (w)"a M ™,
2
e —0,4.
5.3.4 The local behaviour of O°
The jump for O°" on the 3 curve, as shown in figure 3.18 is
09" = 02, (5.93)
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o : 0 ™
with jump matrix = | . .
we™ 0

The jump for 0°" would be the same on the 3 curve. Furthermore,
Oiute_i%”l\/[ = 0% "2 M ios. (5.94)

Locally, Oﬂ’r“te_i%”l\/[ has the same jump as W(w)~ 7 inside the disk Uy. In fact, by
construction, we have chosen the outer parametrix to blow up like (w — wo)’%. We can

either directly derive from construction, or use a uniqueness argument to show that,
C(w) := OPte 5 MW (w) 7 (5.95)

is a holomorphic function inside the disk. In particular, notice that det(C) = 1.

5.3.5 Error Parametrix

As explained in section 5.3.2, when we are seeking for a small-norm problem, it is best to
consider the z variable instead of w, so we do not have to deal with a constant jump on
R,.

So assume P is the unfolded versions of O, as well as P, P°ut, Pit for O, O°* and O™

respectively. The original error matrix we are considering is
E=00", (5.96)
which has a jump across R. Instead we consider

e _pp-l_ E(2?) Im(z) >0 | (5.97)
0.E(z?)oy Im(2) <0

which has no jump on the real axis.

Jump for F

As explained in section 5.3.2, wy and w;, the endpoints of 3, are now mapped to four
symmetrical points in four quadrants. The endpoint zy = |/wg is in the first quadrant.
Suppose P is defined in four symmetrical O(1) disks around +zy and +z5. Label the four
disks by the quadrants they are in, namely Uy, Uy, Urrr and Upy. The global parametrix
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—2; <0
-~ .-_-.r*
— 2z 20

Figure 5.6: Jump for F

is defined as

. P™ zeU ,
P LILIILIV: (5.98)

Po'  otherwise

Like we have seen for £ matrix in the original global parametrix, F has exponentially
small jumps except on the boundaries of the disks.

Due to the symmetries, we only need to study one quadrant. Let’s focus on the first
quadrant, i.e. zg and U;. Assuming a clockwise orientation, the relationship between F

outside of the disk and inside the disk is given by
. -1 R S -1 e -1
F+ =P <Pout> =P (Pm> Pm <Pout> — F_Pln (Pout> . (599)
Therefore, the jump matrix along the circles are
e ~1
Vy = pin (PO‘“) . (5.100)

By assumption, The center zy of disk Uy lies in the first quadrant, so U; is completely

in the upper half plane. P is the same as O™ (22). Therefore, the jump on the boundary
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of disk Uy is

2 v 12 H . L - - ) -1
— | + 0(65)> BT (w)” M (O

_Y+H?

VUI :H(w) (H + W

—~
S
~—
*
[\

2 [y+H?
=H(w) (| I+ i g - |+ O(e5) | ensCt e — 0.
Ww) | «  _YH? ’

(5.101)

We want the jump to be close to the identity, in which case we will be able to expand
the solution in powers of €. Recall that we have not chosen the holomorphic function
H. However, we can see the formula for V is identity plus small powers in €, sandwiched

between H and e1673C 1. Suppose we choose

H = Ce 1%, (5.102)
then the matrix becomes
1 2 2
es |0 H es | YA 0 3
Vy, =C |4+ —— —_— 2 O(es) | C !
1 2 2
€3 0 H €3 Y+H” 3
=1 C Cc! C 2 C 4+ O(es 0.
+W(w> 0 o +W(w> 0o v +0(e5) e—04

(5.103)

Indeed the error parametrix F is the solution to a small norm Riemann—Hilbert problem.

Thus next we need a systematic way to compute the solution as an expansion.

