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CHAPTER 1

INTRODUCTION

The purpose of this dissertation is threefold:

1. To advance the understanding of the transformation of one-dimensional Schrédinger equa-
tions into hydrodynamic equations by establishing new mapping properties of the Madelung
transform.

2. To initiate the quantitative study of the NLS hierarchy with nonzero boundary condition at
infinity, and to introduce the GP hierarchy as a better renormalization of the NLS hierarchy.

3. To establish a new connection between the NLS hierarchy and the KdV hierarchy in the
form of a quantitative approximation result.

The central objects are therefore the NLS hierarchy with nonzero boundary condition, its renor-
malized versions, its hydrodynamic formulation, and the KdV hierarchy. Before we define these
objects and explain our results, we would like to motivate the study of these hierarchies.

1.1. THE PATH TO THE NLS AND KdV HIERARCHIES

Let us take a step back, start with the abstract, and then move to the specific, taking various
detours along the way. We shall attempt to give a rudimentary answer to the following question:

How does one naturally encounter the NLS and KdV hierarchies?

1.1.1. MODELS FOR TIME-EVOLVING PHYSICAL SYSTEMS

Suppose we wish to model a time-evolving physical system. First, we shall denote by X the set of
all possible configurations of the system, or perhaps all those which we consider non-pathological.
It is natural for X to be equipped with a Hausdorff topology.

Second, we need a set of trajectories, which represent possible time evolutions of the system. We
equip (0, 00] = (0,00) U{oo} with the order topology so that the intervals (T, co] = (T, 00) U {o0},
T > 0 are open neighborhoods of co. We define the set of trajectories to be

TX) = |J {1} xC(-T.7); X).

Te(0,00]

Here we have made some choices: we restrict ourselves to continuous trajectories, we work with
both positive and negative times, and we have introduced a time of existence T of a trajectory,
i.e. trajectories do not need to be defined globally in time. By replacing C((-7,T); X') with
C((=T,T)N; Xx) for some N € N one can also model systems with multiple time variables. We
consider only one-dimensional time here.

The set 7 (X) needs a topology as well. For T* > 0 we equip C((—T*,T*); X) with the compact-
open topology, which is Hausdorff. Next, we define for 7% > 0 the subsets

Tor-(X)={(T,p) €T(X): T >T"}
and equip each of them with the initial topology induced by the map
TZT* (X) — (07 OO} X C((_T*7 T*)7 X)
(T, p) — (T, ¢l(—1+,7%)) »

i.e. the coarsest topology for which this map is continuous. Note that for 75 > 77 > 0 the inclusion
T>1, (X) = T>1, (X) is continuous. Now we equip 7 (X) with the final topology induced by the
inclusions

Tor-(X) — T(X)
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for T* > 0, i.e. the finest topology for which these inclusions are continuous. By working directly
with the definition, one can show that 7 (X) is Hausdorff.

Lastly, our model should decide which trajectories are admissible, in the sense that we deem them
an appropriate description of the physical time evolution, and which are not. We describe this
mathematically with a set A C T(X) consisting of pairs (T, ) where T is a time of existence
and ¢ is an admissible trajectory. Most crucially, we require A to be translation invariant in the
following sense:

V(Ti, 1) €A Vit € (-T1,T1) I(To,p2) €A Vi € (-1, T>) (1.1.1)
[ty 4+ to| <Th = @1(t1 +t2) = pa(ta).

In the language of ODEs, this means the systems we consider are autonomous.

We call the pair (X,.A) a model. By an abuse of notation, we identify (T, ¢) € A with ¢ and
write T'(¢) for the time of existence of ¢.

1.1.2. WELL-POSEDNESS OF MODELS AND THEIR REALIZATION AS DYNAMICAL
SYSTEMS
The first step in the study of such a model is to prove its well-posedness.
Definition 1.1.1 (Well-posedness in the sense of Hadamard). We say that the model (X, .A) is
locally well-posed if the following hold:
o Existence. There exists ® : X — A such that ®(z)(0) = = for every z € X.
e Uniqueness. For all z € X and ¢ € A with ¢(0) = z we have () = ®(x)(t) as long as
[t < min{T(¢), T(2(x))}.
¢ Continuous dependence on data. The map ® : X — A is continuous. Equivalently, for
every T > 0 the maps

Tod: X — (0,00]

(I)|(—T*,T*) H{z e X T(®(2)) 2T} — C((-T",T7); X)

are continuous.
In this case we call ® a flow map for (X, A). We say that the model (X,.A) is globally well-posed
if in addition:

¢ Global existence. There exists a choice of ® with T(®(z)) = oo for every z € X.

A proof of local well-posedness usually involves the explicit construction of the flow map &, for
example via a fixed point iteration. Then global well-posedness is most classically proven in the
following steps:

1. Extend the flow map ® to a mazimal flow map ®*, where maximal means that there exists
no flow map which has for any x € X a strictly larger time of existence.
2. Find a conserved energy, i.e. a function (or a family of functions) E : X — [0, 00) such that
E(®*(x)(t)) = E(®*(x)(0)) as long as |t| < T(P*(z)).
3. Prove a blow-up alternative: either lim supj,_,p(e+(2)) £(®*(2)(t)) = oo for some z € X,
or ®* is not maximal in the above sense.
If such a conserved energy is not available, then one faces a hard problem and more sophisticated
techniques are necessary.

One can understand a proof of well-posedness as the model being realized as a continuous dynamical
system in the following sense:

Lemma 1.1.2. Assume that the model (X,.A) is locally well-posed with flow map ® and define,
with an abuse of notation, new maps ®(x,t) = ®(z)(t) and T(z) = T(®(z)). Then (X, P) forms
a continuous dynamical system in the following sense:

(i) The flow map @ : {(x,t) € X x R: |t| < T(x)} — X is continuous.

(ii) We have ®(z,0) =z for allz € X.
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(i) For all x € X and t1,ta € R with |t1], |t1 + t2| < T(z) and |t2| < T(P(z,t1)) we have
q)(@(ﬂf,tl),tQ) = (I)(J?,tl + tg) . (112)

Proof. We give the derivation of the flow property (iii) from (1.1.1) because it is nontrivial. The
first step is to prove the following short-time flow property: for all z € X and ¢; € R there exists
some Ty > 0 such that for all t5 € R with |¢1], [t1 + t2| < T(z) and [t2| < min{Ts, T(P(z,t1))} we
have

q)(q)(:mtl),tg) = (I)(.%',t1 + tg) . (1.1.3)

To do so, we set (T1,¢1) = (T(x), ®(x)) € A and let t; € R with |[t;| < T(x). By (1.1.1) there
exists (T, p2) € A so that o1 (t1 + t2) = @a(t2) as long as |tz| < T and [t; + t2| < T'(z). Note
that ®(x,t1) = p2(0), so by uniqueness we have ®(d(x,t1),t2) = @a(ta) = P(x,t; 4+ t2) as long as
|t1 + t2| < T(l‘) and |t2| < min{Tg,T(@(x,tl))}.

Now we extend this flow property from |t2| < min{Ts, T(®(z, 1))} to |t2] < T(®(x,t1)). Define

I = {t2 eER: |t1 +t2| < T(l‘) and |t2| < T((I)(l‘,tl))}
J={ts eR:|t1 +t2] < T(x) and |t2| < T(P(z,t1)) and ®(D(x,t1),t2) = P(z,t1 +t2)}.

The interval I is a connected space which contains J. Since every trajectory ®(z) is continuous in
time and X" is Hausdorff, the set J is closed in I. From the short-time flow property we know that
J is nonempty. It therefore remains to show that J is open in I. We fix some to € J. Applying
the short-time flow property to the left hand side of (1.1.2) yields a time T5 > 0 so that

<I>(<I>(<I>(x7t1),t2),t3) = (I)(q)($7t1),t2 + td)

for all t3 € R with [ta + t3] < T(®(x,t1)) and |t3] < min{T3, T(P(P(x,t1),t2))}. On the other

hand, applying it to the right hand side of (1.1.2) yields a time T5 > 0 so that
(I)(CI)((I)(I‘, tl), tg), t3) = q)(q)(I, t1 + tg), t3) = CI)(JJ, t1 +ito+ t3)

for all t5 € R with [t; 4+ t3 + t3] < T(x) and |t3]| < min{fg,T(q)(x,tl + t2))}. Therefore with
Ty = min{T3, T3, T(®(z,t1 + t2))} we have (to — Ty, to +Ty) NI C J, concluding the proof that J
is open in [. O

1.1.3. KdV AND THE PURSUIT OF LOWER REGULARITY

Many continuous time-evolving models in physics with continuous space are partial differential
equations (PDEs), in the sense that X is a function space and the admissibility criterion is given by
a PDE. Models may also be given by integral equations, nonlocal PDEs, difference equations, etc.
We are interested in the PDE case. Let us discuss an example: the Korteweg-de Vries equation?

U:=6UUx —Uxxx (KdV)

for a function U = U(¢, X) : R X R — R is a model for shallow water waves [125], and one of the
most well-studied nonlinear PDEs in existence. The easiest way to represent it as a model in our
sense is as follows:

X = S(R;R)
Ao ={(T, ) : T > 0,9 € C((-T,T),S(R;R)) so that U = ¢ € C; (R;R) solves (KdV)}.

Here S(R;R) is the Schwartz space, consisting of smooth functions which decay, together with
their derivatives, faster than any polynomial. Initial results for the global well-posedness of
(Xoo, Aoo) are [32, 103]. Since it is advantageous to model a broader set of physical trajectories, it
is natural to seek a model with the largest possible configuration space X. In the case of PDE
this usually means lower regularity, or weaker assumptions on integrability or decay. The pursuit
of such a weakening of assumptions is directly tied to the strength of the model. The problem

We use the capitalized variables U and X to be consistent with the notation in Chapter 4.
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one encounters here is that (KdV) stops making sense if we use large function spaces such as
L?(R;R). Instead, we need to write (KdV) in its distributional formulation, requiring that for all
Y € C2([-T,T] x R;R)

/U@XW@JﬁMQXWQXMX/a/UMXWMﬂXMX&’ (1.1.4)
R 0 JR
:/ /—3U(t’,X)2¢X(t’,X)+U(t’,X)wXXX(t’7X)dth’.

0 JR

We are now able to consider the model

Xy = L*(R;R)
Ao ={(T,¢): T >0,p € C((~T,T), L*(R;R)) so that U = ¢ solves (1.1.4)}.

The global well-posedness of (Xp,.Ap) was first obtained by J. Bourgain in his seminal work [35].
Can we consider an even larger model?

Suppose (X,.A) is a model and X’ is a larger topological space so that X C X’ is a continuous
and dense inclusion. Then

A/ — ZT(X/)
is the natural way to eztend the model (X, .A) to a model (X', A"). The well-posedness of (X', A"

decomposes into the well-posedness of (X, .4) and the continuity of the flow map with respect to
the weaker topology. These claims are made precise by the following lemma.

Lemma 1.1.3. The model (X', A’) is locally/globally well-posed with flow map @' if the model
(X, A) is locally/globally well-posed with a flow map ® that satisfies:

o Continuous dependence on data with respect to the weaker topology. The map
®: X — A is continuous when X C X' and A C A" are equipped with the weaker topologies,
i.e. the subspace topologies induced by the inclusions. FEquivalently, for every T* > 0 the
maps

Tod: X — (0,00

(I)|(—T*,T*) Hr e X:T(®(x) 2T} — C((-=T7,T7); X)

are continuous when X C X’ is equipped with the subspace topology.

In this case, since A’ is Hausdorff, ® is the unique continuous extension of ® from the dense
subset X C X' to the whole space. In particular, if (X', A) is another locally well-posed model
with A C A, and a flow map @, satisfying T o <I>6|X =T o®, then @, : X' — Aj is another
continuous extension of ®, and hence & = ®'. In the case of global well-posedness this implies

/I !/
0—./4.

