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Abstract

We study the critical behaviour of solutions to weakly dispersive Hamilto-
nian systems considered as perturbations of elliptic and hyperbolic systems of
hydrodynamic type with two components. We argue that near the critical point
of gradient catastrophe of the dispersionless system, the solutions to a suitable
initial value problem for the perturbed equations are approximately described by
particular solutions to the Painlevé-I (Py) equation or its fourth order analogue
P%. As concrete examples we discuss nonlinear Schrédinger equations in the
semiclassical limit. A numerical study of these cases provides strong evidence in
support of the conjecture.

1 Introduction

Critical phenomena in the solutions of partial differential equations (PDEs) are im-
portant from various theoretical and applied points of view since such phenomena
generally indicate the appearence of new behaviours as the onset of rapid oscillations,
the appearence of multiple scales, or a loss of regularity in the solutions. Some of
the most powerful techniques in the asymptotic description of such phenomena are
due to the theory of completely integrable systems which were so far restricted to in-
tegrable PDEs. In [43] this restriction was overcome by introducing the concept of
integrability up to a finite order of some small parameter e. This has allowed to ap-
ply techniques from the theory of integrable systems to a large class of non-integrable
equations and to obtain asymptotic descriptions of solutions to such equations in the
vicinity of critical points of these PDEs. The scalar case was studied along these lines
in [43]. Basically it was shown that solutions to dispersive regularizations of a nonlin-
ear transport equation near a point of gradient catastrophe (for the transport equation
itself) behave like solutions of the celebrated Korteweg—de Vries equations, which at
such point can be asymptotically expressed in terms of a particular solution to a fourth
order ordinary differential equation from the Painlevé-I family. In [46] this concept was
generalized to the study of the semiclassical limit of the integrable focusing cubic non-
linear Schrédinger equation (NLS) which can be seen as a perturbation of 2 x 2 elliptic
system and in [44] to a certain class of integrable Hamiltonian perturbation of 2 x 2



elliptic and hyperbolic systems. The idea that integrable behaviour persists in certain
nonintegrable cases has been already developed in the study of long time behaviour of
solutions to several nonintegrable equations, like the pertuberd NLS equation [39], see
also [114] for a general overview about the soliton resolution conjecture.

In this paper we consider general two-component Hamiltonian systems which con-
tain a small dispersion parameter . When ¢ = 0 the Hamiltonian system reduces
to a 2 X 2 quasilinear system of elliptic or hyperbolic type, so that the Hamiltonian
system can be considered as a perturbation of the elliptic or hyperbolic systems. We
study the behaviour of solutions to such Hamiltonian systems when the parameter e
tends to zero. The fundamental question we address is how does a solution to Hamil-
tonian equations behave near the point where the solution of the unperturbed elliptic
or hyperbolic system breaks up.

We consider Hamiltonian PDEs obtained as perturbations of systems of hydrody-
namic type of the form

g O o h
ET T 0(x) T Tow
(1.1)
dHy _  Oh
Ut = aa:m = %5,

with u = u(x,t), v = v(x,t), scalar functions, x € R and

Hy = /h(u,v) dz,

where h = h(u,v) is a smooth function of u and v. Such perturbations can be written
in the form

o0H
U = 0, dv(z)
(1.2)
oH
Ve = ax (Su(x) .

where H is the perturbed Hamiltonian, H = Hy + ¢ H, + €¢>Hy + . ... By definition the
k-th order term of the perturbative expansion must have the form

H, = /hk (u,v,ux,vx,um,vm, e ,u(k),v(k)) dx

where hy, (u,v,ux,vx,um,vm,...,u(k),v(’“)) is a graded homogeneous polynomial of
degree k in the variables ug, vy, ..., u®, v® ie. it satisfies the identity
hy (u, 0y AUy AUy MUy MUy ooy N, )\kv(k)) = \hy (u, U, U, Vg Uy Vs -« -5 U, U(k))



for an arbitrary A. The Hamiltonian system (1.2) can be considered as a weakly
dispersive perturbation of the 1st order quasilinear system (1.1).

After certain simplification of the system (1.2) by a suitable class of e-dependent
canonical transformations

u(z) + e {u(z), F} + O(e?)
v(x) + e {v(x), F} + O(?)

generated by a Hamiltonian F' (see Section 2) the system can be spelled out as follows

0H

Uy = ax— = huvum + hvvvz
ov(x)
+€2 [b Ugzr + CUrga + (_av + 3bu)u:m:uz + (bv + Cu)ucmrvx + QCuvxxux + Qvaxazvx
1 1 3 1
+ (_§auv + buu) Ui + <_§avv + buv + Cuu) uivx + §Cuvuazvz + QCUUU2‘|
(1.3)
o0H
= aa:— = huu T huv o

Uy Su(z) Uy + v

+€ (A Upgz + D Vppz + 200Uty + 20UV + (@4 + by)Vaptly + (3by — Cu)Vpa Vs

1 3 1 1
+§auuui + §auvuivm + (avv + buv - §Cuu) uxvgzc + (bvv - §CUU> Ui]

up to terms of order 3. Here a = a(u,v), b = b(u,v) and ¢ = c(u,v) are arbitrary

smooth functions of v and v at least in the domain where the solution of the unper-
turbed equation (1.1) takes values. The corresponding perturbed Hamiltonian reads

2
H:Ho—l—e?]—]Q:/ [h—%(aui—i—?buzvx%—cvi)] dx (1.4)

The family of equations of the form (1.3) contains important examples such as
the generalised nonlinear Schrodinger (NLS) equations (also in a nonlocal version), the
long wave limit of lattice equations like the Fermi—Pasta—Ulam or Toda lattice equation,
Boussinesq equation, two-component Camassa—Holm equation [52] and many others.
For certain choices of the functions h(u,v), a(u,v), b(u,v) and ¢(u,v), the system of
equations (1.3) is integrable up to the order € [44]. However the complete classification
of integrable cases in the class of equations of the form (1.3) remains open, see [40],
[48], [84] for the current state of the art in this context.

The study of scalar weakly dispersive equations

uy = az% — 9, (h’(u) + e [a(u)um + %a’(U)UE;} +0 (63))

H:/h@—gmmpm}m
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of the form similar to (1.2), (1.4) in the limit € — 0 in the strongly nonlinear regime was
initiated by the seminal paper by Gurevich and Pitaevsky [65] about “collisionless shock
waves” described by KdV equation (see also the book [104] and references therein).
Rigorous mathematical results in this direction were obtained by Lax, Levermore and
Venakides [88], [89], [124] and Deift, Venakides and Zhou [38] (see also [62] and [60] for
numerical comparison). For two-component systems (1.3) an analogous line of research
was started with the works [22], [55], [63] on the semiclassical limit of generalized
defocusing nonlinear Schrodinger equation in several space dimensions for times less
than the critical time t; of the cusp catastrophe. It was studied in more details for
arbitrary times for the integrable case [128], namely for the spatially one-dimensional
cubic defocusing NLS in [71], [72], [41]. Another system that is included in the class
(1.2) is the long wave limit of the Toda lattice equation that has been studied in detail
for arbitrary times in [37] and, in the context of Hermitian random matrix models
with exponential weights by many authors, see the book [34] and references therein.
Interesting results, in the spirit of the original Gurevich and Pitaevsky setting, have
been obtained for certain nonintegrable cases in [51], [67]. Possible relations between
integrable and non-integrable behaviour have been also analyzed in the framework of
the long wave limit of the Fermi-Pasta—Ulam system by Zabusky and Kruskal [128]
and, more recently, in [5], [92], [8].

The study of solutions to Hamiltonian systems of the form (1.3) in the limit ¢ —
0 whith the leading term (1.1) of elliptic type was initiated by the analysis of the
semiclassical limit of the focusing cubic nonlinear Schrédinger equation [75], see also
[19], [24] [94], [119], [120]. Other interesting Hamiltonian systems not included in the
class (1.3) have been considered in the limit e — 0 in [98], [20].

Our study can be considered as a continuation of the programme initiated in [43],
[44] and [46] aimed at studying critical behaviour of Hamiltonian perturbations of
quasilinear hyperbolic and elliptic PDEs. The most important of the concepts devel-
opped in these papers is the idea of universality of the critical behaviour. We borrow
this notion from the theory of random matrices where various universality types of crit-
ical behaviour appear in the study of phase transitions in random matrix ensembles,
see for example [14], [12], [35], [36], [50], [26] for mathematically oriented references.
The description of the critical behaviour for generalized Burgers equation with small
viscosity was found by II'in [69]; for more general weakly dissipative equations see [45],
[4].

In the present paper solutions u(x,t;€), v(z,t;€) to the Cauchy problem
u(z,0;€) = up(z), v(x,0;€) =vo(x) (1.5)

for the system (1.3) with e-independent smooth initial data in a suitable functional
class will be under consideration. The contribution of higher order terms is believed
to be negligible as long as the solution (u(z,t;€),v(x,t;€)) remains a slowly varying
function of = and ¢, that is, it changes by O(1) on the space- and time-scale of order
O (7). A rigorous proof of such a statement would justify existence, for sufficiently



small values of the parameter ¢, of the solution to the Cauchy problem (1.2), (1.5) on
a finite time interval 0 < t < ¢ty depending on the initial condition but not on e. This
was proven by Lax, Levermore and Venakides [88], [89] for the particular case of the
Korteweg - de Vries (KdV) equation with rapidly decreasing initial data. In a more
general setting of a certain class of generalized KdV equations with no integrability
assumption, the statement was proven more recently in [97].

Actually we expect validity of a more bold statement that, in particular, gives an
efficient upper bound for the life span of a solution to (1.2) with given initial data (1.5).
Namely, we start with considering the solution (u(x,t),v(z,t)) to the Cauchy problem
for the unperturbed system (1.1) with the same initial data'

u(z,0) = ug(x), v(z,0)=wv(x).

Such a solution exists for times below the time t, of gradient catastrophe. We expect
that the life span of the perturbed solution (u(z,t;e€),v(x,t;€)) for sufficiently small e
is at least the interval [0,¢y]. More precisely, we have the following

Main Conjecture.

Part 1. There exists a positive constant At(e) > 0 depending on the initial condi-
tion (1.5) such that the solution to the Cauchy problem (1.2), (1.5) exists for 0 <t <
to + At(e) for sufficiently small €.

Part 2. When ¢ — 0 the perturbed solution (u(z,t;€),v(z,t;€)) converges to the un-
perturbed one (u(x,t),v(x,t)) uniformly on compacts x1 < x < x5, 0 <t <ty for any
t1 < to and arbitrary 1 and .

In the Main Conjecture we do not specify the class of boundary conditions for the
smooth (or even analytic, in the elliptic case) initial data ug(x), vo(x). We believe
that the statement is applicable to a wide class of boundary conditions like rapidly
decreasing, step-like, periodic etc. Moreover, the shape of the universal critical behavior
at the point of catastrophe (see below) should be independent of the choice of boundary
conditions.

The last statement of the Main Conjecture refers to the behavior of a generic
perturbed solution near the point of gradient catastrophe of the unperturbed one. Our
main goal is to find an asymptotic description for the dispersive regularisation of the
elliptic umbilic singularity or the cusp catastrophe when the dispersive terms are added,
i.e., we want to describe the leading term of the asymptotic behaviour for € — 0 of the
solution to (1.3) near the critical point, say (x¢, ), of a generic solution to (1.1).

At the point of catastrophe the solutions u(z,t), v(x,t) to the Cauchy problem
(1.1), (1.5) remain continuous, but their derivatives blow up. The generic singularities
are classified as follows [43], [44].

! Analyticity of the initial data will be assumed in case the quasilinear system (1.1) is of elliptic
type. The precise formulation of our Main Conjecture has to be refined in the non analytic case



e If the system (1.1) is elliptic, Ay by < 0, then the generic singularity is a point
of elliptic umbilic catastrophe. This codimension 2 singularity is one of the real
forms labeled by the root system of the D, type in the terminology of Arnold et
al. [3].

e If the system (1.1) is hyperbolic, hy,hy, > 0, then the generic singularity is a
point of cusp catastrophe or more precisely the Whitney W3 [4] singularity.

Elliptic umbilic singularities appear in experimental and theoretical studies of diffrac
tion in more than one spatial dimension [11], in plasma physics [111], [110], in the
Hele-Shaw problem [96], and also in random matrices, [53], [12]. Formation of sin-
gularities for general quasi-linear hyperbolic systems in many spatial dimensions has
been considered in [2] (see [95] for an explicit example). For the particular case of
2 X 2 systems we are mainly dealing with, the derivation of the cusp catastrophe was
obtained for C* initial data in [85], see also [44] for an alternative derivation.

Let us return to the Cauchy problem for the perturbed system (1.3) with the same
initial data (1.5). The fundamental idea of universality first formulated in [43] for scalar
Hamiltonian PDEs suggests that, at the leading order of asymptotic approximation,
such behavior does depend neither on the choice of generic initial data nor on the choice
of generic Hamiltonian perturbation. One of the goals of the present paper is to give
a precise formulation of the universality conjecture for a quite general class of systems
of Hamiltonian PDEs of order two (for certain particular subclasses of such PDEs the
universality conjecture has already been formulated in [44]).

The general formulation of universality introduced in [43] for the case of Hamilto-
nian perturbations of the scalar nonlinear transport equation and in [44] for Hamil-
tonian perturbation of the nonlinear wave equation says that the leading term of the
multiscale asymptotics of the generic solution near the critical point does not depend
on the choice of the solution, modulo Galilean transformations and rescalings. This
leading term was identified via a particular solution to the fourth order analogue of the
Painlevé-I (P) equation (the so-called P? equation). Earlier the particular solution to
the P? equation proved to be important in the theory of random matrices [102], [18]; in
the context of the so-called Gurevich—Pitaevsky solution to the KdV equation it was
derived in [79]. The existence of the needed smooth solution to P? has been rigorously
established in [27]. Moreover, it was argued in [43] and [44] that the shape of the
leading term describing the critical behaviour is essentially independent on the par-
ticular form of the Hamiltonian perturbation. Some of these universality conjectures
have been supported by numerical experiments carried out in [63], [47]. The rigourous
analytical proof of this conjecture has been obtained for the KdV equation in [25].