Inner Parametrix

1 2 2
.. €5 0 H €5 Y+H" 0 3 1 -k
oO"=C |1+ —— — 2 O(es) | W(w) 193 MLef23,
( +W(w) [O 0]+W(w) [ 0 _Y+THQ + (65)> (w)~a e'?
(5.104)
5.3.6 Error Estimate
Inner-Outer Mismatch
Define the inner-outer mismatch on the boundary of the disk 0Dy and 0D as
e -1
V= On (00“) (5.105)
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The upper and lower plane has symmetry, so we can restrict our attention to the upper

plane for now. At the boundary of the disk,

1

€5
W (w)
=I+AV°

2

W(w)

2
Y-i-2H 0
_ Y+H?
0 2

0 H
0 0

Vy, =1+ C C '+ C C™' +0(e) (5.106)

This implies that the Riemann—Hilbert problem for F is a small norm problem. Small

norm theory implies the solution has expansion

E, E,
Ez)=14+—+—+---. 5.107
() =T+—+ 24 (5.107)

[teration

The solution of the small norm can be obtained by iteration. The iteration formula is given

g0 =T,
, 1 ED(s)AVy,(s) 1 EW(s)AVy,,(s)
(j+1) T L Ur d _% Urr d
£970(2) =T+ 27 Jou, s—z ot 2mi Jou,, s —z 5 (5.108)
+ L g(j)(S)AVUIU(S) ds + L % g(j)(S)AVUIV(S) ds
211 Jou,,, s—z 21 Jou,, s—2z '

Notice that the contour orientation is clockwise. The number of iteration will depend on
the how many terms one is expanding for the asymptotic formula. We are going to look

for the leading correction.

First Iteration

1 }
e5 Correction:

We are interested in z = 0 and z — oco0. So z is taken to be outside of all four disks.
Here we only need to compute the integral in the first quadrant. We can obtain the rest

by symmetry.

1 IA 1 1 0 H
— Mds = s — C(s) C(s) 'ds
21 Jou, S— % 21t Jou, S — 2 0 0 (5.109)
1 1 0 H 1
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Therefore,

1 1 1 0 H
=[+ €5 Clwo)™?
¢ (z—zo 220W' (wyp) (wo) [O 0 (o)
1 1 0 H* -1
C C
NEET T oRc e M R (5110)
1 1 0 H
= C C -1
zZ+ 2z 2201/1/’(100)02 (o) 0 (wo) "o

1 1 0 H*
_ Clwn)*
z 4 28 225 W (wp)* (to) [() 0

C@@*>+0@Q

If we only need the correction up to the €5 term, then the first iteration is sufficient,
because the second iteration will only show up in €5 power.

We recover the solution to sine-Gordon for the fluxon condensate from the expansion
coefficients of the solution of the Riemann—Hilbert problem at 0 (2.23). Therefore, we
define the evaluation of £M(w) at 0 as £V,

1 1 1 0 H
EM =I + €5 C(w C'(wp) ™
¢ —20 22’0W’(U)0) ( 0) 0 0 ( 0)
1 1 0 H* 1
—2% QZSW’(wo)*UQC(wO> 0 0 Clwo) o2
(5.111)
1 1 0 H _
_ Z_OQZOW'(U)O) (TQC(wo) [0 C’(wo) 09
1 1 . |0 H” -1 2
_%%wwwﬁ(%)h a%>>+0@>

Recall that the global parametrix and the matrix function O differ by the error matrix.

To obtain an asymptotic expansion in € of O(w) at 0

G g (5.112)

—(I+eEV 1O | .
([+e€ ED1e o

Furthermore, in the O(e5) neighbourhood under consideration, wy, w; and C(w) are all
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slow varying functions that depend on independent or parametric variables (x,t). This
means that we can expand them near the gradient catastrophe point. This expansion
produces errors of size O(e%) or smaller, which will not affect the first correction term of
size €5 Therefore, in £V, we can replace these values by the evaluation at the gradient

catastrophe point.

e _ct c C(wo)™
¢ Zgc 2chW (wgc) ( ¢ ) [O O] <w0)
1 1 . |0 H* x—1
—2, 2z§cwf(wgc)*a2c(wg6) [0 0 ] e (5.113)
| 1 0 H _ |
_ Z_gc2ngW’(wgc)020<wgC) [ 0] Clwge) 02

1 1 * x—1
_z_gczzch’(wgc)*C(wgC) lo o]C(WgC)

Assembling the pieces together, we have proved theorem 1.5.1.
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Chapter 6

Theorem 2: near the poles

6.1 Statement of theorem 2

In this chapter we prove the second main theorem.