Let us apply this philosophy to our example of (KdV). We embed X, = S(R;R) C H }(R;R)
and define

X =H '(R;R)
——T(H™ ! (R;R))

A=A

We cannot make sense of either of the formulations (KdV) or (1.1.4) for such a large class of
functions, but the soft formulation purely based on the continuous dependence on initial data
nevertheless allows us to give meaning to the question of well-posedness. In fact, the global
well-posedness of (X_1,.A_1) was achieved in the seminal paper [114]. Furthermore, this is indeed
the largest model on the scale of Sobolev spaces for which KdV is well-posed, i.e. for s < —1 the
model with space X; = H*(R;R) is ill-posed [146]. We see that in the analysis of well-posedness
of a model, or a family of models, the first step is to prove well-posedness in a high regularity
setting, and the second step is to study the continuity of the flow map with respect to weaker
topologies. In this dissertation we are concerned with the first step, working in settings of high
regularity.
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1.1.4. THREE KINDS OF DYNAMICS

After having attained a satisfactory understanding of the well-posedness of the model under
consideration, in particular having realized it as a dynamical system, the next step is to study
its dynamics with the goal of understanding and being able to predict them, ideally on long
timescales. We pnow resent an informal classification of such dynamics into three kinds.

In the best case the dynamics are predictable, in the sense that the future configuration can
be determined when the initial configuration is known to a sufficient degree of accuracy. We
exemplify the 19th century viewpoint that dynamical systems should, in principle, be regarded as
predictable with a well-known quote from P.-S. Laplace [130, Chapter 11, §3]°:

We ought then to regard the present state of the universe as the effect
of its anterior state and as the cause of the one which is to follow.
Given for one instant an intelligence which could comprehend all
the forces by which nature is animated and the respective situation
of the beings who compose it—an intelligence sufficiently vast to
submit these data to analysis—it would embrace in the same formula
the movements of the greatest bodies of the universe and those of
the lightest atom; for it, nothing would be uncertain and the future,
as the past, would be present to its eyes.

Regardless of the degree to which Laplace and his peers were aware of the phenomenon of instability,
the discovery of chaotic dynamics towards the end of the 19th century (see e.g. [90, 154]) certainly
introduced a new perspective, establishing fundamental restrictions to the predictability of many
dynamical systems. Chaotic dynamics are highly sensitive to their initial data, meaning that a
small error quickly propagates to major, qualitative differences in trajectories. Even though they
are mathematically deterministic, they are, for all intents and purposes, totally unpredictable on
long timescales.

Subsequently in the early 20th century, the theory of computation was developed, from which we
highlight the introduction of Turing machines and Turing universality [174], the A-calculus [51, 52],
and the formulation of the so-called Church—Turing thesis, which claims that all reasonable models
of computation are equivalent to, or can be described by, the aforementioned ones. Towards
the end of the 20th century this led to the discovery (or perhaps awareness) of a third kind
of computational dynamics, which sit somewhere between predictable and chaotic. This can be
summarized by the idea that computation happens at the edge of chaos [55, 129, 184]. These kinds
of dynamics are predictable in principle, but in practice there is no way to make predictions any
more efficiently than simply observing the evolution of the system. Characteristic of computational
dynamics are complex self-organizing structures, pattern formation, and the possibility to emulate
any algorithm (as in Turing machine) by a careful preparation of the initial data.

1.1.5. COMPLETE INTEGRABILITY

There is no accepted unifying and rigorous definition of complete integrability. Let us vaguely
characterize this notion by framing it as a fourth kind of dynamics: those which are predictable
when you know the trick. The suggestion here is that, although the system in question was already
understood to be generally non-chaotic, there had been no easy way to give an explicit description
of the dynamics until a trick was discovered that simplifies the dynamics to ones which are already
well-understood. I was first exposed to this viewpoint in the informal lecture series [61] by P. A.
Deift. They give the following definition.

Definition 1.1.4 (Completely integrable dynamical system). A dynamical system (X, ®) is
completely integrable if there exists a homeomorphism 7 : X — ) to another space ) so that both
the transformation 7 and the dynamical system ()),no ® on~!) are, in a sense, well-understood.

We would also like to mention work in the 1990s and early 2000s (see e.g. [3, 59, 98]) investigating
the degree to which completely integrable dynamics can be of computational character. For
example, the Manakov system (which is a kind of vector NLS system), and more specifically its

2The original reference is [131]
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soliton interactions, have been found by K. Steiglitz in [165] to be Turing universal, in a certain
sense.

In practice, complete integrability describes a number of phenomena and has various definitions,
depending on the context. The following is a list of properties which one can consider to be
characteristic of completely integrable dynamics/systems/problems.

(i) The existence of a transformation that renders the system explicitly solvable, usually by
the use of integrals (hence “integrability”).

(ii) The existence of an infinite number of commuting symmetries. Here “symmetry” refers
to a continuous one-parameter family of transformations X — X that maps admissible
trajectories into admissible trajectories, and “commuting” means that the application of
multiple symmetries is independent of the ordering.

(iii) The existence of a set of conserved quantities which is, in a certain sense, mazimal and
orthogonal. In the case of a Hamiltonian system on a 2n-dimensional symplectic manifold this
is known as Liouville-Arnold integrability. Here “maximal” means n conserved quantities,
and “orthogonal” means pairwise Poisson commuting and having linearly independent
differentials.

(iv) The existence of an explicitly computable change of variables into actions and angles, where
the time-evolution of the actions is constant, and the evolution of the angles is linear.

(v) The existence of a Lax pair structure, which consists of a mapping from states x € X
to operators L(z) and P(x) so that a trajectory ¢ € C((=T,T);X) is admissible, i.e.
corresponds to an evolution of the dynamical system, if and only if

%L(@(t)) = [P(p(t)), L{p(1))] - (1.1.5)

(vi) The existence of soliton solutions. A “soliton” is a solitary (i.e. isolated, lonely, single)
wave, kink, or front, that interacts with other solitons in a way that is particle-like. PDEs
that admit solitons are also called soliton equations.

The study of complete integrability in this sense began with the analysis of various finite-
dimensional Hamiltonian systems. The classic examples here are the Euler, Lagrange, and
Kowalevskaya spinning tops, which are in a certain sense the only rigid body spinning tops
that have completely integrable dynamics. We emphasize the role of examples because complete
integrability is generally understood to be a fragile property that is only true for a relatively small
number of dynamical systems, and hence the theory hinges, in particular in infinite dimensions,
on an ever-growing collection of known examples.

The complete integrability of finite-dimensional Hamiltonian systems has a satisfying characteri-
zation in the form of the Liouville-Arnold theorem (proven in its first version in 1855) [15, 136],
which states in essence that (iii) <= (iv). Since the evolution of the action-angle variables is
trivial, we can say that (iii) = (i). Noether’s theorem yields a correspondence (ii) <= (iii).
It took another century for the first genuinely infinite-dimensional and completely integrable
Hamiltonian systems to be discovered. We refer to [150, Chapter 3] for an overview. To summarize
it briefly, in the famous Fermi-Pasta-Ulam and later Kruskal-Zabusky experiments, unexpected
behaviors were observed in numerical simulations of various time-evolving lattice systems. These
were later connected to the Korteweg-de Vries (see (KdV) above) and Boussinesq equations, which
are now known to be completely integrable.

Indeed, the first PDE which was proven to be completely integrable is KdV, first via the inverse
scattering transform (IST) method [75] and later by giving action-angle coordinates [185], making
it the first infinite-dimensional completely integrable Hamiltonian system. Here the IST method
can be understood as a kind of complete integrability in the sense of (i). The second such PDE is
the focusing cubic nonlinear Schrodinger equation

iq = — Qe — 2|q)%q (fNLS)

for a wavefunction g = ¢(t,z) : R x R — C (see [188] for the IST method and [175] for action-angle
variables). We are interested instead in the defocusing nonlinear Schrédinger equation

i = —ua + 2/41%q (NLS)
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with either of the following boundary conditions:

Jim g(t,x) =0 (zBQ)
lim q(t,z) = e %" g where |g| = 1. (NZBC)
r—too

We refer to the seminal paper [189] for the initial application of the IST method in the setting
NLS-NZBC.

The modern approach to the complete integrability of PDEs is via the Lax pair formalism (v)
above, introduced in [132] by P. Lax. Here the key objects are the so-called Lax operators, which
for the systems KdV and NLS are

ns (10 —ig kav _ [(—0% +U 0
e () (B 0N

There exist corresponding operators PX4V PMNLS and PNLS | depending on the potentials ¢ and U
so that (1.1.5) is equivalent to respectively (KdV), (fNLS), and (NLS). A consequence of (1.1.5)
is that eigenvalues of the Lax operators are conserved quantities. A deeper consequence is that
by studying the scattering problems associated to the Lax operators, one can construct bijective
transformations from the potentials ¢ and U, given regularity, integrability and decay assumptions,
to their scattering data. The time-evolution of the PDEs then becomes trivial for the scattering
data (in a way which can be understood as action-angle coordinates), rendering the PDEs explicitly
solvable if one is able to perform the inverse scattering transform, i.e. from the scattering data
back to the potentials. We therefore have a connection (v) = (i)—(iv).

Establishing appropriate mapping properties of the IST is generally difficult, which is why the study
of KdV, NLS—ZBC, and NLS-NZBC is not trivialized by their complete integrability. Satisfactory
bijective mapping properties for the IST have been established for L4V [60, 101, 102] and for
LNYS [156, 192]. For potentials ¢ satisfying NZBC the understanding of the IST is not as complete
(see the survey [155]). In the absence of appropriate mapping properties, one can still use the
IST method to construct special solutions, such as the soliton and multi-soliton solutions. These
are connected to the spectral information of the Lax operator, and the invariance of this spectral
information under time evolution explains the surprising stability of the solitons. In this sense, we
can say that (v) = (vi). A natural question that remains is whether one can say that (vi) =
(i)—(v). This seems to be not well-understood.

1.1.6. TRANSMISSION COEFFICIENTS AND THE HAMILTONIANS

In this dissertation we are less interested in (i), (iv), and (vi), i.e. the IST method, explicit
solvability, solitons, etc., and more in (ii) and (iii), as these are closely connected to the concept
of integrable hierarchies, of which the NLS and KdV hierarchies are examples. Specifically, the
symmetries mentioned in (ii) are flow maps corresponding to those Hamiltonian PDEs, which
have as Hamiltonians the conserved quantities mentioned in (iii). We describe now how these
conserved quantities can be obtained from the Lax operators (1.1.6). Let j € {1,2} and set 73 =1
and o = —1. The first step is to consider the so-called Jost solutions CI)';'LS’i and @?dv’i, which
are defined for A\, k € C as the solutions to the scattering problems

INS @S E (2 M g) = A S F (1, hig), LMY KV E(X K U) = B2 @V E (X ks U),

NS,y oy ziny (10 : KdV,+ neXiky _ (L1
A 257 (@, A g)e J‘(o 1)].’ xim @57 (X k; U)e ’_(z‘k —ik)

If the potentials ¢ and U are Schwartz functions and Im A > 0 (resp Imk > 0), then the Jost
solutions @?Ls’f, @2”‘5’+ (resp. <I>1Kdv’7, @ng’Jr) exist and are smooth in z (resp. X) and analytic in
A (resp. k), up to a finite set of points. If Im A = 0 (resp. Im k = 0) then this holds true for all the
Jost solutions. In the latter case there exist numbers aN">(X; ¢), bNSS(X; q), a4V (k; U), b5V (k; U) €

C so that

(I)ll\ILS,f _ aNLS(IDI{ILS’Jr + bNLS@QLS,Jr <I)1Kdv’7 _ aKdV(I);(dV,Jr + bKqu%(dVﬂL.
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Together with the eigenvalues of the Lax operator and certain associated normalizing constants,
these form the so-called scattering data mentioned above, from which the potentials ¢ and U can
be reconstructed. We are interested only in the transmission coefficients aN*> and a%?V. They
can be extended analytically to the upper half-plane, and if Im A and Im k are sufficiently large
they have the representation

9 0Y 7 (2, X q)
@?}f (2, A:9)

Ox 0 Y (X, K U)
+ixdz loga®V(k;U :/ +ikdX.
<3 ( ) (I)Kdv (X kU

log aV"> (X; q) = /
R

These integrals admit asymptotic expansions as A,k — oo, and we define the aforementioned
conserved quantities to be precisely the following expansion coefficients:

NLS — Hy(g KdV e ERV(U)
log a™>(\; q) zz oy n+1 loga™®V (k;U) ~ i Z W (1.1.7)

n=-—1

Their conservation under the flows of NLS and KdV is a consequence of the conservation of the
transmission coefficient itself. In fact, they are pairwise Poisson commuting with respect to the
relevant Poisson brackets. By deriving recurrence relations for the densities of these quantities,
they can be explicitly computed. For the case of KdV the initial ones are

Ny = | Udx (Mass)
R

ENVWY = | U?dX (Momentum)
R

EXNVW) = / U% +20%dX (Energy)
R

EXNV(U) = /]R U%x +10U%U +5U*dX .