In [46] the universality conjecture for the critical behaviour of solutions to the fo-
cusing cubic NLS has been formulated, and in [44] the universality conjecture has been
extended to other integrable Hamiltonian perturbations of elliptic systems. The uni-
versality conjecture in this case suggests that the description of the leading term in the
asymptotic expansion of the solution to the focusing NLS equation in the semiclassical



limit, near the point of elliptic umbilic catastrophe, is given via a particular solution
to the classical Painlevé-1 equation (P;), namely the tritronquée solution first intro-
duced by Boutroux [16] one hundred years ago; see [73], [77] regarding some important
properties of the tritronquée solution and its characterization in the framework of the
theory of isomonodromy deformations. The smoothness of the tritronquée solution in
a sector of the complex z-plane of angle |arg z| < 47/5 conjectured in [46] has only
recently been proved in [30]. Other arguments supporting the universality conjecture
for the focusing case were found in [13].

In this paper we extend these ideas to the more general class of systems of the form
(1.3). More precisely, our main goal is a precise formulation of the following conjectural
statement.

Main Conjecture, Part 3.

o The solution of the generic system (1.3) with generic e-independent analytic ini-
tial data near a point of elliptic umbilic catastrophe of the unperturbed elliptic
system (1.1) in the limit ¢ — 0 is described by the tritronquée solution to the Py
equation;

e the solution of the generic system (1.3) with generic e-independent smooth initial
data near a point of cusp catastrophe of the unperturbed hyperbolic system (1.1)
is described in the limit ¢ — 0 by a particular solution to the P? equation.

An important aspect of the above conjectures is the existence of the solution of
the perturbed Hamiltonian systems (1.3) for times ¢ up to and slightly beyond the
critical time ¢y for the solution of the unperturbed system (1.1). The study of the
local or global well-posedness of the Cauchy problem for the full class of equations
(1.3) remains open even though a large class of equations has been studied, see for
example [58] or [115], [93], [15] for a survey of the state-of-the-art. For finite € it is
known that the solution of the Cauchy problem of certain classes of equations of the
form (1.3) develops blow-up in finite time, see for example [113], [81]. For the class
of equations of the form (1.2) and initial data such that the solution develops a blow
up in finite time tp, we consequentially conjecture that, for sufficiently small €, the
blow-up time tp is always larger than the critical time ¢y of the dispersionless system.
The blow-up behaviour of solutions to certain class of equations, like the focusing NLS
equation has been studied in detail in [99], however the issue of the determination of
the blow-up time remains open. For the particular case of the quintic focusing NLS
equation, we claim that the blow-up time ¢z which depends on € is close in the limit
€ — 0 to the time of elliptic umbilic catastrophe, more precisely the ratio (tp — to)/ €3
is asymptotically equal to a constant that depends on the location of the first pole of
the Painlevé-I tritronquée solution on the negative real axis.

This paper is organized as follows. In section 2 we single out the class of Hamiltonian
systems (1.2) and we recall the procedure of obtaining solutions of the system (1.1)
by a suitable form of the method of characteristics. In section 3 we study the generic



singularity of the solutions to (1.1) and describe the conjectural behavior for the generic
solution of a Hamiltonian perturbation (1.3) of the hyperbolic system (1.1) in the
neighbourhhod of such singularity. The same program is realized in section 4 for
Hamiltonian perturbations of an elliptic system of the form (1.1). In section 5 we
consider in more details the above results for the generalized nonlinear Schrodinger
equation (NLS) and the nonlocal NLS equation, and in section 6 we study analytically
some particular solutions of the system (1.1) up to the critical time ¢, for the generalized
NLS equation. In sections 7 to 9 we present numerical evidences supporting the validity
of the above conjectures.

2 Hamiltonian systems

In this section we identify the class of Hamiltonian equations we are interested in. Let
us consider the class of systems of Hamiltonian PDEs of the form

up = Aj (w)ul, + € [Bj (w)ul, + 3 jk(u)ugcul;] (2.1)

+ O+ M0t + N0t | +0 ().

1=1,...,n,

where we are taking the sum over repeated indices. The system of coordinates on the
space of dependent variables can be chosen in such a way that the Poisson bracket
takes the standard form, [49]

{w'(2),w ()} =n"0' (@ —y), i,j=1....n (2.2)

where (1) is a constant symmetric nondegenerate matrix. Choosing a Hamiltonian in
the form

H= /h(u;ux,...;e) dx (2.3)

h(u; Uy, . .-y €) = W) + epi(u)ul, + gy (u)uiul + O (%)

2
one obtains the following representation of the system (2.1)
. SH
i ij s
uy = 0, 5 () i=1,...,n. (2.4)
This yields, in particular, that
4 L 02RO (1)
) _ ik
4 () =7 Oukous
i i Op;(u
Bj(u) = —n k [prj(u) — pjp(w)], where p;;(u):= 8151) (2.5)

Cl(u) = —n" g (w).



Let us observe that a nonlinear change of dependent variables
i =a'(u), i=1,...,n (2.6)

brings the Poisson bracket (2.2) to the form [49]

(' (x), @ (y)} = §7 (a(x))0' (x — y) + TY (@)aka(x — y) (2.7)
where the symmetric tensor
. ou' o’
~ij(~\ __ 7 Kl

is a (contravariant) metric of zero curvature (not necessarily positive definite) and

0w, 0%

L) = —n'"m———

e (@) ! Bumdu

is expressed via the Christoffel coefficients of the Levi-Civita connection for the metric
[ () = =g" (@)%, (@).

Any Hamiltonian system with n dependent variables can be locally reduced to the stan-
dard form (2.4), (2.3) by the action of the group of generalized Miura transformations
[33], [56] changing the dependent variables as follows

u' = 0= F'(u) + € Pl (w)ul, + € | Q) (u)ul, + §R;k(u)ufpu’; + 0 (€%

OF"(u)

(2.8)

We will now concentrate on the case of a second order Hamiltonian system, n = 2.
It will be assumed that the metric () in the coordinates (u,v) has the canonical

antidiagonal form
y 01
i) _
(n)_<10). (2.9)

Thus the Hamiltonian system with a Hamiltonian H = H [u, v] reads

OH
RRTE)
(2.10)
OH
Vs = axm

A general perturbation of degree 2 of the Hamiltonian H, takes the form

62

H:H0+EH1—|—€2H2:/|:h—|—€(pux+q’l)x) 9

(au? +2buyv, + cv?) | do (2.11)
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where p = p(u,v), ¢ = q(u,v), a = a(u,v), b = b(u,v), ¢ = c¢(u,v) are some smooth
functions. A simple calculation yields the following explicit form of the Hamiltonian
flow

0H
dv(x)

+6 [ Upe + CVspe + (—@y + 30, Uspty + (by + Co)UppVs + 20 Vpatly + 2C, Vs

2
Uy = Oy = hyply + hyvy + € [w Ugy + Wyt + wvuxvm}

1 1 3 1
+ <_§auv + buu) Ui + <_§avv + buv + Cuu) uivx + §C1wuzv§ + §vavgi|

(2.12)
SH

dulz)

+6 [ Ugze + b Ve + 200 Upatly + 200Uz Vy + (@4 + by )Vaatly + (3by — Cu)VarVs

2
vy = Oy = hytly + Ry, — € [w Uz + WolaVy + wvvz}

1 3 1 1
+§auuui + Eauvuivm + (avv + buv - §Cuu) uazvi + (bvv - §Cuv) Ui:|

where
W=Dy — Qu- (2.13)

The linear terms in € can be eliminated from equations (2.12) by a canonical transfor-
mation, as it follows from

Lemma 2.1 The canonical transformation

u(z) = (r) = u(z) + e {u(z), F} + O(e)
v(x) = 0(x) = v(x) + e {v(x), F} + O()

generated by the Hamiltonian
F = /f(u,v) dx (2.14)
transforms the Hamiltonian H in (2.11) as follows
H— H=H—e{H F}+0O()
H:/[h(a,@)ﬂ(mﬁmx) +...] dx
with

w= ﬁf} - ~11 =w+ (huufv'u - hvvfuu>~

Therefore any Hamiltonian of the form (2.11) can be reduced to the form

2

H—Hg—l—EZHQ_/[h—%(aui—l—Zbumvvacvﬁ) dx (2.15)

where the terms of order € have been eliminated by a canonical transformation. The
system of the form (2.12) can then be reduced to the form (1.3) (see above).

10



Let us compute the general solution to the leading term of (1.3) obtained by setting

e=0, ie.
Uy . huv hvv Uy
(o)=Ce) () 21

We will consider systems for which the eigenvalues h,, + \/hyuhe, of the above matrix
are distinct, namely

huu hvv # 0.

We will deal with smooth initial data only. A solution u = u(z,t), v = v(x,t) is called
nondegenerate on a domain D C R? of the (z,t)-plane if the Jacobian

det ( Yo Ut ) = Nuti2 — v # 0 (2.17)

Ve Ut

does not vanish V (z,t) € D. The following version of the classical hodograph transform
will be used for the local description of nondegenerate solutions.

Lemma 2.2 Let u = u(z,t), v = v(x,t) be a solution to (2.16) nondegenerate on a
neighborhood of a point (zg,ty). Denote uy = u(xg,to), vo = v(xo,ty). Then there exists
a function f = f(u,v) defined on a neighborhood of the point (ug,vo) and satisfying the
linear PDE

huufvv = hvvfuu (218)
such that on a sufficiently small neighborhood of this point the following two equations
hold identically true,

T+t hyy (u(z, t),v(z,t) = fuo (u(z,t),v(x, 1))
(2.19)
thyy (u(z,t),v(x,t) = fo (u(z,t),v(x,t)) .
Conversely, given any solution f = f(u,v) to the linear PDE (2.18) defined on a

neighborhood of the point (ug,vo), then the functions u = u(x,t), v = v(x,t) locally
defined by the system

xT —f—thuv (U7U) - fuv (U,U)
(2.20)
thvv (U,'U) = fvv (U,'U) .

satisfy (2.16) provided the assumption

13 huuv - fuufu t huvv — fUU'L)
M(mwﬁwmmﬁm) (2.21)

1
= h_m; [huu(t hvvv - fvvv)2 - hvv(t huvv - fuvv)2:| 7& O

11



of the implicit function theorem holds true at the point (ug,vo) such that

zo + tohuw (o, Vo) = fuw (U0, Vo)
(2.22)

tOth <u0a UO) = fvv (Uo, UO) .
Proof For the inverse functions z = x(u,v), t = t(u, v) one obtains from (2.16)

Ty = huutv - huvtu
(2.23)
Ty = _huvtv + hvvtu-

This system can be recast into the form

9 (x+thy) = g(t Pow)

ou ov
0 0

Hence there locally exists a pair of functions ¢ = ¢(u,v), ¥ = 1 (u,v) such that

x+thuv:¢vy thuuzﬁbu
x+thuv = l/Jua thvv = ¢v-

This implies

va - %
Therefore a function f = f(u,v) locally exists such that
o= fu, Y= fo

Thus
thuu:fuua oy :fvv~
The linear PDE (2.18) as well as the implicit function equations (2.19) readily follow.

The proof of the converse statement can be obtained by a straightforward computation
using the expressions derived with the help of the implicit function theorem

fvvv —t hvvv fuvv —1 huvv
Ug = —F Vp = (=
D D
fmw —1 hvvv fuvv —1 huvv
= huv— - hvv—
B D D
fuvv —1 huvv fuuv —t huuv
= _huv— hvv—
v D D
(here D is the determinant (2.21)). O

Remark 2.3 Observe invariance of the implicit function equations (2.19) with respect
to transformations of the dependent variables (u,v) preserving the antidiagonal form
(2.9) of the metric n.

12



3 Hyperbolic case

In this section we study solutions to the system (1.3) when the unperturbed systems
(2.16) is hyperbolic. We will restrict our analysis to smooth initial data. We first derive
the generic singularity of the solution to the hyperbolic systems of the form (2.16) and
then we study the local behaviour of the solution of the system (1.3) with € > 0 near
such a singularity. Our first observation is that, in a suitable system of dependent and
independent coordinates, the system of equations (1.3) decouples in a double scaling
limit near the singularity into two equations: one ODE and one PDEs equivalent to
the Korteweg de Vries equation. We then argue that the local behaviour of the solution
of (1.3) near the singularity of the solution to (2.16), in such a double scaling limit is
described by a particular solution to the P% equation.

The system (2.16) is hyperbolic if the eigenvalues of the coefficient matrix
At = hyp £V huwhow (3.1)

are real and distinct, i.e.,
Pyl > 0. (3.2)

The proof of the following statement is straightforward.

Lemma 3.1 The hodograph equations (2.20) can be rewritten in the form
T+ /\+(U, U) t= M+(U,U)
(3.3)
T+ A (u,v)t = p_(u,v)
where

huu
>\:i: = huv + huuhvva Mt = fuv + h_ fvv- (34)

Denoting by r+ the Riemann invariants of the system, we get for their differentials

dry = Ky (i\/ P dte ++ A/ Py dv) (3.5)

where k1 = ki (u,v) are integrating factors. The leading order system (2.16) becomes
diagonal in the coordinates r, r_, i.e.

8t7“+ = )\+(7‘)8z7“+
(3.6)
Or— = A_(r)0,r_.

It is convenient to write the hodograph equations (3.3) in terms of the Riemann in-
variants r = (ry,r_)

AL ()= s (1)
(3.7)
r+A(r)t=p_(r)

13



where the functions p+ = p4(r) must satisfy the linear system

Opy _ py —p 0Ny Op py —p 0N
37“_ A+ — A_ 87’_ ’ (97“_,_ )\+ — )\_ 8T+

(3.8)

equivalent to (2.18). The functions p (), p—(r) have to be determined from the system
(3.8) along with the conditions at ¢t =0

ri(z) == ri(u(z,0),v(x,0)), r_(x)=:r_(u(z,0),v(x,0)) (3.9)
and

v = pa(ry(z),r(z))

for given Cauchy data u(x,0), v(x,0) for the system (2.16). It is easy to see that such
a solution is determined uniquely and it is smooth on any interval of monotonicity of
both initial Riemann invariants 7, (x), r_(x) provided the values of the characteristic
velocities Ay (r(x)) := AL(ry(z),r—(z)) on the initial curve are distinct

Ap(r(x)) # A-(r(x)).