Theorem 1.5.2 (Rational solutions emerging at the poles of the tritronquée solution]).
Under the same assumptions as in theorem 1.5.1, suppose that v, is a pole of the tritronquée
solution. There AM , when |v|< M and H(v)/(v—v,) > Me™ 5, such that the corresponding
(x,t) neighbourhood of (x,,t,), where v, = s(acp,tp)/eg and v = s(x,t) /€5, has a universal
leading asymptotic behaviour (we call them local structures), described by a special soliton

solution of sG, given by

=

sin(uy) = GO + G'S + O(e5),

. . 1 (6.1)
cos(Run) = GS'C + G93'S + O(e3),

Gont — T _ Grogc _ U2G(ZCCT*2 _ OQGOchZ _ Gzcw (6.2)

Vv Wo V Wo Vv Wo Vv Wy

where
a C C

Go = [b] [Cg,zl _C(%,ll]‘ (6'3)
and Cgy; is the (i,j) element of the matriz C(wo) evaluated at the gradient catastrophe

point. The coefficients (a,b) solve a 4 X 4 linear system with e_%ﬁ in the coefficients.

The solution exists for every (x,t) in the area we consider.

117



6.2 Modifying the inner parametrix

6.2.1 Schlesinger transformation

Due to the blowing up of H, the estimate (5.2) clearly fails near the poles. To fix the
problem, we seek a different parametrix to replace the Painlevé-I parametrix. Apply the
Schlesinger transformation to the Painlevé-1 parametrix. We want to new parametrix to
have a different local behaviour.

Originally the inner parametrix T has an Laurent expansion
TMCT =1+ 0™ (6.4)

when ( — oo. Now we seek a new matrix that has same jump condition as T but behaves
like
TM¢ =1+ 0(CY). (6.5)

Because the matrix TT~! has no jump and goes to I at infinity, it is necessarily a mero-

morphic function with poles only at the origin. Suppose T is obtained by the Schlesinger

transformation
T = (P( +B)T. (6.6)
P P B, B ~
withP=|" ""landB=|_"" ""|. Note that this is equivalent to assume TT~!
P21 P22 B21 BQQ

is the simplest possible analytic function: a linear function.
Recall from section 5.2.11, we know some information about coefficients in the expansion
in (6.4)
T™MeF =14 2Ly 12y T

CtEtEt (6.7)

Plug this expansion into (6.6), we obtain

TME+ = (PC + B)TMe T ¢

(6.8)
(PC+B) (H+%+%+%+...) ¢,

We also know that ’T‘Mf —% itself has a power expansion at infinity. Denote it by

_ , T, T, T
TMe % =1+ L 2+<—§

Cte T (6.9)
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Comparing (6.8) and (6.9), it is necessarily true that the following conditions hold

PH:l, P12:P21:P22:07

1 T (6.10)
By =0, By = =T 19, By = , By = Thgy — —2.
T1,12 T1,12

Recall that the Ty is related to a linear system that involves Painlevé I equations. In
particular, T} 10 = H.
Using the information we obtained about P and B in (6.10), the expansion (6.9) becomes
2
— T2z ~Ti1T512 — Toaa)” _ T 121599 + 15 12

Ty 12

~ . 1 =L
TM( % = I+ B 5 +0(¢?).  (6.11)

Ty,12 Ty,12

6.2.2 ’TMC“%% is regular near the poles

Recall from the derivation of the Painlevé I parametrix in section 5.2, when we are not at
the poles of the Painlevé I equation, the coefficients T} in (6.4) are related to P; in the

following way:

T2 =H,
Ty — Tige =y + H?, (6.12)
2z =2Hy+ 2H(H” + y) + 2T 21 — 215,12,
while y, z, H satisfy the following system of differential equations (5.54).