For the case of NLS-ZBC they are

My () = /qqu (Mass)
R
HYS(q) = *i/ qq, dz (Momentum)
R
My (q) = / 07, +¢°7 da (Energy)

HES (q) = / (ren — 464°7q, — 29° dz .

In Sections 3.2 and 4.2 the Jost solutions, the transmission coefficients, and their asymptotic
expansions are presented in detail.

1.1.7. THE NLS AND KdV HIERARCHIES
We define the KdV hierarchy as the infinite hierarchy of Hamiltonian PDEs
SEXV ()
oU

forn>0and U =U(T,,X): RxR — R. Similarly, we define the NLS hierarchy as the infinite
hierarchy of Hamiltonian PDEs

or, U = 0x

for n > 0 and ¢ = q(t,, ) : R x R — C. Since the Hamiltonians are pairwise Poisson commuting
with respect to the relevant Poisson bracket, and hence their flow maps commute, an alternative
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viewpoint is to consider instead for a fixed N € N and a single function U = U(Ty, ..., TN, X) :

RY* xR — R the system of equations
55KdV U
o U = ox 25Uy cro Ny, (1.1.8)
oU
and analogously for a single function ¢ = ¢(to,...,tn, ) : RV xR — C the system of equations
5 NLS
i@tnq:w VYn €{0,...,N}. (NLS,,)

We sometimes refer to these as the N-truncated NLS and KdV hierarchies.

The central object of this dissertation is the NLS hierarchy together with the nonzero boundary
condition

lim q(to, ..., tn,z) = qre™?®0t) where |g1| = 1 and @(to, ..., tx) €R . (NZBCQ)

z—+oo

Note that the Hamiltonians HN'S(q) are not well-defined in this setting. Instead, we work with

two alternative families of Hamiltonians HSP (¢) and HSTP (¢), which are well-defined for g satisfying
NZBC. The initial ones are

H (q) = i10g<g+> (Asymptotic phase change)
M5 (q) = /Rqé —1ldz (Mass)
HE"(q) = —i/quw dz (Momentum)
HST(q) = /[R 07, + (g7 — 1)*dz (Energy)

HSP(q) =i /R @rre — 44°T, — 097" + 447, d
and
#% (4) = 51 (a)
HEP (q) = HSP (a)
HEP () = —i / i, dz — H(q)
HEP(q) = HSP (a)

HS(q) =i / (Tyze — 44°TG, — 4297 + 647, dz + 3HE (q) .
R

Here log denotes the principal logarithm. They can be understood as renormalized versions of the
Hamiltonians HNS. The superscript GP stands for the Gross-Pitaevskii equation

iq + g = 2q(|g)* — 1), (GP)

which is formally equivalent to NLS under the transformation q — e2q. These alternative
Hamiltonians can also be defined from the transmission coefficient associated to the Lax operator
LSP = INYS . To do this we let ¢ be a smooth potential satisfying NZBC, and more specifically
q— q+ € S(R;C) for certain g+ € C with |g4| = 1. Let A,z € C with A\?> = 22 — 1, Im A\, Im 2z > 0,
and consider the scattering problem

L @57 % (2, X q) = A 857 (2, A q)

. GP,+ . TiZY; 9+ Z<Z - /\)
Igrjr[looq)j (z,\;q)e = <Z(/\ — Z) q4 —j ‘
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The definition of the transmission coefficient a®"();¢) and its asymptotic expansion is analogous
to the above, but more involved due to the nonzero boundary condition. Once accomplished, one
obtains the asymptotic expansion

AP HE ) A 2o HSE (g)
GP . n ~ 2n LN 2n—1
loga® (A) ~ 4 Z oyt z; (22)2n 1 +i Z EECE T (1.1.9)

n=-—1 n=0

From this one can calculate that HS” = HSP and

n—m

~ n 1
MHSE =) ( 2 )4”—”12—%0}%5};1. (1.1.10)

m=0

Now we define the GP and GP hierarchies from the corresponding Hamiltonians, in analogy with
the definition of the NLS hierarchy, i.e. as the systems

GP
i0,.q = 5'}-{5(]((]) ¥ne{o,..., N} (GP,)
& _
iatnq:mgia(q) Vne{0,...,N} (GP,,)

for a function ¢ = q(to,...,tN,T) : RMT! xR — C. They are equivalent to the NLS hierarchy in
a sense which needs to be extracted from the relation

IHES (D) <~ (7= 3\ gnem OHSR(a)
n = gn—m m 1.1.11
oq Z n—m oq ( )
m=0
57{9"51(‘1) ~ (n—1 M5 —1(a)
—ne T = gnom _Emes T 1.1.12
e () o7 (1442

They are more suitable for working with NZBC, and the GP hierarchy in particular plays a crucial
role in Chapters 3 and 4. We consider the recognition that in various circumstances the GP
hierarchy is the “better” hierarchy to work with to be one of the main contributions of this
dissertation.

For more discussion and references on the relevance of these hierarchies in mathematical physics,
the theory of long-wave modulation equations, and algebraic geometry, we refer to the introductions
of Chapters 3 and 4.

1.2. MAIN RESULTS

Let us now revisit the three points that we gave at the very beginning and expand on them.

1. Chapter 2 consists of the published paper [180]. We prove that in the absence of vacuum
and for s > 1, the Madelung transform ¢ — (|¢|?, Im[q~'0,¢]) is a locally bilipschitz map
between the complete metric spaces (X*,d®), introduced in [119], and the complete metric
space (V*,0%) = (1 + H*(R)) x H*"Y(R). As a result, the global well-posedness result for
NLS-NZBC from [119, 120] can be transferred to the hydrodynamic formulation.

2. Chapter 3 consists of the preprint [135], which is joint work with X. Liao. We prove the
local well-posedness of the NLS hierarchy with nonzero boundary data in weighted Sobolev
spaces at high regularity, by determining the structure of the higher PDEs sufficiently in
order to apply methods for general dispersive nonlinear systems of PDEs. This involves
generalized local smoothing and maximal function estimates, which are of independent
interest. Subsequently, we use the conserved energies constructed in [119, 120] to conclude
global well-posedness.

3. Chapter 4 consists of a preprint by the author, which is in preparation. We prove that
long-wave solutions to the NLS hierarchy, of the kind that were constructed in Chapter 3,
when transformed to the hydrodynamic variables using the mapping studied in Chapter 1,
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behave approximately like solutions to the KdV hierarchy. This is based on an approximation

of the Hamiltonians H®" in hydrodynamic variables by the energies X4V, which is related
to an approximation result for the transmission coefficients of the associated Lax operators.
This can also be viewed as a result on the splitting of the one-dimensional Dirac operator
in the nonrelativistic limit.

Each chapter is self-contained, so they may be read in any order.

We conclude the introduction with a presentation of the main results from each chapter in a
simplified manner. Since the literature is reviewed in full detail in the respective introductions,
we give only the most directly relevant references in the following.

1.2.1. MAIN RESULTS OF CHAPTER 2

In this chapter we study the one-dimensional defocusing Gross-Pitaevskii equation
1004 + 9z0q — 2(|g* = 1)g =0 (GP)
for a wavefunction ¢ = ¢(t,z) : R x R — C, subject to the nonzero boundary condition

lim |q(t,z)]* =1.

|z]— o0

We are interested in solutions with
1 4
Bg) = § /]R Oual* + (Jaf? ~ 1) da < 5. (12.1)

The energy® E(q) is a conserved quantity and controls the distance from vacuum, meaning that if
E(g) < 4, then there exists some § = §(E(q)) > 0 such that |g| > § (see e.g. Lemma 2.1.2 below).
In this setting, we define the Madelung transform

M(q) = (p,v) where p = |q|* and v = Im {qqr}

with corresponding inverse
M (p,v) = \/pe'? where 0,0 = v.

Note that here ¢ is only defined up to a choice of constant, as this is information which the
Madelung transform drops. Furthermore, there is little difference between the use of the variable

p = |q|* as opposed to a = |g|: all results can be rewritten to use (a,v) instead. Under the
Madelung transform, the Gross-Pitaevskii equation is transformed into the hydrodynamic system
of PDEs
Op + 20, (pv) =0,
_ 19, 194p)2 (hGP)
{8,51) + az(l)z) + 2803;) = 836 (31(570) + (iTp) ) 5

which is commonly referred to as the hydrodynamic Gross-Pitaevskii equations. The corresponding
energy* is £(p,v) = E(q). Our main result is the global well-posedness of (hGP) in the metric
space (Y?,0%), defined by
Yo = (1+ H*(R)) x H*"\(R)
0°((p, ), (n,w)) = llp = s + [[v — wllgr=—r .

Theorem 2.1.9 (simplified). Let s > 1. The system (hGP) is globally well-posed in the metric
space ({(po,v0) € Y* : E(po,v0) < 5},6°).

The integer-regularity cases of this theorem were previously obtained in [145]. The global well-
posedness we obtain follows from the well-posedness theory for (GP) that was previously established

3In Chapters 3 and 4 we use HSP (q) = 2E(q)
4In Chapter 4 we use Hh°P (w) = 2€(p, v)
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in [119, 120]. Here global well-posedness is proven for s > 0 in the complete metric space (X*, d*®),
where

X* ={q € H.(R;C) : E*(q) < o0} /S"

2

&*(q.p) = ( [ oant | lsechiy =)0 = )l dy)

AEC,|A|=1

The core of our result is correspondingly the following corollary.

Theorem 2.1.6 (simplified). Let s > % and § > 0. The map

M
({ge X®:|ql >0},d°) ——— ({(p,v) € V*: p>5°},6%)
is a bilipschitz equivalence, i.e. a map which is bijective, Lipschitz continuous, and has a Lipschitz
continuous inverse.

Remark 1.2.1. In Theorem 2.1.9 we only restrict ourselves to s > 1 because the product of
distributions p-v is not defined anymore if s < 1, as then it is possible that v & L?(R). Nevertheless,
we can still transfer the flow map for (GP) to the hydrodynamic setting for s € (%, 1), meaning
the global well-posedness can be stated in the sense described in Section 1.1.3. In order to obtain
a satisfying well-posedness result for s € (%, 1), one should prove that due to some smoothing
effect the trajectories have more reqularity than expected and indeed solve (WGP) in the sense of
distributions.