Our first goal is to derive a normal form of the system (3.6) near a point of gradient
catastrophe of the leading term (3.6). The limiting values of the solutions ri(x,t) to
(3.6) at the point of gradient catastrophe (zo,ty) will be denoted

r) =1l (20, t0).
Let us also introduce the shifted dependent variables denoted as
Ty =74 — Toj: (310)
and the notation
M) = )\i('rg,r(l)
etc. for the values of the coefficients and their derivatives at the point of catastrophe.

In the generic situation the z-derivative of only one of the Riemann invariants
becomes infinite at the point of catastrophe. To be more specific let us assume

Opr—(z,t) = 00

0p14(,t) — const for ==z, t—to. (3.11)

We say that the point of catastrophe (3.11) is generic if

ON_(r)
or_

A= |lr—po # 0 (3.12)

and, moreover, the graph of the function r_(z,ty) has a nondegenerate inflection point
at x = xg.

14



Introduce characteristic variables
Ty =1 — 10+ NL(t — o) (3.13)

at the point of catastrophe. One can represent the functions r. = ry(x,t) as functions
of (xy,x_). Let us redenote 7y = ry(x,,z_) —rl the resulting transformed functions.
It will be convenient to normalize? the Riemann invariants in such a way that

. { 1, B9, and h%, >0

0 __ _
TR VL, RO, and RO, < 0. (3.14)

Lemma 3.2 For a generic solution to the system (3.6) there exist the limits

Ry(X4, X)) = lim k™2 (KX, kX_)

k—0

(3.15)
R_(X4, X_) = lim k"3 (K*3X kX))

k—0
for sufficiently small | X+| satisfying
X, - X_
—F < 0.
Y — A

The limiting functions satisfy the system

X+ = R+
(3.16)

1
X_=BX,R_— 6733

with
a = — 1A, (3.17)
ho Ko ho RO
3h0 /hgu _ 3h2vv hgv + uuu"vv TPvovCuu

1
R U NS

Proof A generic solution to (3.6) for ¢ < ¢, is determined from the implicit function
equations (3.7). At the point of catastrophe of the Riemann invariant r_ one has

,U(l7_ — to)\(l7_ = O, ,U(l _ - to)\(l7__ =0 (318)

where we use notations similar to those in (3.12)

op— 0PN
o _ [9k- o _
He- (07’_ )TTO A ( or? )T:TO

2Sometimes a different normalization of Riemann invariants is more convenient - see, e.g., (5.11)
below.

15



etc. The point is generic if, along with the condition (3.12) one also has

pl . —toX , #0, pl =X #£0. (3.19)

Expanding equations (3.7) in Taylor series near the point (r9,r?) and using (3.8) one
obtains, after the rescaling

Ty = k2/3X+, r_=kX_

(3.20)
F.=k"PR,, 7. =k/"R_
the relations
Xo= (uf — A} }) By + O (k')
P 1
X_ = —M X+R_ + 6 (Hz(l,___ — t0>\_7___) R?i + O (kl/?’) .
+ —
O

Applying a similar procedure directly to the system (3.6) one obtains the following

Lemma 3.3 The limiting functions (3.15) satisfy the following system of PDEs

OR.
ox. !
(3.21)
OR_ OR_
0X, ARG
where the constant (3 is defined in (3.17).
Proof Using
g 1 9 00
ory A=)\ |9t T ox
(3.22)
o 1 a9 _/\02
0z A= X0 ot T ox
we obtain from (3.6)
ory Ap(r) = A Ory _ 1 0 = 0 = a1 O+
i U v rii e Ul LS AR S el
or— A (r)=Xor_ 1 0 0 g OT—
il v i el vy L e e Dl
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Substituting

87"4_ _ 87‘+ 1 87“_|_ _ 6R+ + kj_l/g 6R+
Jr  Oxry Ox_ 0X 0X_
or_ _ or_ N or_ _ s OR_ Y OR_
Jr  Oxry Ox_ 0X 0X_
in (3.6), we obtain, in the limit £ — 0, the equation (3.21). O

Let us proceed to the study of solutions to the perturbed system (1.3). Choosing
the Riemann invariants ry = ry(u,v) of the leading term as a system of coordinates
on the space of dependent variables, we obtain the system (1.3) in the form

Oy = A ()durs + € [CHMPEry + CTMEr_+...] + O ()

(3.23)
Or— = A_(r)der— + € [CL(NPry + CZ(NPr_+...] + O ()
with
C+:ahvv+2b\/huuhvv+0huu CJFZH_—&—Chuu_ahvv
- 2 V huuhvv 7 K— 2\/ huuhvv ’
(3.24)
C;:/f;ahvv_Chuu’ C::_ahvv_zb huuhvv_'_Chuu'
Ky 2 huuhvv 2 huuhvv

We are now ready to prove the first result of this Section.

Theorem 3.4 Let ry = ri(z,t;€) be a solution to the system (3.23) defined for |x —
xo| < &, 0 <t <7 such that

e there exists a time ty satisfying 0 < to < 7 such that for any 0 <t < ty and sufficiently
small |z — x| the limits
re(z,t) = lir% r(z,t;€)
€—

exist and satisfy the system (3.6).

Let us consider the solution ry(z,t) represented in the hodograph form (3.7) and,
assume that
e it has a gradient catastrophe at the point (zo,to) of the form described in Lemma 3.3;
e there exist the limits

R (Xy, X_;e) = lim 2B (KX ke Xy K7/%)

(3.25)

R_(Xy, X_;e) = lim V3 (KX k X KT/Se)
—

17



e the constants o, B, v in (3.17) do not vanish and S~ > 0;

e the constant

C—(r° h® — 2by+/h0 hO ho
p —_ —(T ) — Qo VU 0 U VU + Co uu 7& 0 (326)
2/h0 ho 4hg,hY,
Then the limiting function R = R_(Xy, X_;¢) satisfies the KdV equation

OR_ OR. , OR_

The limiting function Ry = Ry (X4, X_;€) is given by the formula

2
R+ = 0671X+ — 520' aa% (328)
where
. Ci(?"o) . Coh?m — aohgv (3 29)
T T O RO RD, 4RO IS, '

A solution r4(x,t; €) to the system (3.23) with a hyperbolic leading term satisfying
the assumption (3.12) along with

a#0, B#0, v#0, By>0, CZ(r")#0 (3.30)

will be called generic.

Conjecture 3.5 A generic solution to the e-independent Cauchy problem for the generic
Hamiltonian perturbation of a hyperbolic system (2.16) containing no O(e) terms near a
generic point of break-up of the second Riemann invariant admits the following asymp-
totic representation

ri(w,te) —rl =€l [Of_lﬂﬁr BEkesl Uxx (V_x_ VJJJF)] +0 (66/7)

3 6/7 0 4T
o _ vl vx vimy 4/7
r_(z,te) —r. = B U<66/7’ 64/7)+O(€ )
vy = (x — x0) + AL(t — 1) (3.31)

(N (8
- 123,037 ) + 122p273

with o, 8, v and p defined in (3.17) and (3.26) respectively and where U = U(X,T) is
the smooth solution to the P% equation

1

1 1
6U3 + 5 (U3 +2U Uxx) + =—Uxxxx (3.32)

X=UT-
v [ 240

18



uniquely determined by the asymptotic behavior
1
UX,T) =F(6|X)"*F 562/3T|X|‘1/3 +0(X|™),  as X — 400,  (3.33)
for each fized T € R.

The existence of such solution to the P? equation has been conjectured in [43] (for
T = 0 such a conjecture gas already been formulated in [18]) and proved in [27]. See
Figure 1 below for a plot of such solution in the (z,¢) plane.

Figure 1: The special solution to the P? equation for several values of .

Recalling that the function U(X,T) satisfies the KdV equation
1
UT+UUX+EUXXX:0, (3.34)

the asymptotic formulae (3.31) meet the following two conditions:
e for t <ty the solution (3.31) tends to the hodograph solution (3.16) as € — 0;

e near the point of break-up the rescaled Riemann invariant r_ approximately satisfies
the KdV equation (3.27) while the rescaled Riemann invariant 7, admits an approxi-
mate representation (3.28). Indeed, choosing

k=87

one obtains
c=1.
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So, after rescaling of the characteristic variables

122243 T 123 3 7
o (200 - (20

one derives from (3.27) that the rescaled function

s (B
R—(12p R

satisfies the normalized KdV equation (3.34),

OR_ . OR_ 1 0R_
— 4+ R ——+——+—=0
X, oxX_ 12 9X3

Moreover, for large X_ and negative X+ it behaves like the root of the cubic equation

The function

is a solution to KdV satisfying these properties. Returning to the original variables 7_,
T4 one arrives at the formula (3.31).

4 Elliptic case

In this section we study solutions to the system (1.3) when the unperturbed systems
(2.16) is elliptic. We will restrict our analysis to analytic initial data. We first derive
the generic singularity of the solution to the elliptic systems of the form (2.16) and
then we study the local behaviour of the solution of the system (1.3) with ¢ > 0 near
such a singularity. We argue that such behaviour in a double scaling limit is described
by the tritronquée solution to the Painlevé I equation.

Let us now proceed to considering the elliptic case for the system (2.16), namely
huuhvv < 0. (41)

The initial data u(z,0) and v(z,0) are analytic functions. The Riemann invariants

dry = Ky hoo| dv 08/ Pyl du ),  K_ = K} 4.2
+

and the characteristic speeds
Ax = hyy £ isign (hyy) V| Puwho |- (4.3)
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are complex conjugate (the asterisk will be used for the complex conjugation),
e A=A}

At the point of elliptic break-up of a solution, written in the form (3.7), the following
two complex conjugated equations hold

0 _ 0
fy v = Ay i o

(4.4)
u(l,_ = /\(17_750-
The characteristic variables at the point of catastrophe are defined as
Ty = (x — m0) + AL( — to) (4.5)

and are also complex conjugate. One can represent the functions ry = ri(x,t) as
functions of (x,,z_). Let us redenote 7+ = ry(zy,r_) — rQ the resulting shifted and
transformed Riemann invariants.

Lemma 4.1 For a generic solution to the system (3.6) near a point of elliptic break-up
the limits

Ry(Xy) = lim KV (kX k XC) (4.6)
_)
exist and satisfy the quadratic equation
1
X; = 5%31 (4.7)
with

In the sequel it will be assumed that

(this condition will be added to the genericity assumptions).

Proof Differentiating the hodograph relations (3.7) one obtains
fp— —tAp =0, p_y—tA_ L =0.

Moreover, differentiating (3.8) one finds that

Pt —E A4 4
=t =N o/
M+ +,+ +, SV
o —tA__
e —tA =
H—+ —+ + A — A
o —tA__
o=t = A ’
M, +, +, A — A



Hence, due to (4.4), all these combinations of the second derivatives vanish at the
break-up point. Expanding the hodograph equations (3.7) in Taylor series near the
point of catastrophe, one easily arrives at (4.7). O

Choosing Riemann invariants vy = ry(u,v) of the leading term as a system of
coordinates on the space of dependent variables, and x4 as independent variables, the
system (1.3) takes the form

Oy = A (r)durs + € [CHMPry + CTH(MPEr_+...] + O ()

(4.10)
Or— = A_(r)der— + € [CL(NPry + CZ(NPr_+...] + O ()
with
C+:ahw+2ib |hwhoy| + € g, C+:/<;_+chuu—ahw
" VAL T R 2B
(4.11)
_ Ko Ghyy — Chyy _ ahy, —2ib | P | + € Py
= _

N 2in/Traltos]

As above we will denote 7 = 7 (2, z_;€) a shifted generic solution to the system
(4.10) with e-independent initial data written as functions of the complex conjugated
linearized characteristic variables (4.5). Like above we will be interested in the multi-
scale expansion of these complex conjugated functions

Pi(Ty,To€) = KY2Ry (X1, X_je) + kARy (X4, X_je) + O (K*?) (4.12)
ry=kXy, e=k"e, k—0.

We will now show that existence of such expansions implies that the leading term is a
holomorphic/antiholomorphic function

OR+

=0
0X+

satisfying an ODE.

Theorem 4.2 Let ry(x,t,;€) be a solution of the system (4.10) such that there exist
the limits
Ru(Xy, X_e) = lim ke (KXo, kX_; kie)
—
(4.13)

r L2yl '
ARy (X, X j¢) = lim re(hXy kX i kie) — k2R, (X4, X ;¢)
- k—0 k’
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Then the function Ry = R, (X, X_;¢) satisfies the Cauchy—Riemann equation

IR, (X1, X s¢)
=0 4.14
o (4.14)
and also the equation
OR, PR,
)\17+R+E + 520_-:__(7“0) 8X§r = CL (415)

where ¢y is a holomorphic function of X, such that

)\0
cr(X;) = ;’Jr +0(1/X3), as X, - oo and §>0. (4.16)
+

Here C has been defined in (4.11). The function R_ = R_(X_;¢) is antiholomorphic

and satisfies the complex conjugate of (4.15). The function AR (X, X_;¢e) satisfies
the equation

0
(A2 — Ag)aTAm =X _R_

OR, o .. o.0°R_
ox, TG

+oy, (4.17)

where C* has been defined in (4.11). The function AR_(Xy, X_;e) satisfies the com-

plex conjugate of the above equation.