Standard ODE theory tells us that the solution y, z and H admits the following expan-

sion near a pole vy,

:—;—@(V—V)2—1(V—V)3—]/—02(1/—V)6—£(1/—1/)7+O((V—V>8)

YT e 10 "% 07 300 AT ) 0 0
2 1 1 1 7

z o gVo(V — 1) — §(V — 1) — %Vg(u —1p)° — ﬁl/o(V —19)°+ 0 ((v—1)")
1 1

Tv—v %VO(V—VO)3+O(<V_VO)4)

(6.13)

Next we will show that the expansion (6.9) is indeed a Laurent expansion when v is

near the poles of PI, i.e. all the coefficients are regular.
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Plug the expansions (6.13), combined with (6.12), into (6.11), we can show

_ L 1 _ To2 o1 B
TME T =1+ ¢ iH Tig +0(¢?). (6.14)
H H

In particular, 7% regular can be derived from equation (5.42) and (5.50).
The expansion of H near v tells us % is regular. Thus we have shown that TMC 3%

is regular near the poles and T is indeed a good candidate for the inner parametrix.

6.3 Backlund transformation, modifying the outer parametrix

The strategy is the same as in Chapter 5. In order to obtain information on the asymptotics
of the solution of a Riemann—Hilbert problem we try to construct a small norm problem

to do the asymptotic expansion.

6.3.1 Error matrix

The setup for the error matrix is very similar to what we have done in Chapter 5 away
from the poles. As explained in section 5.3.2, when we are seeking a small-norm problem,
it is best to consider the z variable instead of w, so we do not have to deal with a constant
jump on the R, .

So assume P is the unfolded versions of O, as well as P, P°ut, Pin for O, O°% and O™

respectively. The original error matrix we are considering is
E=00", (6.15)
which has a jump across R. Instead we consider

P _pp-l_ E(2?) Im(z) >0 | (6.16)
ooE(2%)oy Im(z) <0

which has no jump on the real axis.

Jump for F

The jump contour for F has been shown in figure 5.6. As explained in section 5.3.2, wy
and wq, the endpoints of 3, are now mapped to four symmetrical points in four quadrants.

Endpoint zy = /wp is in the first quadrant. Suppose P is defined in four symmetrical
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O(1) disks around %z, and +z{. Label the four disks by the quadrants they are in, namely

Ur, Urr, Upgr and Upy, as shown in figure 6.1 below. The global parametrix is defined as

P l:jin ze€Urrrrmv, ' (6.17)
Pout  otherwise

)€y,

(A€
e

Figure 6.1: F has more significant jump on the boundary of the four disks

As explained in Chapter 5, F has exponentially small jumps except on the boundary of
the disks.

Due to the symmetries, we only need to study one quadrant. Let’s focus on the first
quadrant, i.e. 2y and U;. Assuming clockwise orientation, the relationship between F

outside of the disk and inside the disk is given by
. -1 oN-Le -1 e -1
F, =P (P) =P (P") P (P) —F P»(P) (6.18)
Therefore, the jump matrix along the circles are
e -1
vV, = P <P°“t> . (6.19)

By assumption , The center zy of disk Uy lies in the first quadrant, so U; is completely

in the upper half plane. P™ is the same as Oi“(z2). From section 6.2, O™ is necessarily in
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the following form:

in T, 203 _ A 1 _TQI;Z 0(1)
o" = H(w)Te € = G(w) <]I+ m [ 1 1512

H H

+ O(C‘2)> Clw) i M,
(6.20)

G(w) is a holomorphic function inside the disk. Restricting our attention to a neighbour-
hood of size O (e%> near the pole.

In the upper-half plane, P™ is obtained simply by replacing w by z2.

L 1 [=Z2 o)
P" = Gw) [T+ -— | H

+ (9((_2)> C(w)irs M~ es s, (6.21)

here all w should be seen as 22.