The proof uses an intermediate metric: we prove that for a covering (By)rez of R consisting of
evenly spaced balls of identical radius, we have

S S S
d de*‘Bk ~ 0%,
kez

where for a ball B we define

&3 5(q,p) = Aigsfl IAq — pllws2(B) -

Since Theorem 2.1.6 establishes an equivalence between natural function spaces for the variables
g and (p,v), it can be of use in settings much more general than Theorem 2.1.9. For example, we
use it in Chapter 4 to transfer the well-posedness result from Chapter 3 for the NLS hierarchy to
the alternative hydrodynamic variables

wi:gi(ﬁ—l):%i(a—l). (1.2.2)

1.2.2. MAIN RESULTS OF CHAPTER 3

In this chapter we study the aforementioned NLS, GP, and GP hierarchies in the setting of NZBC
with the goal of proving their well-posedness. Conveniently, H. Koch and X. Liao have already
constructed in [119, 120] a family of conserved energies for GP that control every Sobolev norm
H*(R) for s > 0. These energies are conserved for every flow in the NLS, GP, and GP hierarchies
because they are defined from the transmission coefficient a®”(); ¢), which is associated with the
scattering problem for the Lax operator L¢P = LN for a complex parameter A € C. This is a
central object that is studied in detail in Sections 3.2 and 4.2. As a result, the main difficulty is
to prove local well-posedness. The equations (NLS,,) are dispersive nonlinear PDEs of high order,
so once we understand their linear part we can apply known techniques for general dispersive
nonlinear PDEs. This approach restricts us to settings of high regularity. By working with the
definition of the Hamiltonians and the transmission coefficient, we are able to prove the following
theorem on the structure of the equations.

Theorem 3.1.10 (simplified). The right hand sides of (NLS,), (GP,), and (GAE’n) consist of
sums of monomials involving ¢, g, and up to n derivatives thereof. We give explicit formulas for
these right hand sides up to monomials which have two or more factors that are derivatives of ¢
or q.
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For further efforts to calculate explicit coefficients in integrable hierarchies, we refer to [4], where
the coefficients of all cubic terms in the dNLS hierarchy are calculated, and also [19] for the KdV
hierarchy. We now choose a fixed front ¢, : R — C with lim, 4+ g«(2) = ¢+ so that ¢. satisfies
NZBC. Then we rewrite the well-posedness problem for a solution ¢ of the higher (i.e. n > 2, as
the cases n € {0, 1} are trivial) flows of the NLS, GP and GP hierarchies in terms of the variable
problem for the perturbation p = g — g.. This yields dispersive nonlinear PDEs with coefficients
that depend on ¢.. From our structure result we derive the following formulation.

Proposition 3.1.21 (simplified). Let n > 2. The n-th equation in the GP hierarchy (éan) can
be written for the vector p = (p, ¢2p, P, ¢>p) in the form

i0, p = L"[p] + N"[p], (1.2.3)
where with D, = —i0, we have
D242 2 0 0
L2 = D2 _02 _D% -2 _Dg Ly _02 (1.2.4)
0 0 2 D242
£t = _p2mtt (1.2.5)

and for each j € {1,2,3,4} the terms N"[p| are sums of monomials in ¢.,q,,p,p and their
derivatives. They involve at most 2 fewer derivatives of p than the linear part, and always have
at least one factor which has “good integrability” like p, (¢«)z, |q«|* — 1, or a derivative thereof,
and at least two such factors if the monomial depends on p or p.

The well-posedness theory developed in the 1990s by C. E. Kenig, G. Ponce and L. Vega [106,
108, 109, 110, 111] is in principle able to tackle such systems. After proving generalized local
smoothing and maximal function estimates, we obtain a well-posedness theory for general systems
of dispersive nonlinear PDEs of the form (1.2.3). This uses the (weighted) Sobolev spaces

(H*R), |- =) = ({w € L*(R) : (1 + [€]*)2a(€) € L*R)}, 11+ [€1*) 2E) |2 m))

(H A R) - gy ) = ({w € HY(R) :auw € HY R}, |2 | oz + - o)) -
(1.2.6)

We obtain the following results for the hierarchies.

Theorem 3.1.2 (simplified). Let n € N with n > 2 and let s,s’ € N such that s > 5"2—_1 and
5+ "T_l < s <s—mn. Let ¢ : R — C be a front for which (¢.), and |g.|?> — 1 are Schwartz
functions. The perturbative formulation of the n-th flow in the GP hierarchy (GP,,), using the
variable p = g — ¢4, is globally well-posed in H*(R) N Hsl’l(R).

By stitching together the flow maps, we obtain as a corollary a well-posedness result that uses
N + 1 time variables, i.e. for the N-truncated hierarchy in a direct sense.

Corollary 3.1.7 (simplified). Let N € N and let s, s’ € N such that s > 5N2_1 and 5 + % <

s’ < s—N. Let ¢. be given as in the previous theorem and let py € H*(R)NH*"(R). There exists
a function ¢ = q(to,...,tn,z) : RV xR — C with initial data ¢(0,...,0,z) = ¢.(z) + po(z)
which solves (NLS,,) in the sense of distributions for every n € {0,..., N}. It is unique in the

sense of the previous theorem. The same result holds for the GP and GP hierarchies.

We mention as relevant literature the work [118] on the global well-posedness of the KdV hierarchy,
the works [88, 5] on the well-posedness of the NLS (and also KdV) hierarchy with zero boundary
data, as well as [4] for the dNLS hierarchy.

1.2.3. MAIN RESULTS OF CHAPTER 4

Let N € N and define t = (g, ..., ¢n). In this chapter, we are interested in solutions ¢ of the NLS
hierarchy with the nonzero boundary condition

lim q(t,z) = qze™®® where |g+| = 1 and p(t) € R (NZBC)

r—to0
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that arise via the Ansatz
1 z .
b, 2) = (1 T w_><t,m>) exp ( |+ un dy) el
0

where the functions wy were defined in (1.2.2). We consider for a small parameter £ > 0 the
rescaled variables

dT,
X =+2ex T = (Th)o<n<n = <tn)
dtn "/ o<nen
where
dT: dT5,,—
20 = 9(v/2e) ! 2=l = (V2e) (1.2.7)
dtzn dt2n71

and obtain with
1
Wi(T, X) = E—zwi(t,x)

the long-wave Ansatz

2 X
q(t,z) = (1 + %(W+ - W_)(T,X)> exp <zj§/0 (Wy 4+ W_)(T,Y) dY> e (1.2.8)

Here the functions Wy are real-valued and decay at infinity. We write W = (W, W_) for the
pair and define

HEP (W) = HOP () HEP (W) = HEP(g),

which allows us to define the eGP and EEIS hierarchies as the hierarchies of Hamiltonian flows

, Cdte 1 [(—0xATP— A9y Ox ATl — Aoy (s M (W)

W=, 522 <—axA—1 + A0y Ox AT+ A Ox ) \ s HESP (W) (=GPn)
, Cdi, 1 (—oxA - Aoy 9y AT — A0y (s HESP(W) 5
OnW = a1, 52 (—aXA—l T ATy oxAT 4 ATy )\ s ety | 6P

for n € {0,...,N}. Here

AT, X) =1+ %(V{g — W_)(T, X)

is the rescaled amplitude. Formally, it is indeed the case that if ¢ solves (GP,,) (resp. (GP,)),
then W solves (¢GP,,) (resp. (¢GP,)).

In [27, 28] an approximation of the Hamiltonians HSP, ..., HSP by X9V ... €KV was discovered,
and an analogous result was speculated to hold for all n € N. We prove the following theorem.

Theorem 4.1.1 (simplified). For all n € N there exist polynomials P,,, depending on e, W,
W_, and derivatives thereof, such that

2

HESP () % 2057, 07) = (Va=pn ) (E94(w) + 5 [ Pan ¥ Pancaax)
R

In order to prove statements about these infinite families of Hamiltonians, we define them via the
asymptotic expansions of the logarithms of the transmission coefficients (see (1.1.7) and (1.1.9)
above). The above theorem is then a consequence of the following proposition. Here we define
a®CP(\, k; W) = a®P(\, z;q) where A2 = 22 — 1 = 2¢2k2 — 1. We define also the projections onto
the even and odd parts Evy and Ody by

Evy f()\) = f+ (=N Ody f(A) =

5 M (1.2.9)

2
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Proposition 4.1.3 (simplified). Let W = (W,,W_) € S(R;R?), ¢ € (0,1) and let the parameters
Ak e {beC:Reb,Imb > 0} be large so that the asymptotic expansions below exist. Then

> 2
Evy [log a®" (A, k; W) 7 EOdA [log a=F (A, k; W)] ~ log a®® (k; (W) + > (;)k(g )

in the sense of asymptotic expansions as 2ik — oo. Here O(¢?) must be understood symbolically
in e, W4, W_, and derivatives thereof.

Now assume in addition that k € ¢t R} and k = —ik < ﬁ satisfies

11 1

< —

max{ 2 I I < 5.
Then

1
Ev, [loga*P (A, k; W)] 5 Odx [log a®P (X, ks W)] = log a"®V (k; W) + E(k; W)

with

|B(r; W)| < 82w W25 .

This can be understood as a result on the splitting of the Dirac operator in the nonrelativistic limit.
We explain this in Remark 4.1.4 below. By exploiting an additional approximation result for the
relevant symplectic/Poisson/Hamiltonian structures, we obtain the following formal approximation

of the hierarchies. This uses the upper triangular coefficient matrix cN-S—¢6P ¢ R(N+1)X(N+l),

defined by
1 n—m
c2n2m (=3 3 c2n2m=1 _
NLS—eGP n—m c2 NLS—eGP
1 n—m
nr2m c2n—12m—1 _ n—s z
NLS—eGP NLS+eGP n—m/)\ &2 ’

It represents a combination of the relations (1.1.10), (1.1.11), (1.1.12), and (1.2.7).

Theorem 4.1.8 (simplified). Suppose that ¢ is formally a solution of the N-truncated NLS
hierarchy (NLS,,). If W(T) is defined by (1.2.8), then W (cN:S=<SPT) formally solves the N-
truncated eGP hierarchy (¢GP,,) and

d W( NLSH&@T) _( )n 18 5W g||_< \ J (W+(CNLS>—>8GPT)) . O( 2)
R C = ~ e7).
dT, 3X e W )5I|_<dv y (—W_ (CNLS»—mGPT))

We want to strengthen this to a quantitative approximation result. Here it is of great convenience
that the global well-posedness of both the KdV hierarchy and the NLS hierarchy with nonzero
boundary data has already been established. For the KdV hierarchy, this is a combination
of the local well-posedness in high regularity Sobolev spaces from [104] and the conserved
energies from [122]. For the NLS hierarchy with nonzero boundary we use our Corollary 3.1.7.
Furthermore, we can use Theorem 2.1.6 to transfer estimates for ¢ € ¢, + H*(R) C X* first to
(p,v) € (1 4+ H*(R)) x H*~Y(R), and then to W € H*"}(R).

Define now M = L%J and bt b~ € RMHDx(V+1) 1y

+ _ _(_1\n —
bm,n - ( 1) ]l{m:L%J} bmm ﬂ{m:Ln,glj} .

The purpose of this matrix is to match the correct flows in the NLS hierarchy with the corresponding
flows in the KdV hierarchy, as described by Theorem 4.1.8. Define 0 = (0,...,0).
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Theorem 4.1.12 (simplified). Let N, s € N and ¢ : R — C satisfy the assumptions of Corollary
3.1.7 for some s’ € N and ¢.,po : R — C. Assume in addition that HS"(go) < 3§ so that
lg(t,z)] > 0 > 0, and hence we can define for some € > 0 the function W according to the Ansatz
(1.2.8). We have W € C(RY™!; H*~1(R)), and if ¢ is sufficiently small then

W e g2 < CO W O] )W (0) 10 Vhe {2 s—1},

Furthermore, W(CNLSHEGNPT) e C(RN*Y; H5=1(R)) solves (¢GP,,) in the sense of distributions.