Proof In order to prove the theorem it is sufficient to plug the expansion (4.12) and
(4.13) into equation (4.10) giving the following expansions

- 8R+ aAR-I— 9 —a
08 - 0) SEE 4 (00 =20 T (R 00 ) (5 g ) Be
9 o\’ 9 oY
5t 0 21— (.0 7 — 1/2
te o) (8X+ i aX_> o ) (6‘X+ " aX-) =0 ")
OR._ OAR_ 9 0
—1/2 (y0 _ o) 98— 0 0 0 0
VRO = XD) G (O =) e+ (LR A0 R ) (a)g + ax) B
o 2\ o, oY
2 ~+/.0 2 ~v—/,..0 - — 1/2
reer) (8X+ " ax-) By 470200 (3X+ i 8X—) R-=0 (")
(4.18)
Since A} # A2, from the leading term it readily follows that
OR, OR_
ki —~—— 0. 4.1
ax =% ax. =" (4.19)

Separating holomorphic and antiholomorphic parts in the terms of order O(1) one
arrives at equations (4.15), (4.17) and their complex conjugates.
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Equation (4.15) must have a solution with asymptotic behaviour determined by
(4.7), namely

2X
R+(X+) — =+ _+, as X+ — OQ. (420)
a+

This immediately gives that c, is an analytic function of X, with asymptotic behavior
at infinity

(X)) = A;‘)“* +O/X%), §>0 c (X_)=c (X)) (4.21)

O

Assuming ¢, = const we arrive at an ODE for the function Ry = R, (X) equiva-
lent to the Painlevé-I equation,

1 A0
e2CT(ro) R + §>\$+Ri = ;*, (4.22)
+

with asymptotic behaviour (4.20). The complex conjugate of the above equation gives
the corresponding Painlevé-1 equation for R- = R_(X_). If we linearized the incre-
ments of the Riemann invariants we obtain

re = =kl (VIR (0 = o) £ iv/IR0 ] (u = w) ) + O(F). (4.23)

For simplicity we normalize the constant k% to

0 0
0 0 { 1, R%, <0and A2, >0 (4.24)

M TR T /ST, R, >0 and RO, < 0.
From (4.22) and (4.23) we arrive at the following

Conjecture 4.3 The functions u(z,t,€) and v(x,t,€) that solves the system (1.3) ad-
mits the following asymptotic representation in the double scaling limit x — g, t — tg
and € — 0 in such a way that
x—xo+NL(t—1t
. f( 0) (4.25)

€5

remains bounded

VI (0,1, €) — o)+ i/I0] (e, 1, €) — o) = —12 <(1§(%)) Q(E) + Och),

(4.26)
where

(A,)? o 0
- (12a+e4<ci<uo, vo>>2) (@ =0+ Ay (t = 1o)) (4.27)
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where ay and Cf (ug, vo) have been defined in (4.8) and (4.11) respectively and Q = Q(€)
18 the tritronquée solution to the Painlevé-1 equation

Qge = 607 — ¢, (4.28)

determined uniquely by the asymptotic conditions®

4
Q&) ~ =/, [§] = o0, Jargg| < g7r. (4.29)

The smoothness of the solution of (4.28) with asymptotic condition (4.29) in a sector
of the complex z-plane of angle |arg z| < 47/5 conjectured in [46] has only recently
been proved in [30]. For a plot of such solution in the complex plane see [46].

Remark 4.4 Observe that the tritronquée solution to the Painlevé-1 equation is in-
variant with respect to complex conjugation

Q(E) = o). (4.30)
So the asymptotic representation of the linearised Riemann invariant \/|h9,| (v(z,t,€)—
vo) — i/ |h0,| (u(z,t,€) — ug) is given by the complex conjugate of (4.26).

Remark 4.5 We write the constant ay in the form

1 ct\’ .,
— = ( 0+ ) ge',
a+ b+

with ¢ > 0 and ¢ € [—7,w]. One can check that when ¢ =0 and t =ty the quantity &
defined in (4.27) has to be purely imaginary, and this gives a rule for the selection of
the fifth root, namely

o qelw ; )\0
E=1i 1o (x — 20 + AL(t = o))

Note that the angle of the line & = &(x — xg) for fized t, is equal to g—i-% with

7
Y € [—m, 7|, thus the mazimal value of arg& is equal to 0" < £

In the next subsection we consider an alternative derivation of the P; equation
for a subclass of Hamiltonian PDEs having the structure of a generalized nonlinear
Schrodinger equation.

3Note that there are additional tritronquée solutions €2,,, n = £1, 42, related to Q via Q,,(¢) =
4mi

5 0(eF).
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4.1 Painlevé-1I equation and almost integrable PDEs

In this subsection we give a different derivation of the conjecture 4.3 for Hamiltonian
equations (2.16) with Hamiltonian Hy = [ h(u,v) dz satisfying equation

huu = Pl,(“)hvv (431)

for some smooth function P(u), with P”(u) < 0. We will see below that, in particular,
a very general family of nonlinear Schrédinger equations belongs to this subclass. The
condition

h
= P'(u) <0 (4.32)

guarantees that the unperturbed quasi-linear system is elliptic.

A local solution of the system (1.1) with h(u,v) satisfying (4.31) for given analytic
initial data wug(z), vo(z) takes the form

thyy = 1, (4.33)
where the function f = f(u,v) satisfies equation
Juu = P" () fu (4.34)
and the condition
z = fu(uo(z),vo(x)), 0= fo(uo(),uo(x)). (4.35)

The equation for determining the point of elliptic umbilic catastrophe characterized by
equation (4.4) in the variables u and v takes the form

huvvt()_ 31;:0
RS to— [0 =0

VUV v

(4.36)

and the constants a4 takes the form
at = va - toh?wv'uv == V |P”(U0)‘( va - toh?)vvv)' (437>

To study the critical behaviour of solutions of (2.12) we first restrict ourselves to
the almost integrable cases and recall some results in [44]. We describe Hamiltonian
integrable perturbations of equation (2.16) up to terms of order O(e?).

Theorem 4.6 [//] Any Hamiltonian perturbation integrable up to order € of the sys-
tem of equations (2.16) satisfying (4.51) is given by equations

dH},

w =0 dv(x)
L, SH, (4.38)

v “ou(z)
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with Hamiltonian Hy, = [ Dhdx and Hamiltonian density Dh given by

2 1
Dh=h— % { |:P//(puh'vvv + pvh'um;) + EPmpvhvv] u?g

" 4.39
+ 2 (P”pvhmm + puhuvv + mpuhvv) Uz Vg ( )
+ (puhm}v + p'uhu'uv) /Ug2'; + s3 (U?g - PUUZ) hvv} + @ (63) )
where the function p = p(u,v) satisfies the linear PDE
P///
Puu — Pl’pvv = W Pu (440)

and s3 = s3(u,v) is an arbitrary function. For any function f = f(u,v) that satisfies
(4.34) the corresponding Hamiltonian Hy given by an equivalent expression to (4.59),
Poisson commute with Hy, up to €, namely

{Hy, Hy} = O(€%).

Furthermore, a class of solutions of the system (4.38) characterized by an analogue of
the string equation is given by the following theorem.

Theorem 4.7 [44] The solutions to the string equation

OH  6Hy
Su(z)  Su(w)

x+t

(4.41)
SHy — 6H;

! dv(x) a dv(x)

also solve the Hamiltonian equations

dH},
dv(z)

ut:am

(4.42)
ot
du(x)

where f = f(u,v) is another solution to fu., = P"(u)fu., and

o
o’

Ut:a'p

h

We remark that (4.41) is a system of couple ODEs for v and v having ¢ has a parameter.

We can apply to the system (4.41) the rescaling (4.12). Let us first introduce the
Riemann invariants for the Hamiltonians Hj satisfying (4.31)

ry =v+iQu), Q(u)=+/P"(u).
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Choosing the Riemann invariants ry = ry(u,v) as a systems of coordinates on the
space of dependent variables one can write the string equation (4.41) in the form

2 2
T4 At =y + € <C+aa—'r++0+aa—r + . )

o o (4.43)
T+ t=pu_+e€ (C+8 27’++C’_a—r +. )

where the coefficients C£ are as in (4.11) with a = a(u,v), b = b(u,v) and ¢ = ¢(u,v)

obtained by comparing the Hamiltonian Hy — tH,s to the general form (2.15).

Proposition 4.8 The string equation (4.41) in the scaling (4.12) reduces to the Painlevé
I equation

1 2 2 C'i(uo, v) 0
X+ = §CL+R+ + € ay )\3_7+ 8X3_

1 C:(UO Uo) 82
X_ - Za_ 2 2 B )
2a R~ 4+ €%a )\9’_ X2

Ry
(4.44)

R_

where CT and C~ have been defined in (4.11) with a = a(u,v), b = b(u,v) and ¢ =
c(u,v) obtained by comparing the Hamiltonian (4.39) to the general form (2.15), ax as

0
in (4.8), \i 1 = E)‘i’ri:ri'

Proof Using the Riemann invariants as a system of dependent coordinates the string
equation (4.41) takes the form (4.43). Changing the independent coordinates (z,t) to
(x4, 2z_) defined in (4.5) and performing the scalings (4.12) one obtains for £ — 0

1 o\’
X, = §aiRi + Zax(p) £iv/|PY]p0) ( @X ) R, (4.45)

where Py = P(ug,v0). Requiring the compatibility of the leading order expansion of
the string equation with the leading order expansion of the system (4.10), we get that
(4.19) has to be compatible with (4.45), namely

82

1 .
X, = 5%31 + 2ax(pd + z\/\P6’|p8)—8X2 Ry (4.46)
+

which is equivalent to the Painlevé-I equation. We observe that the quantity p? +
i/|PY|p° can be rewritten in the form

O+
o+ i/ TR0 = Sl ) (4.47)
)‘+,+
//l
AL+ = huwe + thowV/ | P + —55 P (4.48)

4P//
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with CT as in (4.11). In a similar way one can write the complex conjugate. Therefore
equations (4.46) can be written in the form (4.44). O

We finish this subsection by observing that for a subclass of Hamiltonian PDEs
of the form (1.3) with hy, = P”(u)h,,, one can find solutions to quasi-integrable and
non-integrable perturbations of the form (1.3) that are close at leading order up to the
critical time t.

Lemma 4.9 For any Hamiltonian system of the form (2.12) with hy, = hywP"(u),
there exists an almost integrable system of the form (4.39) such that the two systems of
equations tend in the multiple scale limit described in theorem 4.2 to the same equations

(4.18).

Proof 1t is sufficient to show that for given a = a(u,v), b = b(u,v) and ¢ = c(u,v)
one can find p,(u,v), p,(u,v) and s3(u,v) such that at the critical point (ug,vo) the
following identities hold:

VVU v Tuvv v Vv

1
ao = By (puhiyu, + Poliw, = $3h0,) + S B0 PUI
/1!

P
bo = PUpORO, 4+ 0RO 4 1O 050 (4.49)

v 'vvv uUVY g pr v o
0

Co = ,O?thm; + pgh?wv + Sghgv‘

The constants p? and p2 can be chosen in an arbitrary way since they solve the second
order equation (4.40) and s3(u, v) is an arbitrary function. The system (4.49) is solvable
for p2, p2 and s as a function of ag, by, co- O

For a given inital datum the solutions of two different Hamiltonian perturbations
of the form (2.12) with the same unperturbed Hamiltonian density h(u,v) satisfying
huw = hywP” (1), have the same approximate solution for ¢ < ¢y. From our conjecture 4.3
it follows that the solutions near the critical point have the same leading asymptotic
expansion if the coefficients of the two systems satisfy at the critical point the relation
(4.49).

5 An example: generalized nonlinear Schrodinger
equations

Let us now consider the example of generalized nonlinear Schrédinger (NLS) equations

iewt+§wmiV(|wl2) =0, €>0, (5.1)

where ¢ = 1(z,t) is a complex variable and V' is a smooth function monotone increasing
on the positive real axis. The case V (u) = u is called cubic NLS, the case V(u) = u?/2
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is called quintic NLS and so on. The case with positive sign in front of the potential V' is
the so-called focusing NLS, while the negative sign corresponds to the defocusing NLS.
For sufficiently regular V' the initial value problem of the defocusing NLS equation
is globally well posed in some suitable functional space , see [58, 15] and references
therein, while the solution of the initial value problem of the focusing case is globally
well posed when the nonlinearity V (]1|?) = |¢]?, [58]

Equation (5.1) can be rewritten in the standard Hamiltonian form (2.10) with two
real-valued dependent functions, the so called Madelung transform

o, v=S (Y2 e
e ”_%(w w)

(the star stands for the complex conjugation). Then equation (5.1) reduces to the
system of equations

ur + (uv), =0
(5.2)
v? €2 Upe U2
The above system can be written in the Hamiltonian form*
oH
Or—— =20
et dv(x)
(5.3)
oH
om =0
v du(x)
with the Hamiltonian
1 2 62 2 /
H= Fuv+ W(u) + Sl de, W'(u)=FV(u). (5.4)
u
The semiclassical limit of this system
u + (uv), =0
(5.5)

2

v + Oy [% == V(u)] =0,

is of elliptic or hyperbolic type respectively provided V' (u) is a monotonically increasing
smooth function on the positive semiaxis.

40bserve the change of sign in the definition of the Hamiltonian (cf. (2.10)). The normalization
used in the last two sections of the present paper is more widely accepted in the physics literature.
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Another interesting NLS type model is given by the nonlocal NLS equation [28],[105],[57],

2
i€vs + S £ 00 = 0

0 — 6277 ‘9069[: = |¢|27

where 7 is a positive constant. In the slow variables u, v this nonlocal NLS model can
be equivalently written as

(5.6)

ur + (uv), =0 (5.7)
€ (U2 Uy

Ut‘i"UUx:Feg;—f-Z(QuQ—T)w:O (58)

0 — €10, = u. (5.9)

Writing 6 from the last equation as the formal series
0=u+ 627] Uy + e4n2umm + ...
and keeping terms up to order €2 only, one arrives at a system of the above class

g + (uv), =0

2 2
Vp + VU, F Uy + EZ ( s %) F 627] Ugpgy = 0(64).

The nonlocal NLS can be written in the Hamiltonian form (5.3) with the Hamilto-
nian H = [ h dz and

1, , 1l 2.2 .
h=— + A T 5.10
2UU:F2 6n2+8u+0(e) ( )

The above Hamiltonian coincides with the one of the cubic NLS when n = 0.

We are going to study the critical points of the solutions of the system (5.5) for
some initial data and then the solutions of equation (5.1) or (5.6) for the same data
near the critical points of the solution of (5.5). We first treat the hyperbolic case.