Suppose that % is bounded, by (6.19),

¢(w)

VUI :G(w> <H+L [_Tz,lz 0(1)

H
1 T5 12
H

+ O(C_2>> C(w)%ggM_le%“"?’ (Pout> -1

2 Ts,12
A —=2 0O(1 , ' -1
=G(w) | I+ ° a T( ) ‘f‘O(E%) 178} (w)7*W (w)_iaf‘l\/l_le’””3 (Oout> :
W) | %

(6.22)

We have seen in (5.95) C = Q=MW (w)1° is analytic inside the disk. In the
last equation, notice the last factors are nothing but C~!. Because we are looking for a

jump that is close to identity, we put the inverse of these factors along with the €109 in G

A

G(w) = G (2)C(w)e 1%, (6.23)

Here the notation G™ means the function is only defined inside the disk.

Thus, the jump becomes

=

Vy, = GC <W(w)”3 +e

00+e% 0 0
L 0 W) |o@1) o

+ O(é)) c . (6.24)

It is clear that this cannot be a small-norm problem, because of the negative power in

¢ 5. We have to modify the outer parametrix, too.
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6.3.2 Riemann—Hilbert problem for G

Suppose the new outer parametrix is
PO (2) = G (2)P°"(z). (6.25)

And define
G, zeU ,
G(z) = LILITLIV (6.26)
G otherwise.
Furthermore, assume that G solves a Riemann-Hilbert problem with jump on the

boundaries on the disks,

0 0
G,.=G.C (W(w)"3 +eE | . )) c. (6.27)
H

Then the new jump for the error matrix in the first quadrant becomes

. o o] et 0 0 ) 4
Vi, =G"C | W(w)7 + ¢ 75 4 +O®e3) | ¢ (got
. o o] et [ o 0 ) .
—GC | W(w)% + €73 + +0O®3) | cvE (g
( ) € _% 0_ W(’LU) _O(l) 0_ (E ) G ( )
. o o] et [ o 0 )
=G"C [ W(w)? 4¢3 4+ — + O(e5
Wy o T o o) O
0 0

> C—lGin

=G"C (1+0(H) clan
(6.28)

Since G™ is analytic in the disk and since det(G™™) = 1, this is indeed a small-norm problem.

We conclude that we can use the new parametrix P to approximate P and hence O.

6.3.3 Scaling near the poles

Before we go on to prove the existence of such a G, let’s first look at in what neighbourhood
can we use this modification of the outer parametrix. The scaling assumption we used is that

€5 % is bounded. The expansion of H tells us that, if 1y is a pole of the tritronquée solution
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. : . ) . . _1 .
which we used in the tritronquée parametrix, then near this pole, ¢35 % has expansion

€5 ~ e_%(y — ) =€ (s —s9). (6.29)
Since s, and s; are finite and nonzero, the modified outer parametrix will give a good
approximation in a neighbourhood of size O(¢). This implies the local structures we are

going to describe in more detail next will have size O(e).

6.3.4 Riemann—Hilbert problem for G

Therefore, finding the leading approximation of the local structures (rogue wave like) near
the poles of the Painlevé-I equation boils down to whether we can solve the Riemann—Hilbert
problem for G, where the jump contour is the four circles clockwise, the same as in fig-

ure 6.1. The jump condition is

Riemann-Hilbert Problem 3

G, =G_Vg, 2 € 0Ur 11111V, (6.30)

and lim G =1.

Z—00

G and the jump matrices Vg have the same symmetry we established in the section

5.3.2. In the first quadrant, V¢ is given by

o o
Vg, = C(z%) (W(z2)"3 L P ) c (6.31)
i

while the other three quadrants can be determined by the symmetry of G.

6.3.5 Fredholm theory, vanishing lemma and the existence of the solution to

Riemann—Hilbert problem 3

From [41], we know that suppose in a Riemann-Hilbert problem the jump matrix on the
jump contour X is Holder continuous with Holder exponent p, then the RHP is equivalent

to solving the singular integral equation:
(I -Cw)X=1I¢€ H"X) (6.32)
where v < p.
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Definition 6.3.1. A bounded linear operator A : B — B on a Banach space B is a
Fredholm operator if the dimension of both the kernel and cokernel of A, dim(ker(.A))
and dim(coker(A)) are finite. The Fredholm index of A is ind(A) := dim(ker(A)) —
dim(coker(.A)).