Let U4 € C(RY ™ x R; H*~1(R)) be the solutions to the N-truncated KdV hierarchy with initial
data Uy (0) = W4 (0) which are known to exist and admit the bound

[V(Dllzg my, < CE IOl -)IU©O] s Vhe{o,..s-1).  (12.10)

Define [T] = [T5| + -+ + [T|. For all h € {0, ..., [#5¥ |} there exists a constant

C = C(NJL,(;, HWHL%QH)I\(J+1+2}L) >0
such that

Uy (b™T) _ NLS—&GP 2 L clT]
H (U(b_T) W{(c T) - <e“C[T)ze . (1.2.11)

This result represents a collection of approximations, and the timescales involved have several
edge cases. In the Examples 4.1.13-4.1.20 in Chapter 4 this is discussed in detail. We present
here an informal summary of the implications of this theorem for the flows of (NLS,,), (GP,,), and

(GP,,) with n € {0,...,7}.

Example 4.1.13 ((NLSg) = (GPgy) = ((EIEO) = “phase rotation”). The flows (NLSp), (GPy), and
(GPy) for the variable W are all constant, which matches exactly (KdV_q).

Example 4.1.14 ((NLS;) = (GP;) = (GPy) = “transport”). The flows (NLS;), (GP;), and (GP;)
for the variable W are all transport flows, matching exactly the transport equation (KdVy).

Example 4.1.15 ((NLSz) = NLS and (GP3) = (éTDQ) = GP). The flows (NLSz), (GP2), and
(GP3) are identical for the variable W and approximated by (KdVq) on the timescale |to] < e 1,
which is natural here. This result corresponds to [25, Theorem 2], i.e. it is an approximation of GP
by two transport equations. In the introduction of Chapter 4 we elaborate on the following fact: it
is known from [27, 28] that in the subsequent order KdV = (KdV;) shows up as the approximating
equation. It is natural to conjecture that this may be generalized, i.e. to characterize the effect of

the terms O(g2) up to O(g?), even for the higher flows.

Example 4.1.16 ((NLS3) = mKdV, (GP3), and (éTDg)) The flows (NLS3), (GP3), and (GNPg) for
the variable W are approximated by a combination of (KdV() and the KdV equation (KdV;) on
the timescale |t3| < 72, which is natural here.

Example 4.1.17 ((NLS,) = “4-th order NLS”, (GP4) = (GP4) = “4-th order GP”). The flows
(NLSy4), (GPy) for the variable W are approximated by a combination of (KdVy) and (KdV;) on
the timescale |t4| < e71, which is only long enough to see (KdVy). The flow (é\|54) for the variable
W is approximated by a combination of (KdV) and (KdV;) on the timescale |t4| < 73, which is
natural here.

Example 4.1.18 ((NLS5) = “5-th order mKdV”, (GP5) = (@5)) The flows (NLSs), (GPs) for
the variable W are approximated by a combination of (KdVy), (KdVy), and the fifth order KdV
equation (KdVz) on the timescale |t5| < e73, which is only long enough to see (KdVq) and (KdVy).
The flow (GP5) for the variable W is approximated by a combination of (KdVy), (KdVy), and
(KdVz) on the timescale |t5| < e7°, which is natural here.
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Example 4.1.19 ((NLSg) = “6-th order NLS”, (GPg) = (GPg) = “6-th order GP”). The flows
(NLSg), (GPg) for the variable W are approximated by a combination of (KdVy), (KdV;), and

(KdV3) on the timescale |tg| < e~ 1, which is only long enough to see (KdVy). The flow (GPg) for
the variable W is approximated by a combination of (KdVy), (KdV1), and (KdV3) on the timescale
lts] < 77, which is natural here.

Example 4.1.20 ((NLS7) = “7-th order mKdV”, (GP7) = (@7)) The flows (NLS7), (GP7) for
the variable W are approximated by a combination of (KdVy), (KdV1), (KdVs), and the seventh
order KdV equation (KdV3) on the timescale |t7| < e73, which is only long enough to see (KdV()

and (KdVy). The flow (GP7) for the variable W is approximated by a combination of (KdVjy),
(KdV1), (KdVz), and (KdV3) on the timescale |t7| < e~7, which is natural here.

At this point we stop because all edge cases have been exhibited and the pattern continues as
expected.

1.3. OUTLOOK

We give for each chapter a brief outlook on possible future directions of research.

1. Regarding Chapter 2, there is the obvious question of lower regularity. Since the well-
posedness results for (GP) from [119, 120] hold for s > 0, it would be useful to understand
the Madelung transform with domain X* for s € [0,3]. Here the Sobolev embedding
H?*(R) «— L*(R) is no longer available, so one needs to tackle the problem with vacuum.

2. Regarding Chapter 3, we would like to mention that much more recent techniques than
the ones we have used are available, such as the Fourier restriction norm method (see e.g.
[5, 4, 86, 87, 88]), as well as the method of commuting flows [38, 91, 114, 118]. This is, of
course, much more technically involved. It would be of particular interest to find a natural
adaptation of the method of commuting flows to the setting of NZBC. More generally, we
hope that our initial well-posedness result inspires future work on the NLS hierarchy with
nonzero boundary data. Lastly, we believe that with a lot of work Theorem 3.1.10 can
be extended to describe the terms with two factors which have derivatives, and with even
more work those with three factors with derivatives. If then one is able to make a guess for
a formula for the complete structure of the NLS hierarchy, it may be possible to give an
elegant proof using generating functions.

3. Regarding Chapter 4, we note that the main result Theorem 4.1.12 does not generalize
the approximation result [27, Theorem 1], which states that (GP) is approximated by the
transport equation (KdVy) in the leading order, and (KdV) = (KdV) in the next-to-leading
order. We reproduce only the leading order transport equation approximation. It is therefore
plausible that every result in Chapter 4 might have a refined version, where the terms which
we treat as O(e2) are described up to O(g*). In another direction, it would be of interest to
explore further the implications of our result for the splitting of the one-dimensional Dirac
operator in the nonrelativistic limit.






CHAPTER 2

GLOBAL-IN-TIME WELL-POSEDNESS OF THE
ONE-DIMENSIONAL HYDRODYNAMIC
GROSS-PITAEVSKII EQUATIONS WITHOUT VACUUM

Abstract

We establish global-in-time well-posedness of the one-dimensional hydrodynamic Gross-
Pitaevskii equations in the absence of vacuum in (1 + H®) x H*™! with s > 1. We achieve
this by a reduction via the Madelung transform to the previous global-in-time well-posedness
result for the Gross-Pitaevskii equation in [119, 120]. Our core result is a local bilipschitz
equivalence of the relevant function spaces, which enables the transfer of results between the
two equations.

2.1. INTRODUCTION
We consider in one dimension the Gross-Pitaevskii equation
104 + 9ueq — 2(|a|* — 1)g = 0, (GP)

where ¢(t,z) : RxR — C represents an unknown wave function, subject to the boundary
condition at infinity lim;| [¢(¢, z)| = 1. In the absence of vacuum, meaning that

lgl >0,

the Gross-Pitaevskii equation has a hydrodynamic formulation

{ Op + 20, (pv) =0,

O+ 0.00%) + 20, = 0.(01 (1%52) + (422)7).

(hGP)

which we call the hydrodynamic Gross-Pitaevskii equations. Here the functions p(t,z) : R x R —»
Ry and v(t,z) : Rx R — R may be understood as the unknown density and velocity of a
quantum fluid. The system (hGP) belongs to the class of quantum hydrodynamical models, which
may be used to model various physical phenomena such as Bose-Einstein condensation [73, 83],
superfluidity [72, 127, 138] and quantum semiconductors [76]. We refer to [8, 36, 93] for more
information on quantum hydrodynamical models and their relation to nonlinear Schrodinger
equations.

The relation between (GP) and (hGP) is given by the Madelung transform

M(q) = (Jal? Tm [azq}), (2.1.1)

which formally transforms a solution ¢ of (GP) into a solution (p,v) = M(q) of (hGP). Note that
p and v are real-valued. One immediately sees that the Madelung transform M only makes sense
when |g| > 0. In this case, we may recover ¢ from its Madelung transform by the formula

q=/pe'?,
where ¢ is some spatial primitive of v, i.e.
Orp=0.

One furthermore sees that the inverse Madelung transform (p,v) — ¢ is only defined up to
multiplication with S!, i.e. a constant rotation in phase (see (2.1.13) below for more details).
We refer the reader to [43] for a survey of the Madelung transform and the hydrodynamic
Gross-Pitaevskii equations.
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2.1.1. RELATED RESULTS FOR THE (GROSS-PITAEVSKII EQUATION

E.P. Gross [85] and L.P. Pitaevskii [153] introduced the Gross-Pitaevskii equation as a model for a
Bose-Einstein Condensate, a type of Boson gas at very low density and temperature. For rigorous
justification of the model, we refer to the mean-field approximation established by L. Erdds, B.
Schlein, and H. Yau [70], as well as references therein. As the Gross-Pitaevskii equation is a
kind of defocusing cubic nonlinear Schrédinger equation, its well-posedness has been extensively
studied. Due to the non-zero boundary condition, finite-energy solutions to (GP) can clearly not
be in traditional function spaces that require global integrability, such as LP(R). For integers
k > 1 and in any dimension n > 1, P.E. Zhidkov [191] established local-in-time well-posedness
in the so-called Zhidkov space Z*(R™), which is the closure of {u € CF(R") : 9,u € H*"1(R")}
under the norm

ull gy = llullpoe @y + Z 10z ull L2 rn).- (2.1.2)

1<]a|<k

This led to a first global-in-time well-posedness result in one dimension in Z!(R), as the Ginzburg-
Landau energy

B(0) =5 [ 10ua® + (la - ) da (213)

is conserved. The Gross-Pitaevskii equation (GP) can be interpreted as the Hamiltonian evolu-
tionary equation associated with this energy. The well-posedness result in Zhidkov spaces was
expanded to the cases n = 2,3 by C. Gallo [74]. Global-in-time well-posedness in the energy space
{q € H}.(R™) : E(q) < oo} equipped with the metric

de(q,p) = llg — pll 21 &)+ 5L (R + lllq* — |p|2||L2(R")

was obtained by P. Gérard [77, 78] for n = 1,2,3, and for n = 4 under smallness assumptions.
Later R. Killip, T. Oh, O. Pocovnicu, and M. Visan [113] established global-in-time well-posedness
in the energy space for n = 4. More recently, the problem has been studied by P. Antonelli,
L.E. Hientzsch, and P. Marcati [7] in n = 2,3 for general nonlinearities f satisfying a Kato-type
assumption. Local-in-time well-posedness is obtained in the energy space and extended globally
in the defocusing case under some further assumptions. Regarding the case of non-finite energy,
H. Pecher [151] established global-in-time well-posedness in three dimensions in 14 H*(R?) for
se(5,1).

We are concerned with the case n = 1. For s € R, we associate with solutions of (GP) the energy
functionals

1 1
E*(q) = 31100l fys ) + 3108 = 15— oy (2.1.4)

Note that indeed E' = E. Our results are consequences of a pair of papers [119, 120] by H.
Koch and X. Liao, where for s > 0 they proved the global-in-time well-posedness of (GP) in the
complete metric space

X*={ge Hi (R): E5(q) < o0} /S, (2.1.5)
equipped with the distance function

1
2

() = ([ o, secnty — )00 - ) @) 2.16)

We summarize several of their results, taken from [119, Theorem 1.2, 1.3, Lemma 6.1] and [120,
Theorem 1.5], in the following theorem.

Theorem 2.1.1 (Global-in-time well-posedness of (GP) [119, 120]). Let s > 0. The pair (X*,d®)
is a complete metric space, and the energy functional E° : X®* — R is continuous. There exists a
constant Cy > 0 such that d*(1,q) < Cor/E*(q) for all g € X*.