5.1 Defocusing generalized NLS

The Riemann invariants and the characteristic velocities of equation (5.5), in the hy-
perbolic case, are

V/
re=v+Qu), Q(u)= (u), A =vEuV'(u). (5.11)
u
The general solution to (5.5) can be represented in the implicit form

r = vt+f,
(5.12)
0 = ut+ f,
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where the function f = f(u,v) solves the linear PDE of the form (2.18)
_ V()

U
u

Jfu foo- (5.13)

The coordinates (ug,vy) of the point of a generic break-up of the second Riemann
invariant r_ can be determined from the system

ne B L
Uo U
(5.14)
0 _ V3 40 +V0/_U0V0” 0
uvv uo vUv 4u0‘/0/ vU”
In the Riemann invariants the system (5.2) reads
2
Oyry + (v + uV’(u)) Opry = - [O3ry —Or_+ ... ]. (5.15)
8/ uV'(u)
The asymptotic representation of the shifted Riemann invariants
1
ry — 1)~ \/_U_o [\/uo(v — ) £/ Vy(u— uo)]
is given as a function of the shifted characteristic variables
Ty = (xr —x0) — (vo + u0V0’> (t —to)
in the form (3.31) with
a=2 Y5 fo
\/u_o VU
5 _ _U()VE)” + 3‘/8
8\ / U()Vb/g
(5.16)
o [ Vi wW g S 2wV — sV VY
uvVY 0 VVVV 4“0‘/8 VUV 32Ug/2‘/0/5/2 VU
B 1
SR TIN
B 1
In particular for the nonlocal defocusing NLS equation, the shifted Riemann invariants
1
ry—1rY o~ \/_U_o Vuo(v — ) £/ Vg (u— uo)]
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as functions of the shifted characteristic variables
Ty = (r—x9) — <v0 + uOVO’> (t —to)

behave in the vicinity of the point of gradient catastrophe as in (3.31) with a, § and =
as in (5.16) with Vj = 1 and p and o given by

1 —4nug
=0 _ 5.17
T a (5.17)

5.2 Focusing generalized NLS

The Riemann invariants and the characteristic velocities of system (5.5) in the elliptic
case are

re =v+iQu), Q'(u)= m, Ay = — <v iz\/uV’(u)) :

u

The general solution of (5.5) is obtained via the hodograph equations

vt + fu(u,v) =z

5.18
ut+ fy(u,v) =0 (5.18)
where the function f(u,v) solves the linear equation
V'(u

The point of elliptic umbilic catastrophe is determined by the equations (5.18) and the
conditions
fuu=0, t+ fu, =0. (5.20)

The asymptotic formula (4.26) near the point of elliptic umbilic catastrophe takes the
form

v ect .

v — Vg + i u—o(u—uo) =—12 (m Q(¢) + O(e7), (5.21)

where )
00\ o
é.: m (:L‘—xo—(vg—i-z uO%)(t_tO))

and 11 3wV

Cf == AN =2 00 g0l 0 5.22

+ 8 \/m’ +,+ 4 4‘/8 ; A4 uV +ZQ0 VUV ( )
/

and Q) = /" vy = vi(ug), @) = @), Vi = V(o)
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Remark 5.1 In the formula (5.21) the convention for choosing the fifth root is defined
by the following condition: for symmetric initial data and t = to the argument of the
tritronquée solution has to be purely imaginary. So, defining

7

ay =

rew
one arrives at the formula
1
V! e2r2e?v ’ s
v —vg + iy [ —2(u — ug) = 6i Q&) + O(ed), (5.23)
o 0,/ (3V + ugy)

where

1

S u re’\® ,

£= (70 3V + i) ) (@ — 20— (vo + i/ VD) (E—to).  (5.24)
0

Remark 5.2 In the focusing nonlocal NLS model (5.6) the behaviour of the solution
near the point of elliptic umbilic catastrophe is given by the expression (5.21) with a
and X} | as in (5.22) and

ot _1 + 4dnuyg
TN
that s,
1 (E2(1 + dnug)r2e?? 5 4
0=+ =) - oi (< 27% ) aoroe. 6
where

€= ((3“%) (z — 20 — (0o + ix/@0)(t — to)

1+ 4nug)?et

For n =0 such a formula was derived in an equivalent form in [46].

6 Studying particular solutions

The present section is devoted to the comparison of solutions to the defocusing and
focusing NLS equations with their unperturbed counterparts near the critical points of
solutions of the unperturbed system with, respectively, the asymptotic formula (3.31)
and (5.21). We consider various examples of nonlinear potentials V' and initial data.

Let us consider the Cauchy problem

ory ory  Or_ or_
at - >\+(7ﬁ+’7’7> ax ) at - )\7(7’4,77’,) ax ) (61)

ri(z,t=0)=p(z), r-(z,t=0)=p_(2)
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If the initial data @4(x) are bounded analytic functions of x, then in virtue of the
Cauchy-Kowalevskaya theorem (see [17]) 71 (x,t) are analytic functions in the variable
x up to the time t < ty where t; is the time of gradient catastrophe.

The implicit solution of (6.1) is given by the hodograph equations as
2= Ae(resr )t () (6.2
where 4 solves the system of linear PDEs equivalent to (5.13)

Oy pg — p Oy Y el
87”7 )\+ — )\7 87’, ’ 87’+ )\+ — )\, 8T+ ’

with the constraint

v = pi(ps(2), o (2), @ = p(ps(2), o (2)). (6.4)

6.1 Defocusing cubic NLS

The cubic NLS equation written as

2
. €
ZE@Z)t + 5¢xm - |¢|2¢ = 07

corresponds to the case V(u) = u, and the Riemann invariants and the characteristics
velocities (5.11) take the form

1 1
re=vE2yu, A = —Z(3r+ +ro), A= —Zl(r+ +3r_).

Let us consider an initial datum rapidly going to a constant value at infinity

re(z,t =0) = pi(x).

The solution of the corresponding quasilinear system (3.6) is obtained as described
below. Let us suppose that the initial datum ¢, (x) has a single positive hump at zy,
and that ¢_(x) has a single negative hump at x,, < x,;, and denote by hz/R(rJr), the
inverse of the increasing and decreasing part of ¢, (x) and by h, /R(r_), the inverse
of the decreasing and increasing part of ¢_(z) respectively. Since Ay > A_, it follows

that xp/(t) > x,,(¢) for all ¢ > 0. In order to obtain the quantities py(r4,7_) we use
the formula by Tian and Ye [118]:

o x> 1y(t)
hh(ry) o (x) o (2
ps (7 r)—h*(r)_# R/ d:c/ T —7rg (T_M)ch
+\I4+,7— R\ + 7T(7”+—7“—) - rH —T \/(7—_¢+($))<7_¢_(I>>
h;t r_ r_
(6.5)
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o 1, (t) <z < ap(t)

r+) w_ P+ (x)+o—(z)
2 il b e K
ry,r_) =hj(ry) - ——m dx -

fa (7, =) (rs) m(ry —r_) / T =T /(1 —pui(x) (T — p_(2))
(6.6)

o < 1,(t)

101) o () o+ (@) o (2)

() = )2 T Ty T dr dx

e ( ) (r+) 7T(T h ) T/ Ty —T \/(T—<P+<l’>>(7'—§07(37))
(6.7)

For different choices of initial data, more complicated relations can be obtained. Within
the interval of monotinicity of the function ¢4 the solution (6.5) can be written also
in the equivalent form [118]

¢—(00) T
(ror )= — 2 /+/ T g (r)d (6.8)
SR oy =) ry—T /87 ’
= ¢+(0)

with
7+ () te- (o)
0'(1) = 2 x(1)—
7 \/(T—w(OO))(T—w( ) )

7 <P+(w)+<P (z) I COR )
— 2 dx
/ ( 5’3))(7 —pi(@) V(T —p(00))(T - 90+(OO))>

(7)

(6.9)

where z(7) is the inverse function of ¢ (z) in the interval of monotonicity.

For the particular case v(x,0) = 0, u(x,0) = a’sech’z one has

1 4a® — 72
9/(7') = 5 IOg T

and for z > x ()

pa(r=,r_) = —log(\/2a +ry + v/2a +7r_) —log(y/2a — r +v/2a —r_) + log(ry —r_)
T (V@atr)@a+ ) —/2a—r)@a—r)). (6.10)

ry —T-

The critical point is obtained by the two equations (6.2) together with

0u_
4 or_ or?

=0,



which give the equations

(6.11)
\/%(&L +5r_ —ry) — \/%(&L —5r_+ry)=0.

Solving the above two equations together with (6.2) yields

r0 = 3(6 —V33)\/2V33 46, 0 = —§\/2\/§+ 6,

3V2
tg = 37\/_ 69 + 11v33, x9 = —2.209395255.
a

Bu_ 1 %2 — 3
87{2 B 2(r )t EQZ ?;5 (48a” + 3/27& +35/2r* — Tr_r, — 56ar_ + Sary)
- - T+ —r_
1 2 3
_ 20 ) E2Z i :+;5 (48a* + 3/2ri +35/2r* — Tr_r, + 56ar_ — Sar,)
- T+ _

(6.12)
The constants b = 12%, B,7 and « defined in (5.16) at the critical time are given
by
b_ 2 __ 8 _ 3(7 + /33)
Vio 8= 900/6+2/33
3 3. 9(7T+/33)
P T - vt Ve
P PN 2.3269
T <_ s 10 )TTO,HTO T
and

= 2.635171951.

r+:r3_,r_ =70

6.2 Defocusing quintic NLS

Let us now proceed to the case V(u) = u?/2. The Riemann invariants of the quintic
defocusing NLS

‘ € 1 4
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are given by
ry =v*+u.

The equations (5.5) reduce to the two decoupled Riemann wave equations
8,57} + ’l“j:a,ﬂ“i = 0,

which can be solved by the method of characteristics. For the initial data r4(z,0) =
p+(x), one has the solution in implicit form

re(@,t) = pe(§), v =p(Ot+E (6.13)
The point of gradient catastrophe is determined by the conditions
Fl(r)y=0, t+Fy(r)=0

where F. is the inverse of the decreasing part of the initial data p.(z). The constants

b= 12%, f and o defined in (5.16) at the critical time are given by

3 3 1 1 1 1
T T L Tv TP g E R

The constants « and 7y in (5.16) depend on the initial data and are evaluated for several
initial data below.

Symmetric initial data. We consider the initial data
u(z,t = 0) = Asech’z, wv(x,t =0) = —Btanh’z, B <A,

with A a positive constant. For such initial data, both r. have a point of gradient
catastrophe. The evolution in time of the decreasing part of r,(x,t) gives

VBT A+ VA1
\/B+T+ )

v =ryl+ Fi(ry), Fi(ry)=log (6.15)

The point of gradient catastrophe is given by

o 2A-B 3v/3 o V324-B V3+1
ry = y =, Ty = —— + log .
3 4(A+ B) 4 A+ B V2

The second Riemann invariant r_ (29, %) is determined from the equation 2 = r%¢% +
F_(r%) with

g\/A—B—i—\/A—HL

F(ro)=1 6.16
(r-)=lo V=B —r_ (6.16)
The constants v and « in (3.17) take the form
81v/3 A-B
=—F"0rY)) = —————, = (") 4% = — 4+,
7 ) =gy TR TR =3 AT (B4+) T
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The evolution in time of the decreasing part of r_(z,t) gives
r=r_t—F_(r_),
with F_(r_) as in (6.16). The point of gradient catastrophe is given by

0 24+ B 3V3 0 V32A+ B V3+1
T o= — T_ = 1

5 0 Tia-B T 1 4a-B a5

The constants v and « in (3.17) take the form

813
:F/// 0 _
7= 00 = s py

vVA+ B
2¢/A=7(B+719)

where 0 is determined from the equation 2% = r$t° — F}, (r}) with F (r}) as in (6.15).

a=—F(r}))+t2 = + 12

‘Dark’ initial data. We consider the initial data

u(z,0) = Atanh? %, v(z,0) = 0.

In the evolution of this initial data two points of gradient catastrophe occur, one at
xg < 0 for the Riemann invariant r, and one at xg > 0 for the Riemann invariant r_.
For this initial data the Riemann invariant r, (z,t) for x < z,,, where x,, is the point
of the minimum of u, takes the form

1+ (

=

1
v=rit—F(ry), Fi(ry)= ﬁlog

il

/N
Ny N
N—

with critical point

9A 25v/15 V5 1
0o _ 24 0 _ 0 _ V20 L oe(d+ V15).
=95 L= oap "+~ gp  ap o8t VID)

The point r? (29,¢%) is determined from the condition 29 = r2¢5 — F_(r?) with

1 ”(‘%)é

The constants v and « in (3.17) take the form

 78125V/15 ) 1
7T 3naep T o =
AAB (—7—) (~1+4/-=)



The evolution of r_(x,t) for x > x,,, where z,, is the point of minimum, is determined
by the equation
r=r_t+F_(r_).

The point of gradient catastrophe occurs at

9A 25v/15 V15 1
0 20 0 V00 V9 1og(4 4 V1),
~=% T map T sy Tap etV
The point 79 (° ,¢° ) is determined by the equation 2% = 79t +F., (r}). The constants

v and « in (3.17) take the form

78125115 . 1
’y =, o = t, — .
31104438 N 0
4AB (f) (~1+4/=)

6.3 Focusing cubic NLS

The case of the focusing cubic NLS equation

i€y + gwm + PPy =0
was considered extensively in [46].
For the initial data
Y(x,t =0) = Agsechz, or equivalently u = AZsech’z, v =0, (6.17)

the solution of the equations (5.5) in the elliptic case is given by

_ly4iA
r=vt+ R [arcsinh (%)] (6.18)

Oztu—ﬂ%[\/(—%v+z’Ag)2+u

(6.19)

and the function f(u,v) takes the form

v v 2 (=5 +i40)?+ /(=5 +ido)* +u
) = ——= A ) \/ <—— A > | 2 2
f(u,v) §R(2+20 u+ 2—|—zo + u log N
(6.20)
The point of elliptic umbilic catastrophe is given by
ug =242, vy =0, zo=0, ty= L
0 — 0 0o— Y 0o— Y 0 — 2A0
and
0o _ o _ _ Yo
uvv ? VUU 4A%
so that a, in (5.22) becomes ay = _Z.\/U_o

443
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6.4 Focusing quintic NLS

The Riemann invariants of the equation

, € 14
i€y + St + 501 = 0

are given by
Ty =0v+Uu, T_-=Tr,=0—1U

The equations (5.5) reduce to two uncoupled Riemann wave equations
atT:i: +ri8;,;ri = 0.