It can be easily shown that Z — Cw is a Fredholm operator on H”(X). The reader may
find details in [14]. Furthermore, Zhou’s Index Theorem [48] indicates that ind(Z — Cw) =
0. Therefore, as long as we can show the RHP does not have a nontrivial kernel, we
automatically show that the RHP has a solution.

To show the RHP does not have a nontrivial kernel, we use Zhou'’s vanishing lemma [48].

Lemma 6.3.1. (Zhou’s vanishing lemma): Let ¥ be a complete contour in the z-
plane that is Schwarz-symmetric (invariant under reflection through the real axis, including

orientation). Let V be an admissible jump matriz on X that satisfies
V(z*) =V(2), zeX\R. (6.33)

Then the only matriz function My analytic for z € C\X and continuous up to the boundary
with Moy = Mo_V for z € £°, and that satisfies Mo(z) = O (270T9/2) as z — oo for any
e >0 1is My(z) =0.

We verifying the assymptions in the vanishing lemma. We have
Ve =G 'G,. (6.34)

From the symmetry in section 5.3.2, in the lower half plane the jump matrix is related to
its reflection in the upper half plane. Notice here we changed the orientation so the contour

has Schwarz-symmetry (as in the vanishing lemma).

-1

Va(2") =GTH(2")G(27) = <G+(—2)) G_(—2) = 02(G+(2)) ' G_(2)oy

- (6.35)
=0, Vgloy = VE(2).

The last equality uses det V. = 1.
Therefore, the assumption of Zhou’s Vanishing lemma is satisfied. Now we can show

that the solution for Riemann—Hilbert Problem 3 exists.

Proof. By Zhou’s vanishing lemma, the kernel of the equivalent operator for the RHP is 0.
Since the operator is of Fredholm index 0, it is also surjective. Therefore a solution must

exist. ]
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6.4 Shape of local structures, solution near the poles

6.4.1 Solving G, shape of local structures

Take F outside the disk to be a rational function with only simple poles at the end of E ,
i.e. zp and its symmetric points. Due to symmetry and normalization at infinity (5.88),

G = G°" necessarily has the form

GO i O'QGSO'Q O'2G00'2 GS

Gout:]I+ - -
Z— 2 zZ — 2 Z+ 20 z+ 2y

(6.36)

While G_ is holomorphic inside the disk Uy. Using jump condition (6.31),

[00
= 0

Ut

G_=G,C (W(Z2)_US —€

) ct (6.37)

has no pole at z.

Expanding C at wy,
C(w) = Co + Cl(w — U)o) + O((UJ — ’LUQ)Z). (638)

Since we are looking for the poles in z-plane, we will substitute z for w. Here because we

are considering the pole at z, which is lying in the first quadrant, we can assume w = 22.

C(w) = Cy + 22C1(z — 20) + O((z — 20)?). (6.39)

G°" has one simple pole at 2z, while W (w)~?® also has a simple pole. The coefficients
of the double pole and the simple pole must be zero. In order to find the coefficients for

(2 — 29)7%, note that
W (w) = W (wo)(w — wp) + O((w — wp)?) = 220W' (wo)(z — 20) + O((z — 20)%)  (6.40)

So the expansion of W (w)™! is

_ L 0(1) = +0(1). (6.41)
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Now look at expansion of (6.37),

. G G} G G|
Gin — ( 0 LT 028¢02 02002 U (’)(z — ZO)> (CO + 220C1(Z — Zo)

zZ— 2 20 — 2§ 229 20 + 2
o(1) 0] . [0 0]
— €
= 0

0 0
+0(z — zo)> (Cgl +0(z — zo))

(6.42)

1

1
= | 2z20W'(wo)
Z— 20

0 0

ut=

+O((z — zo)2)) (

The coefficients of the poles must be 0, thus we obtain two equations, with (-2). double

pole:
1 GoCo QZOWl/(wo) 0 Cyt=0 (6.43)
(Z - 20)2 0 0 ‘
(-1). simple pole:
1 O(1) 0 s 0
G’OCQ <1 3 + Gocl W (wo)
Z— 2 —e55 0 0
* * S S—
i ]I + 02G00'2 - UQG[)UQ _ GO CO 2z0W' (wo) 0 C_l (644)
20 — % 229 20 + %) 0 0 "
+ ;GOCO 2Z0V[}/(w0) 0 O(z—29) =0
(Z - 20)2 0