The Gross-Pitaevskii equation (GP) is globally-in-time well-posed in the metric space (X*,d*) in
the following sense: For any initial data qo € X° there exists a unique global-in-time solution
q € C(R; X*) of (GP) (see Definition 2.3.2 below). For any t > 0 the Gross-Pitaevskii flow map
X® 3 qo— g€ C([-t,t]; X?) is continuous. There exists a constant Co(s, E*(qo)) such that

sup E*(q(t)) < Co(s, B*(40)) E*(¢0) » (2.1.7)

and in the case s > 1 the energy E(q(t)), defined in (2.1.3), is conserved.
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2.1.2. RELATED RESULTS FOR THE HYDRODYNAMIC GROSS-PITAEVSKII
EQUATIONS

The question of equivalence between Schrodinger equations and quantum hydrodynamical equations
is relevant for the validity of classical approaches to quantum mechanics such as de Broglie-Bohm
Theory [31] and stochastic mechanics [147]. It became a topic of controversy when Wallstrom
raised some objections [177, 178, 179]. We recommend [157] for a review of these issues. The
difficulty arises from possible vacuum regions, which complicate the definition of the inverse
Madelung transform. This can be resolved via an additional “Takabayasi’s quantization condition”
[29, 168], which requires the winding numbers of the velocity field on closed loops to be quantized.
Note that this condition trivially holds in one dimension. Wallstrom also raised objections
regarding uniqueness [179]. There are indeed non-uniqueness results for weak solutions to
quantum hydrodynamical systems, which are related to a change in the number of non-vacuum
connected components [139].

Nevertheless, P. Antonelli and P. Marcati [9, 10] constructed weak solutions vanishing at infinity
with finite but arbitrarily large energy, meaning that vacuum may appear, in n = 2, 3 for a general
quantum hydrodynamical system. They use a polar decomposition technique in order to define
the velocity field in the vacuum regions. In collaboration with H. Zheng, they extended this to
n = 1 via a purely hydrodynamical approach [12, 13]. An alternative approach to finite energy
weak solutions is explored in [6, 11].

The well-posedness of the Euler-Korteweg system, a generalization of the compressible Euler
equations which includes capillarity effects and contains (hGP) as a special case, was studied
in higher dimensions by C. Audiard and B. Haspot [17, 18]. Similar to the approach we take
is a paper by C. Audiard [16], in which global-in-time well-posedness of (hGP) under smallness
assumptions is shown in certain spaces for n > 2 by applying the Madelung transform to solutions
to (GP). While they used scattering results to bound the solution away from 0, we use a rather
elementary argument that leads us to the aforementioned energy bound E < %.

A closely related paper is a work by H. Mohamad [145], which in [145, Proposition 1.1] states
similar relations to our Theorem 2.1.6, and then uses a well-posedness result for (GP) to obtain
a well-posedness result for (hGP) in (1 + H¥T!) x H* with k € N>( up to the appearance of
vacuum. We discuss the similarities and differences in Remark 2.1.10.

2.1.3. FUNCTIONAL ANALYTIC FRAMEWORK

Our goal is to show a novel global-in-time well-posedness result for (hGP) with (p,v) € (1+ H*) x
H*~! where s > 1 and n = 1. We achieve this under the assumptions s > 1 and E < % by passing
the well-posedness result for (GP) in Theorem 2.1.1 through the Madelung transform (2.1.1). The
first assumption s > 1 ensures sufficient regularity for the energy E to be defined, and for (hGP) to
be interpretable in the sense of distributions. As an example, consider that s > 1 implies v € L(R),
and so the problematic square of a distribution v? appearing in (hGP), does indeed exist. The
second assumption E < % can also be understood as a “regularity” assumption: solutions below
the critical energy of % can not have vacuum, that is points or intervals where [g| = \/p = 0 (see
Corollary 2.1.3 below). As a result, singularities are avoided in the hydrodynamic formulation.
Due to conservation of energy, the absence of vacuum is guaranteed for all times. Note that this
energy assumption is sharp in the sense that the black soliton solution ¢(¢,z) = tanh(z) to (GP)
has a zero tanh(0) = 0, while also having energy E(tanh) = 3.

We collect now some results that ensure the absence of vacuum, given certain energy bounds. We
start with the following lemma.
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Lemma 2.1.2. Consider the function b : [0,1] — [0, 3] defined by

b
~ 4 2
b(6) = = — 26 + =43,
() 3 * 3 %a
This is a strictly decreasing bijection (see Fig. 1) whose inverse we
denote by
5(b) : [0, 3] — [0,1]. We have
- ) . 0
b(0) = min {E(q) :q € HE (R), 1nf lg(z)] < (5} 0

1
~ Fig. 1 Graph of b
0(b) = min { inf [g(x)| : g € HIOC(RL () < b}.

This lemma is a stronger version of [26, Lemma 1]. The proof of a slightly more general Lemma
2.A.1 is given in the appendix. As a consequence of Lemma 2.1.2, the “energy gap” 3 1 FE(q)
yields an explicit lower bound for the distance of |q| to zero. Due to conservation of the energy
E(q), we obtain the following corollary.

Corollary 2.1.3. For any solution ¢ € C(R; X') of (GP) (see Definition 2.3.2), we have

4 -
E(q) <b<-= inf |q(t,z)] > d(b) >0. (2.1.8)
3 (t,z)€R?

We thus consider solutions ¢ of (GP) in X?, s > 1 with energy

E(q) < (2.1.9)

3 )
recalling the definitions (2.1.3) - (2.1.6) of X* and E. We look for solutions (p, v) of (hGP) in the

function space
V¢ = (1+ H*(R;R)) x HHR;R), (2.1.10)

equipped with the metric

0°((p,v), (0, w)) = [lp = nll s + [lv = wl[ga—r . (2.1.11)

We define the analogous energy

2
E(p,v) = E(M Y (p,v)) = %/R (azz) + pv? + (p—1)? da. (2.1.12)

Here the inverse Madelung transform is defined as

M7 p,v)(z) = (Vp(2)e?®) St = {A/p(x)e#™ : X e S}, (2.1.13)

where ¢ is any spatial primitive of v, i.e. 0, = v. Note that the energy E is indeed well-defined
on equivalence classes under multiplication by S!, and furthermore that the space X* consists of
such equivalence classes, and is hence a suitable domain for the Madelung transform M, given in
(2.1.1).

In order to transform solutions of (GP) into solutions of (hGP) via the Madelung transform, we
establish an equivalence between the relevant function spaces (X*,d*) and (Y*,0°). Specifically,
we prove a local bilipschitz equivalence between the distance functions d® and 6° for all s > %
While our main result only holds for s > 1, our approach has the potential to be extended to the
case % < s < 1if one finds a way to make sense of (hGP)2 in such a low regularity setting. For
example, this may be possible via a local smoothing result, as in [114] (see Remark 2.1.12 below).
When % < s < 1, the absence of vacuum can still be ensured by a smallness assumption of the
form

E*(q) < eo(p) << 1,

where 1 > 1 (see (2.1.16) below). This smallness condition can also replace E < 3 in the case
s > 1, p < s. Specifically, we have the following Lemma 2.1.4 as a replacement for Lemma 2.1.2.
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Lemma 2.1.4- F07 6 c O7 1] and /,L > 2 deﬁne
12 : 14 . (4 ] < .

loc?

Then E{ =0, the function 6 — EYf is decreasing, and there exists a constant C’(N) > 0 so that
(1-9)

Bl >
C(n)

(2.1.14)

This Lemma is also a special case of Lemma 2.A.1. By (2.1.7) there exists for any p > % a constant
¢(u) > 0 such that

E*(q) <e = igﬂg E*(q(t)) <c(p)e (2.1.15)

for all € € (0, 1) and any solution ¢ € C(R; X*) of (GP). Not attempting to obtain a sharp bound,
we state the analogous of Corollary 2.1.3.

Corollary 2.1.5. Let p > % and define
1 1
go(p) :max{,N}. (2.1.16)
2" 4e(p)C(p)
For any solution g € C(R; X*) of (GP) (see Definition 2.3.2), we have

B o) <= < eolw) = inf_q(t.a)| > 1 — VE\ e(u)Cu) >

2.1.17
(t,z)eR? ( )

N |

Proof. We prove the contrapositive. Suppose inf( ,)cpe |q(t,7)] < 6 =1 — Vver/e(u)C(p) and
note that 6 € (0,1). Using the definition of Eg and (2.1.14), this implies that for any 6 > & there
exists t € R with

(1-9)?
E(q(t) = B > —
T Cw)

In particular

sup B(q(1)) > L e

u - =c ,

xS e
so (2.1.15) implies E¥(qo) > €. O

As the energies E* still provide a lower bound for the distance of |g| to zero, we can use the
smallness assumption E* < gq(u) as a substitute for E < %. We define for pu > % the energies

£4(p,0) = B* (M~ (p,v)). (2.1.18)

2.1.4. MAIN RESULTS

For both the Gross-Pitaevskii equation (GP) and its hydrodynamic formulation (hGP), there are
three key objects in our function framework: the energy, the space and the metric. We summarize
the definitions given in §1.2 in the following diagram:

E*(q) = 310:q/%. -1 + 2lal® — 1]13. -
X*={qe H . (R;C): E*(q) < oo}/S1
d*(q,p) = (Jpinfaes: | sech(y —-)(Aq — p)[|3- dy)

Nl=

_ W op=|q|? v=20,
M| 4= Vpee,p |4 v = o ‘Ml (2.1.19)
p= \/ﬁelwv n= |p‘27 w = 8$¢

£ (p,v) = E* (M~ (p,v))
Yo ={(p,v) € 1+ H*(R;R)) x H*'(R;R)}
0°((p, ), (n,w)) = llp = nllz> + [[v — wl[gg=-»
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Here the Madelung transform and its inverse

M(q) = (\q|2,1m [%D M (p,v) = (\/ﬁew) S, dyp=vw

are given in (2.1.1) and (2.1.13) respectively. Recall also the explicit forms of the energies E and
£ in the most important case s = 1:
1 Dup)?
Blo) =5 [ 0P+ (P =100 &)= [ B g i o 1P ae,
Our first main result is the following theorem, which is central to our strategy as it establishes
a local bilipschitz equivalence between the metrics d° and 6°. We require s > % to use L™
embeddings and certain product estimates.

Theorem 2.1.6 (Local bilipschitz equivalence of d* and 6°). Let s > % and r,§ > 0. Consider
measurable functions p,n, ¢, : R — R so that ¢,p € S'(R) N H{ . (R) and |q|,|p| > 0, where
q = \/pe"¥ and p = \/ne’’. There exist constants C1(s,,7),Ca(s,r) > 0 so that the following
hold:

(i) If d*(1,q),d*(1,p) <r, then

0°((p, 9xp), (n, Ox1p)) < Ci(s,0,7)d*(q,p) -
(ii) If 6°((1,0), (p, 9x¢)), 0°((1,0), (0, 0x¢)) < 7, then
d*(q,p) < Ca(s,7) 0°((p, Oup), (0, 0x1))) .

Corollary 2.1.7. Let s > 1, £ <p < 1. For allb< 3§ and € < go(u) the maps

({q € X°: E(q) <b},d*) M, ({(p,v) € Y* : E(p,v) < b},6%)

and

({ge X°: E*(q) <e},d”) M, ({(p,v) € Y* : EH(p,v) < €},0°)
are bilipschitz equivalences. Recall that a bilipschitz equivalence is a map which is bijective,
Lipschitz continuous, and has a Lipschitz continuous inverse. Here eo(p) is a constant defined in

(2.1.16).

Our second main result is the global-in-time well-posedness of the hydrodynamic Gross-Pitaevskii
equations.