For the initial datum
ri(z,t = 0) = +iAsech’s,

the solution is given by
r=ryt+F(ry), cz=r_t+F(r.) (6.21)
where F is the inverse of the increasing part of the initial data (6.17), namely
Ag — /AE +1i
F(ry) = log 22 o Ty
\ Ur g

An equivalent result can be obtained considering the decreasing part of the initial data.
Comparing (6.21) with (5.18) one has

R(F) = fu, S(F) = fo, (6.22)

and it easily follows that f,, + fo, = 0. The point of elliptic umbilic catastrophe is
determined by the equations (6.21) and the condition

t+ F'(ry)=0
or
r =vt+ R(F)
0= ut + S(F)
v*(A§ — 3u) +u® — Aju® = %(2; (6:23)

v(3u® — 2uAf —v?) =0
The solution is given by

A Ao

Ao
, —c0s ————==10
QUO\/UO—Ag \/u_() 2\/U0—A(2)
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The constants r and v in (5.23) are given by

1 . AO 2143 - SUO

_ F// 0y — _ — = ’
a, (ry) rei® " 4(ug)? (up — A3)2

Asymmetric initial data.
Let us first consider initial data u = sech z and v = — tanh x. The solution defined by
the hodograph transform takes the form

r=rit+ F(ry) (6.24)
where F' is the inverse of the increasing part of the initial data (6.17), namely

i(1—ry)

F(ry) =log i1

(6.25)

The breaking condition

1 1
t+F =1— - =0
() 1—ry 147y

implies that the critical point is given by

2 1 — (up)®

— — — 2 —
Vg = O, to = m, Ty — 0 2U0 + ((Uo) + 1) arctan 2u0 = 0.
The constants r and ¢ in (5.23) are given by
) diu
= F// 0 = —L = ——O
a4 (T+) rei (<u0)2 + 1>2
The quantities in (5.22) take the form
1 4ZUO
C+:——, )\0 :—1, = 0 O 0 = —_—
T T L (VRS

Asymmetric initial data can be obtained as a solution of the hodograph equation
in the form

r=ryt+ F(ry) +aF(ry), a€eR, (6.26)

where

F(ry) = (re = Dlog(i(1 —ry)) — (14 74)log(1 +74),
that is F'(ry) = F(ry) and F is given in (6.25). Since F' and F are analytic functions,
their real and imaginary parts solve the Laplace equation. Therefore formula (6.26)
provides a solution to the elliptic system (5.5) for V(u) = “2—2 In order to determine
the point of elliptic umbilic catastrophe it is sufficient to consider the solution of (6.26)

together with the condition
t+ F'(ry) + aF(ry) =0. (6.27)
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The real and imaginary parts of the equations (6.26) and (6.27) give

t+ 1014 va)log B2 EE tan L
T =" — v ) 10 — U« arctan
2 ST+vr+ 2u
—5 log((1+u? —v?)? + du?v )
ut+(1+va)arctan# %kg%—aarctan +§uv v =0
11— 1+vw « (1_U>2+
i _ Liog W T 6.28
C—vP+w? (+oP+w 2 0 (o) +u o
A N . 1—u?—? 0
aarctanl —— = U.
(= 0P + [+ 0P + 2

The solution of the above system determines the critical point (z¢,%y) and the values
vo = v(xg, to), up = u(xg,ty). The constants r and ¢ in (5.23) are given by

i 204(712F —1)—2ry
rei (r2 —1)2

ay = F'(r) + aF'(r]) = —

T+ =v0+iuo

Dark Soliton We consider the initial data u(x,t = 0) = tanh* 2 and v = 0. For such
initial data the hodograph equations are
1
1 14 (—iry)s
=t F(ry), F(ry) = Slog T
S Ok
where r, = v 4+ 1u. The break up point is determined by the above complex equation

together with the condition
t + FI (T+) = 0

As in this case it is not possible to obtain a simple analytic expression for the point
of elliptic umbilic catatrophe (z,%) and for rQ, r?, they are determined numerically.
The constants r and ¢ that appear in (5.23) are given by

i 1 (3 —5y/—ird)(—ird)s
re =16 (19)2(y/Zir] — 1)?

7 Numerical Methods

The numerical task in treating the semiclassical limit of the NLS equations consists
in solving the NLS equations, the numerical evaluation of implicit solutions to certain
ODEs and the direct solution of ODEs of Painlevé type for a given asymptotic behav-
ior. The present section provides a summary of how these different tasks are solved
numerically, and how the numerical accuracy is controlled.
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7.1 NLS equations

Critical phenomena are generally believed to be independent of the chosen boundary
conditions. Thus we study a periodic setting in the following. This also includes rapidly
decreasing functions which can be periodically continued as smooth functions within
the finite numerical precision. This allows to approximate the spatial dependence
via truncated Fourier series which leads for the studied equations to large systems
of ordinary differential equations (ODEs), see below. Fourier methods are convenient
because of their excellent approximation properties for smooth functions (the numerical
error in approximating smooth functions decreases faster than any power of the number
N of Fourier modes) and for minimizing the introduction of numerical dissipation which
is important in the study of the purely dispersive effects considered here. In Fourier
space, equations (5.1) have the form

vy = Lv + N(v, 1), (7.1)

where v denotes the (discrete) Fourier transform of u, and where L and N denote linear
and nonlinear operators, respectively. The resulting system of ODEs consists in this
case of stiff equations. A stiff system is essentially a system for which explicit numerical
schemes as explicit Runge-Kutta methods are inefficient, since prohibitively small time
steps have to be chosen to control exponentially growing terms. The standard remedy
for this is to use stable implicit schemes, which require, however, the iterative solution
of a system of nonlinear equations at each time step which is computationally expensive.
In addition the iteration often introduces numerical errors in the Fourier coefficients.

The stiffness appears here in the linear part L (it is a consequence of the distribution
of the eigenvalues of L), whereas the nonlinear part is free of derivatives. In the
semiclassical limit, this stiffness is still present despite the small term e in L. This is
due to the fact that the smaller € is, the higher wavenumbers are needed to resolve
the strong gradients. A possible way to deal with stiff systems are so-called implicit-
explicit (IMEX) methods. The idea of IMEX is the use of a stable implicit method
for the linear part of the equation (7.1) and an explicit scheme for the nonlinear part
which is assumed to be non-stiff. In [80] such schemes did not perform satisfactorily for
dispersive PDEs which is why we consider a more sophisticated variant here. Driscoll’s
[42] idea was to split the linear part of the equation in Fourier space into regimes of
high and low wavenumbers. He used the fourth order Runge-Kutta (RK) integrator
for the low wavenumbers and the lineary implicit RK method of order three for the
high wavenumbers. He showed that this method is in practice of fourth order over
a wide range of step sizes. In [83] we showed that this method performs best for the
focusing case. We use it here also for the defocusing case where it was very efficient, but
slighly outperformed by so-called time-splitting schemes as in [6, 7]. For a discussion
of exponential integrators in this context, see [9, 10, 83]. Numerical approaches to the
semiclassical limit of NLS can be also found in [23, 24].

The accuracy of the numerical solution is controlled via the numerically computed
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conserved energy of the solution

Blo] = [ (Gl - Ll ) as (72)

which is an exactly conserved quantity for NLS equations. Numerically the energy
E will be a function of time due to unavoidable numerical errors. We define AE :=
|(E(t)—FE(0))/E(0)|. It was shown in [83] that this quantity can be used as an indicator
of the numerical accuracy if sufficient resolution in space is provided. The quantity
AF typically overestimates the precision by two to three orders of magnitude. Since
we are interested in an accuracy at least of order ¢, we will always ensure that the
Fourier coefficients of the final state decrease well below 107>, and that the quantity
AF is smaller than 107% (in general it is of the order of machine precision, i.e. 107!4).

Focusing NLS equations have a modulational instability due to the fact that they
can be seen as a hyperbolic regularization of an elliptic semiclassical system for which
initial value problems are ill-posed. In our context this instability shows up in the form
of spurious growing modes for high wave numbers. To address this problem, we use
a Krasny filter [86], which means we put the Fourier coefficients with modulus below
some treshold (typically 107'%) equal to zero. Thus the effect of rounding errors is
reduced. In [83] it was pointed out that sufficient spatial resolution has to be provided
to resolve the maximum of the solution close to the critical time to avoid instabilities.
Thus we use 2'* to 2!6 Fourier modes, and 10* to 10° time steps for the computations.

7.2 Numerical solution of the semiclassical equations

The solutions to the semiclassical equations are obtained in implicit form via hodograph
techniques. These equations are of the form

SZ({y,},ZE,t) :0, 1= 1,,M, (73)

where the S; denote some given real function of the y; and x, t. The task is to determine
the y; in dependence of x and ¢t. To this end we determine the y; for given x and ¢
as the zeros of the function S := Zi\il SZ. This is done numerically via a Newton
iteration which is very efficient for a sufficiently good initial iterate. This iteration has
the advantage that it can be done for all values of x at the same simultaneously, i.e.,
in a vectorized way. Alternatively we use the algorithm [87] pointwise to solve (7.3).
We calculate the zeros to the order of machine precision. The residual of the equations
provides a check of the numerical acccuracy.

7.3 Painlevé transcendents

The asymptotic solutions near the break-up point are given by pole-free solutions with
a given asymptotic behaviour for z — 400 to the Painlevé-T and the P? equation. The
standard way to solve these equations for large |z| is to give a series solution to the
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respective equation with the imposed asymptotics that is generally divergent. These
divergent series are truncated at finite values of x, x; < x, at the first term that is of
the order of machine precision. The sum of this truncated series at these points is then
used as boundary data, and similarly for derivatives at these points. Thus the problem
is translated to a boundary value problem on the finite interval [z;, z,].

In [61] we used for the P? solution a collocation method with cubic splines dis-
tributed as bvp4 with Matlab, and the same approach in [46] for the tritronquée solu-
tion of P;. Note that the tritronquée solutions are constructed on lines in the complex
plane in the sector where the solution is conjectured (see [46]) to have no poles. As
in [60] we use here a Chebyshev collocation method for both equations. The solu-
tion of the ODEs is sampled on Chebyshev collocation points x;, j =0, ..., N, which
can be related to an expansion of the solution in terms of Chebyshev polynomials.
The action of the derivative operator is in this setting equivalent to the action of a
Chebyshev differentiation matrix on this space, see for instance [121]. The ODE is
thus replaced by N, + 1 algebraic equations. The boundary data are included via a
so-called 7-method: The equations for j = 0 and for j = N, (for the fourth order
equation j = 0,1, N, — 1, N,) are replaced by the boundary conditions. The resulting
system of algebraic equations is solved with a standard Newton method with relax-
ation which is necessary for the oscillatory P? solution (there is no good initial iterate
for the oscillatory solutions). The convergence of the solutions is in general very fast.
We always stop the Newton iteration when machine precision is reached. Again the
highest Chebyshev coefficients are taken as an indication of sufficient resolution of the
solutions (they have to reach machine precision). An efficient solution of the ODE is
especially important in the P# case where the asymptotic solution to (3.32) has to be
computed for many values of the parameter ¢t. It can be seen in Fig. 1. For a more
detailed discussion of this special P2 solution, also in the complex plane, see [78].

8 Numerical study of defocusing generalized and
nonlocal NLS equations

In this section we will study numerically solutions to defocusing NLS before and close
to the break up of the corresponding semiclassical solutions. The solutions for NLS
are compared to the corresponding semiclassical ones and for ¢ ~ t; to an asymptotic
description in terms of a special solution to the second equation in the Painlevé-I
hierarchy. We will consider the cubic and the quintic version of these equations. The
cubic NLS is the only completely integrable equation studied in this paper. Since the
results for both cubic and quintic are very similar in this case, we present a more
detailed investigation for the non-integrable quintic NLS. We also study a nonlocal
variant of the cubic NLS equation. Unless otherwise noted, the considered critical
point is always at the center of the figures.
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8.1 sechx initial data for the cubic defocusing NLS equation

We will study the initial data ¢y(z) = sech z for several values of €. In this case there
are two break-up points at +x. with z. =~ 2.2093 at the same time t5 =~ 1.5244. We
will consider in the following always the break-up for negative values of  where the
Riemann invariant r_ = v — 2y/u has a gradient catastrophe.

In Fig. 2, the NLS solution, the semiclassical solution and the P? solution (3.31)
can be seen at the critical time close to the critical point of the semiclassical solution.
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Figure 2: Solution to the defocusing cubic NLS equation for the initial data ¢y(z) =
sech x and ¢ = 0.01 at the critical time ¢y in blue, the corresponding semiclassical
solution in red and the P? solution (3.31) in green; on the left the function u, on the
right the function v.

The corresponding Riemann invariants can be seen in Fig. 3.

For smaller € the agreement of NLS and semiclassical solution becomes better. We
show the Riemann invariants r4 for ¢ = 1072 in Fig. 3. Notice that there are also
oscillations in the invariant r, which stays smooth at this point in the semiclassical
limit.

8.2 sechr initial data for the defocusing quintic NLS equation

We will first study the initial data ¢o(z) = sech x for values of € of 0.1, 0.09,...,
0.01, 0.009,..., 0.001. In this case there are two break-up points at +z. with z., =
In((v3 +1)/v2) + v/3/2) ~ 1.5245 at the same time t, = 3v/3/4 ~ 1.2990. The
solution up to the critical time can be seen in Fig. 4, where the defocusing effect of
the equation can be recognized. The critical value of the Riemann invariants at the
respective break-up point is £2/3. We will consider in the following always the break-
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Figure 3: Solution to the defocusing cubic NLS equation for the initial data ¢y(z) =
sech x at the critical time ¢y in blue, the corresponding semiclassical solution in red
and the P? solution (3.31) in green; on the left the Riemann invariant r_, on the right
the invariant r,. The upper figures are for ¢ = 0.01, the lower ones for ¢ = 0.001.

up for negative values of x where the Riemann invariant r_ = v — u has a gradient
catastrophe.

At the critical time the difference of the Riemann invariants r_ between the semi-
classical solution and the solution to the focusing quintic NLS scales roughly as €%/7.
More precisely we find via a linear regression analysis for the logarithm of the differ-
ence A_ between NLS and semiclassical solution a scaling of the form A o €* with
a = 0.2952 (2/7 ~ 0.2857) with standard deviation o, = 0.0017 and correlation coeffi-
cient r = 0.9999. At the same point the difference A, between the Riemann invariants
r, = v + u between the semiclassical and the NLS solution scales roughly as /7 as
predicted by the theory. A linear regression analysis for the logarithm of the difference
A, gives a scaling of the form A o €* with a = 0.5988 (4/7 ~ 0.5714) with standard
deviation o, = 0.0053 and correlation coefficient » = 0.9998.
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Figure 4: Solution to the defocusing quintic NLS equation for the initial data tg(x) =
sech x and € = 0.01. The critical time is ty ~ 1.2990.