Since det(C) = 1 for any z, we can deduce that det(Cy) = 1, too. Therefore, (6.43) is
equivalent to

1

GoCo | | =0 (6.45)

Using this relation in equation (6.44) to eliminate the undetermined O(1) and O(z — z)
terms. We get

1 ] " 1
GoCy 01 +GoCy W (wo) | 4 (H + 72Go72 - 720 N = ) Cy |2 o) | =0,
—53% 0 20— 23 220 20 + 25 0
(6.46)
Denote

C C C *

= |on o ’ I Rt ' (6.47)
00,21 C'0,22 01,21 *
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The relation (6.45) tells us that Gg is of rank 1, and we can simplify the expression as

¢ (6.48)

b

two unknown variables
Go= || [Com ~Cou]

Rearranging terms in equation (6.46),
1 |a
[J«@amm

b*

5

1

0 11 a 1
G,C = —€5— Co21Co.12 — Cp.11C = —€5—
o'Lo —Eé%] €5 an ( 0,2100,12 0,11 0,22) €5H
% 1 a
—=€5 —
H |pl|’
G,C, m :C0,2101,11 —00,11C1,21 a ’
W/<'w0) b
and finally,
a b |
Gy = b [00,21 —Co,u} ) 02Gooy = q [00,11 00,21] )
« a* « « * b* ] * *
Go = b* [00,21 _00,11] ) 02Go2 = e [00,11 00,21] )
SO
02Gooy  02Goo G; e 1 Co1
JIi + - — _ - CO 220 W' (wp) - - )
20 — 2§ 229 20 + 29 0 220W'(wo) \ |Co
1 |0 1 a* . .
[ (03,11+C§,21)_ZO+28 e (00,1100,21—00,1100,21)).

(|Co,11|2+|00,21|2)

A [
20— 2y | —a*
Assembling the equations together, and plug them into (6.46), the linear system for

unknowns a and b is the following
0= e_%l al | Coa1Ciii — CoiCia |a 1 Co.1
H b W/(w()) b 22’0W’(w0) C0721
1 1 b* ) ) 1 1 b ) )
*dawwm%—%[_*“%ﬂ“”%ﬂ” 20TV () 220 | | (Con + Coen)
B 220W' (wo) 20 + 2 b*] (00’11C0’21 B 00’1100’21)'
(6.49)
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Notice that both a, b and their complex conjugates shows up in this system so there are
actually 4 independent variables. We can take the complex conjugate of equation (6.49) to

arrive at a 4 x 4 linear system,

(Eéi C10,216’1,11 - 00,1101,21> a — C(3,11 + C(3,21
H

W' (wo) 220W" (wy)
_00,1105,21 - 03,1100,21(1* |C'0,11|2+|Co721|2 b — 1 C
220W" (wo) (20 + 2§) 220W" (wo) (20 — 23) 22W' (wp)
Cg,n + COQ,Qla <€_;i n Co21C1,11 — 00,1101,21> b
220 W' (wy) H W' (wy)
G P+ICoa - Co,11C5 91 — €5 11Co .21 oo 1 o
220W" (wo) (20 — 23) 220W" (wo) (20 + 2§) 220W' (wy) 021 (6.50)
00,11C5,21 - 03,1100,21a _ |Oo,11‘2+|00,21‘2 '
225W" (wo)* (20 + 25) 225W (wo)* (20 — 2§)
(e‘é 1 n 02107111 — Co ik,zl) . 87112 + C'6‘,212 . _ 1 cr
H+ W' (wp)* 225W' (wp)* 225 W (wp)* oM

|Co,11\2+|00,21‘2 4 Co,11C521 — C511C0,21
225W (wo)* (20 — 28) 225W!'(wo)* (20 + 23)
08,112 + CSQl?a* 4 (et 1 Coo1Ci11 — C511CTan )\ . _ 1 .
2z

- . ¢
225 W (w)* 7El W (wo)" W (wg) 02!