Definition 2.1.8 (Solution to (hGP)). Let s > 1 and 0 € I C R be an open time interval or
the real line, and let (pp,vg) € V* with pp > 0. A solution to (hGP) with initial data (pg,vo) is
a pair (p,v) € C(I; Y*®) with p > 0 which solves (hGP) in the sense of distributions and fulfills

(p,v)(0) = (po, vo)-

Theorem 2.1.9 (Global-in-time well-posedness of (hGP) for s > 1). Let s > 1. The hydrodynamic

Grross-Pitaevskii equations (hGP) are globally-in-time well-posed in the metric space (Y?,0°) for

initial data (po,vo) € V* with E(py,vo) < 5 in the following sense:

There exists a solution (p,v) € Cp(R; Y*) to (hGP) (see Definition 2.1.8). It is the unique solution
that fulfills

E(p(t),v(t)) = E(po,vo) <
for allt € R. For any T > 0 the solution map

(2.1.20)

Wl >

T S
(po,v0) — (p,v)

is continuous.

For all & < pu <1 there exist constants c(p),eo(p) > 0, defined in (2.1.15) and (2.1.16), so that
if we replace the assumption €(py,vo) < 5 by E(po,vo) < € < o(n), then the above statement
holds with (2.1.20) replaced by E*(p(t),v(t)) < c(u)e.



2.1. INTRODUCTION 25

Remark 2.1.10. In [145, Theorem 1.2] the well-posedness of (hGP) until the appearance of
vacuum is shown in (1 + H*) x H*=1 for k € Ns1. Furthermore, continuity properties for the
Madelung transform between (Y*,0F) and the space

E* ={ge L*([R;C): 1~ q|* € L*(R),8,q € H* ' (R)}
are established. Specifically, a strong metric
d*(q,p) = |la =Pl + lq)* - |p|2HL2(]R) + [|02q — Oupl| Frr—1 ()
and a weak metric
dioe(¢:9) = llg = pllz=(-1,0) + llal* = PPl 2) + 1024 = Qopl -1 (=)

are considered, and the following is shown [145, Proposition 1.1]:

(E* N {lq| > 0},d*) __loc. Lipschitz  not cont._, (B* 01 {lg > 0},d")
(YN {p>0},6%)
. 5 ; ] T = 5
(E* N {|q| > 0}, d{“oc) not loc. Lipschitz cont. (E* 0 {lq| > 0}, d{“oc)

There are several ways in which Theorem 2.1.6 improves upon [145, Theorem 1.2]. The first is that
our result covers the fractional cases as well. The second is that we obtain a full local bilipschitz
equivalence

loc. Lipschitz loc. Lipschitz
(X N {lql > 0},d%) (Y*n{p>0},6% (X*n{lgl >0}, a%)

and do so down to s > %, while they have to work with two different metrics on the side of (GP)
for the two directions of estimates. Furthermore, they state well-posedness up to the appearance
of vacuum, while we use energy bounds to ensure this absence of vacuum for all times. Lastly, we

find solutions which are uniformly bounded.

Remark 2.1.11. Previously, P.E. Zhidkov [190, Theorem II1.3.1] studied the stability of solutions
in the Zhidkov space Z'(R) (see (2.1.2)) near space-homogeneous solutions ®, such as the constant
solution ® = 1, with respect to the distance 8. For the case s = 1 he derived similar estimates
as above under smallness assumptions, although he did not formulate a well-posedness result.
Curiously, in [190, Cor. III1.3.5] he proved furthermore that for any ball B C R, if the initial
0'-distance between the perturbed and the space-homogeneous solution is small, then for all times
also the distance

/\lggfl [Aq — @[lwr2(m)

is small. This can be interpreted as a weaker form of the estimate d* < 01 we derive (see Lemma
2.2.6 and Remark 2.2.11 below).

Remark 2.1.12. As both Theorem 2.1.1 and Theorem 2.1.6 work for all s > %, it may be possible
to extend Theorem 2.1.9 to the case % < s < 1. The problem is that for v € H*~' ¢ L? the
product of distributions v = v - v is not necessarily defined. Nevertheless, it may be possible to
find global distributional solutions. For example, in the paper [114] by R. Killip and M. Visan
global-in-time well-posedness of the KdV equation in H~' is first shown in the sense that the
solution map R xS — S extends to a continuous mapping R xH™' — H™! and some other

conditions are fulfilled. In our case, it is similarly true that for any T > 0 the solution map
{(p0,00) € D €% (po,v0) < e0(s)} — Co([=T,T); V)
has a unique continuous extension to a map

{(po,v0) € V" €(p0,v0) < 0(5)} — Co(I=T, 71 7).
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This extension is given by the conjugation of the corresponding solution map for (GP) at regularity
s with the Madelung transform. R. Killip and M. Visan then furthermore show a local smoothing
result, which implies that the solution map produces functions in LIQOC,t,a:' As a result, the equation
is indeed solved in the sense of distributions. We do not know if such a local smoothing result

holds in our case.

Organization of the paper. In §2 we prove Theorem 2.1.6, the local bilipschitz equivalence
of (X*,d*) and (Y*,0°). In §3 we prove Theorem 2.1.9, the global-in-time well-posedness of the
hydrodynamic Gross-Pitaevskii equations.
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2.2. LOCAL BILIPSCHITZ EQUIVALENCE OF (X* d°) AND ()*,0°)

The goal of this section is to prove Theorem 2.1.6. In §2.1, we introduce the necessary notations,
definitions, and basic results required for the rest of the paper. We split the proof of the two
statements (i) and (i7) of Theorem 2.1.6 into §2.2 and §2.3.

2.2.1. NOTATIONS AND PRELIMINARIES

We use the notations R> = {r e R:r > 0} and Ry = {r € R: r > 0}. We write C or C(...)
for various constants with possible dependence on other quantities. These may change from
one line to the next. We denote by D' = D'(R) = D/(R;C) the space of distributions and by
S =8 (R) = §'(R; C) the space of tempered distributions. In general, if for a family of function
spaces, such as the LP-spaces, we write just “LP”, then we mean LP(R;C).

We write ]?for the Fourier transform

P

_ b [ e d
f(f)—m/k f(z)d

for a Schwartz function f € S and extend the definition as usual to the tempered distributions
f €8’ Let s € R. We define the Sobolev space

H® = H*(R) = H*(R;C) = {f € S'(R;C) : || ||z < o0}

with norm

1fllere = £y = 1460 F | oy

Here (€) = /1 4+ |£]?. We also define the quasinorm of the homogeneous Sobolev space
1F1e = 171 cay = 61 Fll oy

Let p € [1,00). For s > 0, let a € [0,1) and m € Z so that s = m + . Let B C R be a non-empty
open interval. We define the Sobolev-Slobodeckij space

WP (B) = {f € D'(B) : ||fllwer(m) < o}
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with norm

om om p %
1l ) = (lea’“fl <[ [ | fxmm{f )l dxdy) .

We define W;*(B) = D(B)WS ® " For s < 0 we define WP (B) = (W, ®P(B))*, where

% + ﬁ = 1. We refer the reader to the book [140] by W. McLean for a comprehensive exposition.
For the convenience of the reader, let us recall some well-known results on Sobolev spaces that
may be used without mention.

2.2.1.1. FRACTIONAL SOBOLEV SPACES ON B AND R

The only bounded domains we use are balls B, and on those we use the Sobolev-Slobodeckij
spaces W#2(B). On the whole real line R we use H® = H*(R).

Lemma 2 2.1 (W*2(B) and H*(R)). Let s € R and R > 0. Let B C B C R be concentric balls
ofmdws and R. Set B, = B+ kR andBk—B+kaorkeZ

(i) There exists a natural isomorphism H—° = (H*®)* (see [140, p. 76]).
(i) H® = W*%(R) and

1Fllwe2s) < Crmin{||F|lz : F| 5 = f} < Collflw2(m)

(see [140, p. 77, (3.23) + Theorem 3.18, 8.19]).

(iii) For s > 0, there exists a bounded linear extension operator E : W*%(B) — H® with
Ef|, = [ (see [140, Theorem A.4]).

(iv) For s >0, there exists a constant C(s, R) so that

Y M e,y < IFIE < O, R) DI veaisy < 40, RS I

kEZL keZ

and

I1£17-+ < C(s,R) D N F o2,

kEZ

(v) If s > %, then || fgllm= < C(s)|| fllm:llgllm= (see [20, Cor. 2.87]). By use of the extension
operator, we also have || fg|lws2B) < C(s)|| fllws2B)llgllws2(B)-

Proof. We only have to prove (iv). We start with the first inequality in the sequence. The case
s = 0 is trivial, so we assume s > 0. Here the statement is trivial for the terms with integer
regularity, and for the fractional terms we estimate

|0™ f(x) — 0™ f(y / / 0™ f(x) — 0™ f(y)|?
dxd < dx d
/Bk /Bg Iw—yll”a vs 2 B Iw—yll”“ Y

J,kEL

8mf 8mf 2
- [ e

The third inequality in the sequence follows trivially. We show the second inequality first for
s > 0. For the terms with integer regularity the statement is again trivial, so we focus on the
fractional part'. Here

0 @) - "5 (0) 07 ()~ " f )P
e R R R

keZ

J,KEZL
m _am 2
oy / ) - SWE
kez? Be—1UBkt1 J/ Br_1UBg41 |3?— ‘ “
+ Z/ (0™ f@)P + ™ f@)]*) Y / o dady
kez jez /Bi |5C*Z/|
|k—j|=2

1The proof in the published version of this paper contains a mistake, which is corrected in this version.
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=)+ (II).

Clearly

(I1) < C(s, R) Y _110™ fll 725,

keZ

and

(1) < C(s,R) Y_0™ fllfyea(s,_sumsn) < O R) D IF e, -

keZ keZ

The final estimate for (I) uses a partition of unity with the covering U?:_Q Byt of Bi—1 U Bpi1.
Now we show the inequality for negative regularities. Let f € H *(R), g € H*(R) and denote
by (f,g) the dual pairing. We decompose g = ), kg, where 7 is a smooth partition of
unity with suppne C B, Y pezmn = 1 and nx(x) = nx(z + kR). Since g € WS’Q(Bk) with
anQHWsﬂ(Bk) <C(s,R, no)HgHWS’Q(Bk)7 we can estimate

3 3
[F )l < DI mg) < D I lw =2 (s lnrgllws2 (s, < <Z ||f||%/VS=2(Bk)> (Z nkg%/vs,2(3k)>

kEZ keZ keZ keZ

Nl

< C(s, R,mo) (Z f||%/Vs,2(Bk)> Hg”HS(R) .

kEZ

2.2.1.2. ESTIMATES IN H*

The following lemma states two crucial estimates. Such kinds of product estimates are well-known
in the literature, see for example [58, Proposition 2.7].

Lemma 2.2.2. Let s > % and f,g € §'. There exists a constant C(s) so that

Ifgllms < C(s)glars (1l zee + 1F o) (22.1)

and
1fgllers—1 < Cs)glms— (I flLoe + [1F lers-1) - (2.2.2)
Proof. See Appendix B. O

In this section we often write f’ for the spatial derivative 0, f. Recall the definitions (2.1.19). For
notational convenience, we sometimes prefer to use the variables

A=,/p and B=.M7.

These variables are equivalent for the sake of our estimates, by which we mean specifically Lemma
2.2.4. In order to prove this, we state two estimates regarding the action of a smooth function on
Sobolev spaces. They are a direct consequence of some results in [20].