In Fig. 5, the NLS solution, the semiclassical solution and the P?% solution (3.31)
can be seen at the critical time close to the critical point of the semiclassical solution.
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Figure 5: Solution to the defocusing quintic NLS equation for the initial data ig(x) =
sech z and ¢ = 0.01 at the critical time ¢y in blue, the corresponding semiclassical
solution in red and the P? solution (3.31) in green; on the left the function u, on the
right the function v.

The corresponding Riemann invariants can be seen in Fig. 6.

For smaller € the agreement of NLS and semiclassical solution becomes better. We
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Figure 6: Solution to the defocusing quintic NLS equation for the initial data ig(x) =
sech x at the critical time ¢y in blue, the corresponding semiclassical solution in red
and the P? solution (3.31) in green; on the left the Riemann invariant r_, on the right
the invariant r,. The upper figures are for ¢ = 0.01, the lower ones for ¢ = 0.001.

show the Riemann invariants r. for ¢ = 1073 in Fig. 6. Note that there are also
oscillations in the invariant r_ which stays smooth at this point in the semiclassical
limit.

The P?% solution (3.31) gives a much better agreement with the NLS solution close
to the critical point as can be seen in Fig. 5 and 6. The agreement is in fact so good
that the difference of the solutions has to be studied. The P? solution only gives locally
an asymptotic description, at larger distances from the critical point the semiclassical
solution provides a better description as can be also seen from Fig. 7.

We can identify the regions where each of the asymptotic solutions gives a better
description of NLS than the other by identifying the values x;, z,. such that for all z; <
r < x, the P? solution provides a better asymptotic description than the semiclassical
solution. Due to the oscillatory character of the NLS and the P? solution (3.31), such a
definition leads to ambiguities and oscillations also in the boundaries of these zones for
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Figure 7: The modulus of the difference af the Riemann invariants for the defocusing
quintic NLS equation for the initial data 1y(z) = sech x for e = 0.01 at the critical time
to and the semiclassical solution in blue, and the difference between the corresponding
P? solution (3.31) and the NLS solution in green; on the left the invariant that has a
break-up in the semiclassical limit, on the right the invariant that stays smooth.

r+. No clear scaling could thus be identified for these limits. The oscillatory character
of the solution also implies there is no obvious scaling of the maximal error in the
asymptotic description for the values of € we could treat.

The matching procedure nonetheless clearly improves the asymptotic description
near the critical point. In Fig. 8 we see the difference between this matched asymptotic
solution and the NLS solution for two values of €. Visibly the zone, where the solutions
are matched, decreases with e (note the rescaling of the z-axes with a factor ¢%/7).
The same procedure can be carried out for the invariant r, which stays smooth at
this point. Obviously the P? solution (3.31) provides a description of higher order at
this point as can be seen in Fig. 9. Thus the P% solution (3.31) provides as expected
an asymptotic description of the oscillations for the Riemann invariant which remains
smooth in the semiclassical limit.

The P?# solution (3.31) holds for small |z — z.| and |t — ty]. To illustrate the latter
effect, we compare it with the NLS solution for the times t+ = ty £ 0.0027. Note that
t — to appears in the formula (3.31) for the P# solution at several places with different
powers of €. Thus in contrast to the elliptic case (5.23), there is no simple dependence
on t in the hyperbolic case. In Fig. 10 we show the quantities r. at the time .. It can
be seen that the P? solution gives again a clearly better asymptotic description near
the break-up point than the semiclassical solution.
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Figure 8: In the upper part of the left figure one can see the modulus of the difference
A_ of the Riemann invariant for the defocusing quintic NLS equation for the initial
data 1o(z) = sech z at the critical time ¢, and the semiclassical solution for ¢ = 0.01.
The lower part shows the same difference, which is replaced close to the critical point
by the difference between NLS solution and the P? solution (3.31) (in red where the
error is smaller than the one shown above). The right figure shows the same situation
as the lower figure on the left for ¢ = 0.01 above and ¢ = 0.001 below. The z-axes are
rescaled by a factor €%/7.
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Figure 9: In the upper part of the left figure one can see the modulus of the difference
A of the Riemann invariant for the defocusing quintic NLS equation for the initial
data 1o(z) = sech z at the critical time ¢, and the semiclassical solution for ¢ = 0.01.
The lower part shows the same difference, which is replaced close to the critical point
by the difference between NLS solution and the P? solution (3.31) (in red where the
error is smaller than the one shown above). The right figure shows the same situation
as the lower figure on the left for € = 0.01 above and ¢ = 0.001 below. The z-axes are
rescaled by a factor €%/7.
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Figure 10: Solution to the defocusing quintic NLS equation for the initial data ig(x) =
sech z and € = 0.01 in blue, the corresponding semiclassical solution in red and the P2
solution (3.31) in green; above the function r_, below the function . On the left at
the time t_ =ty — 0.0027 on the right at the time ¢, = ¢y, + 0.0027

8.3 ‘Dark’ initial data for the defocusing quintic NLS

It is well known that the defocusing cubic NLS equation has exact solutions called
dark solitons, i.e., solutions that do not tend to zero for |z| — 0o. Such solutions are
physically problematic since they have infinite energy and are mathematically difficult
to handle, but they are nonetheless of importance in applications. Therefore we will
here also study initial data which do not decay to zero at spatial infinity. We will
consider the example 1(z) = tanh®?x in the following. The time evolution of the
solution up to the critical time ¢y ~ 1.3448 can be seen in Fig. 11. The steepening of
the two fronts of the pulse can be seen as well as the formation of a small oscillation on
each side. For times ¢t > t, each of the initial oscillations develops into an oscillatory
zone which will eventually overlap.

Clearly there will be two regions with strong gradients symmetric in z. We will
concentrate on positive values of z where the Rieman invariant r_ breaks in the semi-
classical solution. In Fig. 12 the Riemann invariants for the NLS solution, the cor-
responding semiclassical solution and the P% asymptotics (3.31) can be seen close to
x. ~ 0.5476 for ¢ = 0.001.

8.4 Defocusing nonlocal NLS

We will study the small dispersion limit of the nonlocal NLS (5.6) close to the break-
up of the corresponding semiclassical solutions. We will concentrate on values of 7
such that ne? < 1 for all studied values of €. For both cases we will consider the
initial data 19 = sech z. In the defocusing variant of the nonlocal NLS equation (5.6),
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Figure 11: Solution to the defocusing quintic NLS equation for the initial data ig(x) =
tanh?z and € = 0.01. The critical time is ¢y ~ 1.3448.
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Figure 12: Solution to the defocusing quintic NLS equation for the initial data ig(x) =
tanh?z and € = 0.001 at the critical time t, in blue, the corresponding semiclassical
solution in red and the P? solution (3.31) in green; on the left the Riemann invariant
r_, on the right the invariant r.

the nonlocality has the effect to reduce the defocusing effect of the equation. The
dispersion and the steepening of the gradient close to the break-up of the corresponding
semiclassical solution is reduced as can be seen in Fig. 13. This also suppresses the
formation of dispersive shocks, i.e., the oscillations close to the gradient catastrophe of
the semiclassical solution (see [57]). Due to the possible sign change of the quantity p
in (3.26), an other effect can be observed in Fig. 13: for large enough 7, the oscillations
appear on the other side of the critical point. We again consider the initial data
1o = sech x at the critical time ¢y ~ 1.5244 near the break-up of the Riemann invariant
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Figure 13: Solution to the defocusing nonlocal NLS equation (5.6) for the initial data
Yo(x) = sech x and € = 0.01 at the time ¢, =~ 1.5244 for two values of 7.

r_ at x. ~ —2.2094 in the semiclassical limit.

For larger times this implies for p < 0 that there is just one oscillation to the right
of —z. as described asymptotically by the P? solution, and many small oscillations on
the other side of the critical point as can be seen in Fig. 14. The situation is similar
to the one of certain Kawahara solutions in the small dipsersion limit as discussed in
[47].

Figure 14: Solution to the defocusing nonlocal NLS equation (5.6) for the initial data
Yo(x) = sech x and € = 0.01; for n = 1 on the left, for n = 100 on the right. The
critical time is ty ~ 1.5244.

In the case p = 0 in (3.26) the P? asymptotics cannot be used. In the present
example this is the case for n ~ 1.3060. The solution at the critical time for this value
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of 1 can be seen in Fig. 15.

Figure 15: Solution to the defocusing nonlocal NLS equation (5.6) for the initial data
Yo(x) = sech z, ¢ = 0.1 and the non-generic value n ~ 1.3060 at the critical time
to ~ 1.5244.

For smaller 7, the nonlocal NLS behaves qualitatively like the defocusing cubic NLS
close to the critical time as can be seen in Fig. 16 for the Riemann invariant breaking
in the semiclassical limit. For smaller values of € the same behavior can be seen, but on
smaller scales. Again there are two different scales in the P% asymptotics (3.31) which
means there is no clear scaling in the coordinates x and ¢. For the representation,
we nonetheless rescale x by a factor of €%/7 to be able to compare the case € = 0.001
with ¢ = 0.01. The y-axes are rescaled to optimally use the space of the figure.
The approximation visibly gets better with smaller e. The Riemann invariant staying
smooth in the semiclassical limit can be seen for the same situation in the right part
of Fig. 16. The asymptotic description again improves clearly with smaller e.

For larger n the smoothing out of the gradients near the shock of the semiclassical
equations implies that the semiclassical solution only provides a valid asymptotic de-
scription for larger |z — z.| than is the case for smaller . The P? asymptotics (3.31)
catches this behavior as can be seen for 7 = 100 in Fig. 17 on the left for the invariant
breaking in the semiclassical limit. There are essentially no oscillations in this case.

The invariant r, can be seen on the right part of Fig. 17. There is essentially only
one oscillation to the right of the critical point in this case. The P% asymptotics has an
oscillation close to the oscillation of the nonlocal NLS and thus catches this behavior
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Figure 16: Riemann invariant r_ on the left and r, on the right of the solution to the
defocusing nonlocal NLS equation (5.6) for the initial data ¢y(x) = sech x and n =1
at the time ¢y ~ 1.5244 for two values of € in blue, the corresponding semiclassical
solution in red and the P12 solution (3.31) in green.
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Figure 17: Riemann invariant r_ on the left and Riemann invariant r, on the right
for the solution to the defocusing nonlocal NLS equation (5.6) for the initial data
Yo(z) = sech x and n = 100 at the time ty ~ 1.5244 for two values of € in blue, the
corresponding semiclassical solution in red and the P? solution (3.31) in green.

in an asymptotic sense.

9 Numerical study of focusing generalized and non-
local NLS equations

In this section we will study numerically solutions to the focusing NLS before and
close to the break up of the corresponding semiclassical solutions. Since the case of
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the focusing cubic NLS was studied in detail in [46], we concentrate here on the not
integrable quintic NLS. We compare solutions to NLS and semiclassical equations and
for t ~ ty to an asymptotic solution in terms of the tritronquée solution of the Painlevé-I
equation. The same is done for a nonlocal variant of the cubic NLS equation.

9.1 sechx initial data for the focusing quintic NLS

We will first study the initial data 1o(x) = sech x for several values of ¢, i.e., e = 0.1,
0.09,...,0.01. For this example, the break-up occurs for the semiclassical solution at
to = 0.4119... at x, = 0 with the critical values u, = 1.5858... and v, = 0. The
solution up to the critical time can be seen in Fig. 18. The focusing effect can be
clearly recognized.
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Figure 18: Solution to the focusing quintic NLS equation for the initial data ¥y(z) =
sech x and € = 0.1 up to the critical time %, in blue.

For times much smaller than the critical time one finds that the difference between
semiclassical and NLS solution scales as €2. For instance for ¢ = t5/2 < t, we obtain
for A = |unps — use| via a linear regression analysis for the logarithm of A a scaling of
the form A & ¢ with a = 1.985 with standard deviation o, = 0.0018 and correlation
coefficient r = 0.999998.

At the critical time the difference between the semiclassical solution and the solution
to the focusing quintic NLS scales roughly as €*/°. More precisely we find via a linear
regression analysis for the logarithm of the difference A between NLS and semiclassical
solution a scaling of the form A x ¢* with a = 0.403 with standard deviation o, = 0.001
and correlation coefficient » = 0.99998. As can be seen in Fig. 19, the semiclassical
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solution has a cusp. Thus the maximal difference between semiclassical and NLS
solution is always observed for the critical point.

1.5¢
5 1.45¢

1.4r

-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04

x
x

Figure 19: Solution to the focusing quintic NLS equation for the initial data ¢y(z) =
sech x at the critical time ¢y in blue, the corresponding semiclassical solution in red
and the P; solution (5.23) in green; on the left the function wu, on the right the function
v. For the upper two figures we have ¢ = 0.1, for the lower ones € = 0.01.

The z-axis of the figures in the lower row is rescaled by factor €*/° with respect to the
figures in the upper row.

For smaller € the agreement of NLS and semiclassical solution becomes better, but
the biggest difference is always at the critical point as can be seen in the bottom of
Fig. 19.

The P; solution (5.23) gives a much better agreement with the NLS solution close
to the critical point as can be seen in Fig. 19. The agreement is in fact so good that
the difference of the solutions has to be studied. The P; solution only gives locally
an asymptotic description, at larger distances from the critical point the semiclassical
solution provides a better description as can be also seen from Fig. 20.
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Figure 20: The modulus of the difference of the solution to the focusing quintic NLS
equation for the initial data vy(z) = sech x for € = 0.1 at the critical time t; and the
difference between the corresponding P solution (5.23) for several values of €; on the
left the difference A for u, on the right the difference A, for v. The z-axes are rescaled
with a factor e*/°.