While it is not immediately clear that this linear system has to be solvable, we have shown
that the underlying RHP where the linear equations arise from must have a solution.
Therefore, we have shown that (6.50) must be solvable. By a similar argument in Chapter
5, even though this system is evaluating at wo(x,t) near wo(xgc,tec), expanding wy at
(Zgc, tee) Will produce an error that is smaller than €5 . Thus, for our purpose, evaluating
the system (6.50) at the gradient catastrophe point will not affect the leading asymptotics.
That way the coefficients all become constants and the only (z,¢) dependence comes in

1

-z 1
from € 5m.

Furthermore, to help the reader see the structure of (6.50), we rewrite the system in

the following way:

€5+ A B C D E

-B sl -D C b F
“tE » - . (6.51)

C* —D* e A B a* E*

D* C B ek A b F

In this linear system, only H depends on (z,t), every other coefficient, A, B, C', D, FE and
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F' are all constants, given by

By the way, we have already

know how to close.

A _Co 2101 11 Co 1CTs 21
Wee(wi) ’
B—_ (Con) (0021)
25 Wi ()
C—_ C'0 110(%31* C(%Cll*cl)Ql
2 W (wf) (& + ) (652)
D— | 011‘2+| 021|2
226 Wee(wi ) (26" — 267
1
= —QZOCWg/c( )Co 11>
1 .
= 2ZOCW,< )Cg,zl-

proved the second main theorem in the last page. I just don’t
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Chapter 7

Conclusion

7.1 Future work

We list some possible ways to extend the research on universality of the semi-classical

sine-Gordon equation:

7.1.1 Soliton solution to the sine-Gordon equation at poles of the tritronquée

solution

In [8] Bertola and Tovbis found that the Peregrine Breather describes the spikes for NLS
near the gradient catastrophe. Likewise, it is most probable that the local structures of the
solution to (1.2) is described by a documented soliton solution of the sine-Gordon equation.
Grava pointed to me that the breather solution of NLS appears in a certain limiting regime
where the associated genus 2 Riemann surface degenerates into genus 0, as in [6]. More
recently Liming Ling suggested the special solution for the sine-Gordon equation should
arise similar to the treatment of NLS in [45, 44| following HJ Shin.
The goals of this project are:

e Better understand the local structures as a special solution of the sine-Gordon equa-

tion by finding/verifying how it will show up in a different setting;
e Build the special solution algebraically;

e Analysis by comparing the numerical solutions to (1.2) and the special solution to

the sine-Gordon equation.
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7.1.2  Universality of the asymptotic profile at the first breaking curve for the

semi-classical sine-Gordon equation

After [17], in [18] Claeys and Grava studied the asymptotics of the KdV equation in the
oscillatory zone near the leading edge. Or, in closer analogy to the case of semi-classical
sine-Gordon equation, Bertola and Tovbis in |7] studied the universality near the first
breaking curve in the focusing NLS equation. One can try to answer the same question for

the sine-Gordon equation:

e What is the universal behaviour near the first breaking curve in the suitable double-

scaling limit?

7.1.3 Breaking curves, asymmetrical initial data

It is known for the NLS equation that multiple breaking curves can exist beyond the first
phase transition. They correspond to changes in the genus of the hyperelliptic Riemann
surface whose theta functions are used to describe the solution. From numerical simulations
in [12] it appears that the second breaking also exists for the above-threshold initial data
case in the sine-Gordon equation, although we have no direct evidence that indicate the
second breaking for below-threshold initial data.

In my thesis we are taking the initial data to be an even function, in which case the
solution, hence the breaking curve, is also an even function.The g-function analysis will be
more difficult but also more interesting if the initial data is not even. Furthermore, due
to a symmetry in the RHP that only exists for even initial data, the breaking curve, at
least near small |z|, can be expressed as a simple integral function determined by the initial
data.

Goals:

e Finding numerical evidence for whether there exist multiple breaking curves;

e Using Riemann-Hilbert analysis and other theoretical tools to study the breakings if

they exist;
e Describe breaking behaviours for asymmetrical initial data;

e Analyze the universality for asymmetrical initial data .
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