We can identify the regions where each of the asymptotic solutions gives a better
description of NLS than the other by identifying the value of z, such that for all z > =z,
the semiclassical solutions gives a better asymptotic description than the multiscales
solution (since the solution is symmetric with respect to x, we only consider positive
values of x here). We find that the width of this zone scales roughly as €¥°. A
linear regression analysis for the dependence of log,, x, on log € yields a = 0.634 with
standard deviation o, = 0.0036 and correlation coefficient » = 0.99993.

This matching procedure clearly improves the NLS description near the critical
point. In Fig. 21 we see the difference between this matched asymptotic solution and
the NLS solution for two values of €. Visibly the zone, where the solutions are matched,
decreases with e (note the rescaling of the z-axes by a factor €*/°).

A linear regression analysis for the logarithm of the difference A between NLS and
multiscales solution in the matching zone gives a scaling of the form A o €* with
a = 0.6659 with standard deviation o, = 0.032 and correlation coefficient » = 0.995.
The found scaling is thus in the whole interval clearly better than the €*® of the
semiclassical solution, but does not reach the expected €*/° scaling in the whole interval.
This indicates that transition formulae between the multiscales and the semiclassical
solution have to be established as in [60] for KAV, which is, however, beyond the scope
of the present paper.

The P; solution (5.23) holds for small |z — z.| and |t — ty|. To illustrate the latter
effect, we compare it with the NLS solution for the times t4(€) = ¢y 4 0.01€*/® where
we take care of the scaling of ¢ in (4.26). In Fig. 22 we show the quantity A for 2 values
of € at the times ¢_(¢). The z-axes are rescaled by a factor €*/°. It can be seen that the

60



0.2
<
0.1
o L T L
-03 -02 -0.1 0 0.1 0.2 0.3 0.3
‘ ‘ ‘ ‘ ‘ ‘ x10°
‘ ‘ - ‘ ‘
0.2 ] 251 /A |
2+ . // \ - 4
- < 1.5¢ / \ -
0.1t 1 11 y N
0.5r \ 1
0 — e e L L L L A/ L
-03 -02 -0.1 0 0.1 0.2 0.3 -0.04 -0.02 0 0.02 0.04
X X

Figure 21: In the upper part of the left figure one can see the modulus of the difference of
the solution u to the focusing quintic NLS equation for the initial data ¢g(z) = sech x
at the critical time t; and the semiclassical solution for ¢ = 0.1. The lower part
shows the same difference, which is replaced close to the critical point by the difference
between NLS solution and the P solution (5.23) (in red where the error is smaller than
the one shown above). The right figure shows the same situation as the lower figure
on the left for e = 0.1 above and € = 0.01 below. The x-axes are rescaled in this figure
by a factor €*/°.

quality of the asymptotic description is slightly lower than at the critical time, but that
the error is of a similar order. The situation is similar at the time ¢, = t, + 0.01¢/° as
can be seen also in Fig. 22.

£¢=0.1 £=0.1
0.02] ‘ ‘ ‘ ‘ ‘ 7 0.02F ‘ ‘
0.015} ] 0.015¢
< .01t l < 0.01f
0.005| ] 0.005|

Figure 22: The modulus of the difference of the solution u to the focusing quintic
NLS equation for the initial data v¢g(x) = sech z for two values of € at the time
t_(€) = to — 0.01e*° on the left and at the time ¢, (¢) = to + 0.01¢*/® on the right, and
the corresponding P; solution (5.23).
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9.2 Non-symmetric initial data for the focusing quintic NLS

To study solutions to the focusing quintic NLS for the asymmetric initial data (6.28),
we first have to solve equations (6.28) numerically. This is done for values of |z| < 15 in
a standard way by solving (6.28) on some Chebyshev collocation points with a Newton
iteration. The choice of this interval is determined by the fact that the residual of
the Newton iterate is smaller than 107! on the whole intervall. We choose N, = 512
collocation points to ensure that the coefficients of an expansion of the solution decrease
to machine precision and that the solution is thus numerically fully resolved. For values
of |x| > 15, we solve (6.28) asymptotically,

r = —1+(20)" 7 exp(—x)+(2i)*** exp(—22) (—0.54+2a2 In(2i) +a+ax)+O(exp(—3z))
(9.1)
for x — 400 and

r=1+idexp(r)2'* + 22 exp(22)(—0.5 + 2a° In(2) + az — a) + O(exp(3z)) (9.2)

for © — —oo. Machine precision is reached for |z| > 15 for this asymptotic solution.
Initial data for a = 0.2 can be seen in Fig. 23.

5057
0
-8 6 8
1
> of
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-8 6 8

Figure 23: Asymmetric initial data for the focusing quintic NLS equation according to
(6.26) for a = 0.2.

To obtain initial data for the NLS equation from r = v + du in the form ¢ =
Vuexp(i f;) v(a')dz'/€), we have to integrate the real part of r with respect to x. This
is done by using an expansion of the solution for |z| < 15 in terms of Chebyshev
polynomials via a discrete cosine transform (this is the reason why the solution was
computed on Chebyshev collocation points) and applying the well known formula for
the integral of Chebyshev polynomials. For values of |z| > 15, the asymptotic formulae
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(9.1) and (9.2) are integrated analytically by choosing the integration constants to
obtain a continuous matching with the numerically integrated v. This way we obtain
initial data with an accuracy of better than 107!°. We put the Krasny filter to the
order of this treshold and thus obtain initial data resolved up to the level of the Krasny
filter.

For e = 0.1 the solution to the focusing quintic NLS equation for the asymmetric
initial data as well as the semiclassical and the P; asymptotics (5.23) can be seen
in Fig. 24. As expected the P; asymptotics gives a much better description of the
NLS solution close to the critical point of the semiclassical solution. The error in the
approximation is, however, also not symmetric here.

X

03
0.2
0.1}

=} > —0.1r
-0.2F
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-0.41
-0.5¢
0'—%13 —012 —O‘.1 O 011 —012 —O.‘15 —011 —0.65 6\

X X

Figure 24: Solution to the focusing quintic NLS for the asymmetric initial data as
in (6.26) for ¢ = 0 at the critical time in blue, the corresponding semiclassical solution
in red and the P; asymptotics (5.23) in green; on the left the function u, on the right
the function v. The upper figures are for ¢ = 0.1, the lower ones for e = 0.02.

The agreement gets even better for smaller e. We can reach values as low as e = 0.02.
For smaller €, the blow-up singularity of quintic NLS solutions (see below) seems to be
too close to the critical time of the semiclassical solution which breaks the code. The
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case € = 0.02 is, however, numerically fully resolved. As can be seen in the lower row
of Fig. 24, the agreement is as expected. Note that also in this case the x-axes of the
bottom figures have been rescaled by a factor €*/°.

9.3 ‘Dark’ initial data

Focusing NLS equations do not have dark solitons as exact solutions, i.e., solutions
which tend asymptotically to a non-zero constant and which vanish for finite values
of . But it is mathematically interesting to study how initial data of this form lead
to a break-up of the semiclassical equations, and how the corresponding NLS solution
behaves in the vicinity of the critical point. We consider here initial data of the form
1o = tanh? z. The solution breaks here in the form of two cusps symmetric with respect
to x = 0. The critical time is at tg = 0.9041..., the cusps form at x. = +£1.8723.. ..
The corresponding solution can be seen in Fig. 25. For ¢ = 0.1 the solution to the

. < 05 1
t 0 4 -05 0

X

Figure 25: Solution to the focusing quintic NLS equation for the dark initial data
Yo(r) = tanh®z and € = 0.1. The critical time is ¢, = 0.9041 . ..

focusing quintic NLS equation for the dark initial data as well as the semiclassical and
the P; asymptotics (5.23) can be seen in Fig. 26. As expected the P; asymptotics
gives a much better description of the NLS solution close to the critical point of the
semiclassical solution. The agreement gets better for smaller e. We can reach values
as low as € = 0.04, where the modulation instability leads to problems for smaller
values of € because of the asymptotically non-vanishing solution. The case € = 0.04 is,
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Figure 26: Solution to the focusing quintic NLS for the dark initial data vy = tanh®
at the critical time in blue, the corresponding semiclassical solution in red and the Py
asymptotics (5.23) in green; on the left the function u, on the right the function v. For
the figures in the upper row € = 0.1, for the ones in the lower row € = 0.04.

however, numerically accessible. As can be seen in the bottom figures of Fig. 26, the
agreement is as expected.

9.4 Blow-up

For the cubic focusing NLS, solutions in the semiclassical limit for times ¢ > ¢, develop
a zone of rapid modulated oscillations as can be seen for instance in Fig. 27. The central
hump close to the critical time splits into several humps of smaller amplitude. For the
quintic NLS on the other hand it is known, see e.g. [99], that initial data with negative
energy have a blow-up in finite time. For the NLS with the semiclassical parameter e
we consider in this paper, this will be always the case for sufficiently small €. Thus the
solution of the quintic NLS looks for small € very differently from the solution to the
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cubic NLS for the same initial data and the same value of € as can be seen in Fig. 27.
The central hump develops in this case into a blow-up.

W =
E) \‘h f ‘ “r“v
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Figure 27: Solution to the focusing NLS equation for the initial data ¢y(z) = sech x
and € = 0.1; on the left the solution for the cubic NLS, on the right the solution to the
quintic NLS.

For obvious reasons it is impossible to treat a blow-up exactly numerically, but the
numerical solution can get sufficiently close to this case. Driscoll’s composite Runge-
Kutta method produces an overflow error close to the L., blow-up encountered here
because of the term |¢)|*). We stop the code when this happens and note the last
time with finite value of ¥ as a lower bound tp for the blow-up time. The error in
the determination of the blow-up time with this method is largest for larger e. Using
linear regression we find for In(tg — tg) = alne + b for values of € = 0.01,0.02,...,0.1
the value a = 0.83 close to 4/5 with standard deviation o, = 0.0439, b = —0.1267 with
standard deviation g, = 0.0138 correlation coefficient r = 0.999, see Fig. 28.

As expected from the P; solution (5.23), the time scales with €*/°. Since we expect
the error in the determination of the blow-up time to decrease with €, a slightly stronger
decrease with € of the time ¢ than predicted is no surprise.

It is an interesting question whether the blow-up time in the limit € — 0 is related
to the first pole of the tritronquée solution on the negative real axis. In [73] it was
shown that the first pole is located at

Epole = —2.3841687 ... (9.3)

Recalling formula (4.27) for the argument of the tritronquée solution in the approxi-
mation of the NLS solution near the point of elliptic umbilic catastrophe

1

[ u ret ,

£=—i (70, 3V + uV)")? 5 ) (x — 20 — (vo + i/ uoVy)(t —to)).
0
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Figure 28: The blow-up time as a function of € for quintic NLS with sechz initial data.

one can see that for quintic NLS and sechzx initial data, the point of elliptic umbilic

catastrophe is at o = 0, and for symmetry reasons, the blow up is at g = 0. Using
. 2

the above formula, with V'(u) = %, so that V{j = ug, Vi’ = 1 and

l 1 3up—2
—1 3 -

_Teiqp = 4(U0)2 (u0_1)2

ay =

with ug ~= 1.5858 determined in (6.23) for this specific example, the blowup time tg
is then conjectured to satisfy the equation
tp—1
Epote ~ —2.3841 ~ —2.0324 22

€5

which gives a value of |b| = In(2.3841/2.0324) = 0.1596, in reasonable agreement with
the numerically found value |b| ~ 0.1267.

9.5 Focusing nonlocal NLS

We will study the small dispersion limit of the nonlocal NLS (5.6) close to the break-up
of the corresponding semiclassical solutions. We will concentrate on values of 1 such
that ne? < 1 for all studied values of €. For both cases we will consider the initial data
Yo = sech z. The effect of the nonlocality in (5.6) is to reduce the focusing effect of
the focusing NLS. This means the larger 7, the smaller the value for the maximum at
the critical time of the corresponding semiclassical solution, and the less pronounced
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Figure 29: Solution to the focusing nonlocal NLS equation (5.6) for the initial data
Yo(x) = sech z and € = 0.1 at the time ¢, = 0.5 for two values of 7.

the focusing of the maximum, i.e., smaller gradients in the solution. This effect can be
clearly seen in Fig. 29.

For larger times the oscillations are suppressed with respect to the case n = 0 as
can be seen in Fig. 30 (compare with Fig. 27 on the left).

—0.5~

Figure 30: Solution to the focusing nonlocal NLS equation (5.6) for the initial data
to(z) = sech x and € = 0.1; for n = 0.1 on the left, for n = 1 on the right. The critical
time is tg = 0.5.

At the critical time, the tritronquée solution to P; gives as expected a much better
description of the nonlocal NLS solution than the semiclassical solution as can be seen

for n = 0.1 for u in Fig. 31. The quality of the approximation increases visibly for
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Figure 31: Solution u to the focusing nonlocal NLS equation (5.6) for the initial data
Yo(x) = sech z and n = 0.1 at the time ¢ty = 0.5 for two values of € in blue, the
corresponding semiclassical solution in red and the P; solution (5.23) in green.

smaller ¢. Note that the z-axes are rescaled with a factor e*/>.

The corresponding plots for v can be seen in Fig. 31. The same behavior as for u
is visible.

£=0.01

Figure 32: Solution v to the focusing nonlocal NLS equation (5.6) for the initial data
Yo(r) = sech x and n = 0.1 at the time t, = 0.5 for two values of ¢ in blue, the
corresponding semiclassical solution in red and the P; (5.23) in green.

For larger values of n, the agreement is less good for both the semiclassical and
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the P; asymptotics. This is clear for the former since the semiclassical solution is
independent of 7, and since the focusing effect of the nonlocal NLS is less pronounced
for larger values of . The P; asymptotics takes this into account, the value of its
maximum is also reduced, but more so than for the nonlocal NLS which implies that
the agreement between the two solutions is best for n = 0, i.e., the cubic NLS. The
approximation gets, however, better for smaller € as can be seen for 7 = 1 in Fig. 33.

£=0.1 £¢=0.01

, I ] I
' 19 |

Figure 33: Solution u to the focusing nonlocal NLS equation (5.6) for the initial data
Yo(r) = sech z and n = 1 at the time ¢ty = 0.5 for two values of 1 in blue, the
corresponding semiclassical solution in red and the P; solution (5.23) in green.

The corresponding plots for v can be seen in Fig. 34.
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