Lemma 2.2.3 ([20, Theorem 2.87, Corollary 2.91]). Let s > % and F € C*(R;R) with F'(0) =
F(0) =0. Let u,v € H*(R;R) N L*°(R;R). We have the estimates

|F ol < C(s, F', ] =) ]z (2.2.3)

and
|Fou—Fouv|gs <C(s, F",||ull g,

vl ) lw — vl e - (2.2.4)

An analysis of the proof in [20] reveals that, more precisely, the constants depend on ||F'||Cr51+1(BH o)
ull 7,00

and ||F”||CTSH1(BHuHLoo) respectively.
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Lemma 2.2.4. Let s > 1 and p,n € S'(R;R) N Hj (R;R) with p,n > 0. Define A = \/p and
B = ,/n. We have the estimates

lp=nllzs < Ci(s, | A= 1,

1B = 1]5) | A - Bl

and
A= Bllms < Cas,[lp — 1,

=) lo—nlm-
Proof. We apply Lemma 2.2.3 with F(u) = u? and obtain
1A = B?|| g < (A =1)* = (B = 1)*|g= + 2| A - Bl -
< C(s, 1A = 1w, 1B = 1ll1-) | A = Bllae

Similarly with any function F' € C°°(R;R) that fulfills F(u) = vu+1— 2u—1 for z > 0, we
obtain

o vl < | (V=071 - 560~ 1) - (Va= D+ 1- 50-1)

+Slo -l
g IlP = Ml

HHS

< C(s:llp = Ula=: lIn = ) llp = nll - -
O

The following lemma is also a consequence of Lemma 2.2.3 and will be used frequently in the
subsequent section.

Lemma 2.2.5. Let 5,6, R > 0. There exists C(s,0, R) > 0 such that for any ball By C R of
radius R and all w € W*2(By) with |u| > & > 0 we have

lu™ lwe2(Boy < C(s.0) ullwsz(z,) -
Proof. This follows by applying Lemma 2.2.3 with any function F' € C*(R;R) so that F'(0) =

F'(0) =0 and F(z) = 2~ for |z| > %, and using the existence of an extension operator from

Lemma 2.2.1 (i4i). Note that Lemma 2.2.3 requires real-valued functions, so we apply it to the
real and imaginary parts of u~! separately. O

2.2.2. PROOF OF THEOREM 2.1.6 (1)
Recall the definitions (2.1.19), in particular ¢ = \/pe’? and p = /ne'?, as well as A = \/p and
B = /. We assume s > %, d*(1,¢),d*(1,p) < r and |g|, |p| > § > 0. We have to prove that
0°((p, xp), (0, 02¢)) < C(s,6,7)d*(q,p) -
We do this by showing an estimate of the form
0° S di|, S (2.2.5)
k€eZ

Let us elaborate on the quantity in the middle before we start the proof. Given a ball B C R, we
define for convenience the following notations:

&3 5(q,p) = Jnf A = pllwezm) , (2.2.6)
1
2

&), (0p) = ( [ nt Isech(y =03 = D)o dy) . (2.2.7)
R AES

Lemma 2.2.6. Let s > % and let By = {x € R : |z| < R} be an open ball of radius R > 0 with
center 0. There exists C(s, R) > 0 so that

di|p, (@:p) < C(s,R) d*[  (q.p) (2.2.8)
for all g,p € S'NHf .. As a consequence, for families of balls By, = By + kR with k € Z we have
Y &g (a.0)* < C(s,R)d*(a,p)° . (2.2.9)

kEZ
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Proof. As {y —x : z,y € Bo} C {x € R: |z] < 2R}, there exists a finite constant C(s,R) > 0
such that sup, ¢, || sech(y — ')_1||%/st2(130) < C(s, R). The first estimate follows:

. 2 . . 3 . _ 2
Jnf [IAq = pliwe2(s,) < Cls, B) inf inf [[sech(y —)(Ag = p)liv=2(s,)

. 2
< Cs.R) [ jnf l1sechy =) ha = )y s -
Using this and Lemma 2.2.1 (iv), we obtain the second estimate:

Y&, (a.p)? < C(s,R) Y|, (4:p)”

kEZ keZ
< R inf E h(y —-)(A\g — 2 s d
< C(s, )/ )\IESI 2 || sec. (y )( q p)||W 2(By,) Yy

< C(s,R)d*(q,p)*.

Proof of Theorem 2.1.6 (i). Let By = {x € R : || < 1} and observe that

|||q|2 - \P|2||Ws«2(130)

. 2 2
\inf, 11Aq]* = [vpl*lwe2(Bo)

= b A=l = fvp = uf* + 2(Re(Xeig) = Re(Tivp))llwe:zz) -

We can estimate
llal® = |p[*[lws:2(Bo) (2.2.10)
< inf_||Re (((/\q — 1) = (vp = ) (A\g — p) + (vp — u))) H

T\, u,veSt

+ 2[| Re(Afig — fivp) [lws2(By)

We:2(By)

< Os) inf 1A = vpllweaczy inf, (1M = pllweaeze) + lvp = pllwezz) +2)
= C(s) inf [IAq = pllw=2(5o) /ngfl Jnf, (Ixa = pllwe2(me) + lvp = pllws2(m,) +2)
< C(s)di| 5 (a,p) (2 + di| 5, (1,q) +d2] 5 (1,p))

< O(s,7) di| 5 (a,p),

where in the last line we used (2.2.8). Now we set B, = By + k and see with Lemma 2.2.1 (iv)
and (2.2.9) that

lo = nll- < Cs) D lllal® = Py s,)
keZ

< C(s1) S ], (0.0)°

kEZ
< C(s,r) d*(q,p)*.

It remains to estimate ||¢’ — 9’| gs—1. Applying Lemma 2.2.2 yields
(o = ) I Femr = (") e 9| s
< CENEE™) e (le™ D)7 + 1e™ ) 1 Fen)
< O)IE Y e (L4 1) ) -

It therefore suffices to derive the estimate for the quantity ||(e!*=%))’||2,,_,. Observe with Lemma
2.2.1 (iv) that

“(3i(¢_w))/||%{s—1 <C(s) Z ;ggf; ||(ei(¢_w) - )‘yH%/V“lz(Bk)
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=C(s) Zégﬂg 1€~ — 1|30 25,
kez

= Cls) 3 nf e (0 — )R s
keZ

We now carefully introduce the amplitudes:

inf le™" (") — ) [1}ye2 )
, i(p(a)+0) _ geiv(z) , 2
_ inf || ge-ivt@) g1 (Ae B | i) (1 _ 1))
0ER A A B W25 (By)

< OB ye2 (s 1B~ o254

2
X | inf
R

2
N HBez'w) (1 _ 1) .
We2(By) A BJllwez(sy

As A, B > 6 > 0, we can apply Lemma 2.2.5. Together with (2.2.10) we obtain

Aei(e@)+6) _ Beiv(a)
A

1A e 25,y < C(5,0) [ Allfys2(p,) < C(s, 6, T)(Aigsfl 1A = Alfye2(s,) + 1Bil) < C(s,6,7),

and similarly ||BE|lye2(py), 165 lwez(e), 1P wez(s,) < C(s,6,r). We conclude again by
reducing the situation to an application of Lemma 2.2.6 and the previously shown estimate
(2.2.10):

("™ ) [[Frams < C ) D 1Pl 1B ez,
keZ

. 2 —112
< ((inf, 1A = plFie ) |47 e

+ 1A - BH%/VS»?(B;C)HpH‘Q/VSv?(Bk)HA_1||%/V512(B;C)||B_1||%/st2(Bk))
< C(s,8,r) Y di|, (¢,p)°

kEZ
< C(s,8,r)d*(q,p)* .

2.2.3. PROOF OF THEOREM 2.1.6 (1I)

We assume
0°((1,0), (p, 0z0)), 0°((1,0), (1, O9)) <1,
and /p,/n > > 0. We have to prove that

d*(q,p) < C(s,7)0°((p, Oxp), (0, 020)) -

As mentioned above, due to Lemma 2.2.4 it suffices to prove this with p, 7 replaced by A = /p
and B = /7. Recall the definitions (2.1.19). We define

&*(q,p) = (/R Jnf [|v/sech(y —)(Aq = p) [z dy>éa

where we have replaced the sech in the definition of d® with v/sech. Some of the hard work for this
direction has already been done in the proof of the following Lemma 2.2.7. This was proven for d*
in [119, Lemma 6.1], but the proof is identical for d® as v/sech is positive and still has sufficiently
fast decay.

Lemma 2.2.7 ([119, Lemma 6.1]). For all s > 0 the energy E® : X* — R> is continuous with
respect to d®, and there exists C(s) > 0 so that

d*(1,9) < C(s)VE*(q) and d*(1,q) < C(s)\/E*(q)
forall g € X°.
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Remark 2.2.8. The appearance of the square oot is explained by a clash of notation: the energies
E® as defined in [119] correspond to V2E* in our notation.

We first prove two Lemmas.

Lemma 2.2.9. Let s > 5. There exists a constant C(s) > 0 so that for all ¢ € &' N HE, . we have

1) |- < C(8)A + ' zra=2) 0 -1

where vy =2s —2 if s > 1 and v = Sl__i if s < 1.
2

Proof. We assume ||¢'|| gs—1 # 0. By Lemma 2.2.2 there exists a constant C(s) so that
le'elro=1 < C) lrre=1 (lle™ Iz + (") | gra-1) - (2.2.11)
For e € (0,1) and f € H_ define f.(x) = f(ex). This has the scaling estimates
el 1 s_1 1
min{e® "2, 2 }| f|| go—r < |(f) | re—1 < max{e®* 2,2 }||f'| g1 - (2.2.12)
Define spmin < Smax S0 that {Smin, Smax} = {s — %, %} Then we can rewrite the above as

e | f e SN Nrpomr < €™ [ f e - (2.2.13)

We choose € = (1 + 2C(S)||¢/|‘Hsfl)_ﬁ so that

Il 1
T52C(s) [~ 20(s)°

(@) lzra=1 < ™[l | e =

Combining this with (2.2.11) yields

(") N o1 < C($)I(0e) 1o + S11(e"9) || a1,
2

so we obtain ‘
(") | zs—1 < 2C(s)I(e) | o1 -

We conclude with the scaling estimates (2.2.12) that
(™) Nrrems < ™" [|(€%%) [l o2 < 2C(s)e™"*[|(pe) [ r=-1 < 2C(s)e™™ ™|/ gams .

Lastly, note that

[s—1]

gt omes = (1420(5) || o) " = (14 20(5) [ o)

O

Lemma 2.2.10. Let s > % andr > 0. There exists C(s,r) > 0 so that for all g = Ae’? € S'NH;
with 6°((1,0), (A4, ¢")) < r we have

E*(q) < C(s,7)0°((1,0), (4, ¢"))%.
Proof. For the amplitudinal part of the energy, we know from Lemma 2.2.4 that
lal* = U gs-r < A% = g < C(s,7)| A = 1|g= -
For the remainder, we use Lemma 2.2.2:

g [rs=1 < A€ [ re-1 + [|A("?) || o=
< CENA =1 (llell o + 1) N 7r-1)
() -2 (1A = Ul + 1+ [ A" 1) -

We now conclude by estimating both appearances of ||(e%?)’||frs—1 with Lemma 2.2.9. O
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Proof of Theorem 2.1.6 (ii). We split the distance d®(q, p) into two parts:
@(a,p)* <2 [ i [lsech(y — )AEEH ). dy
R OC€R
+ 2/ | sech(y — -)(B — A)e™||%. dy
R

= (I) + (IT).

We use the algebra property of H® and Lemma 2.2.7 to estimate

(I) s) sup H V/sech(y — -)Ae™

yeR

C(s,r)(”A — 1||§_Is + 1) Slelg H\/sech(y — ~)eiw
y

) &5 (1, )2

E5 (e P—))
)

With Lemma 2.2.10 we can estimate E*(e!(*=%)) by [|¢’ —¢'||%,._., and Lemma 2.2.2 yields

sup [veehly =)e? |, < Co)sup | Voechly =], (el + 1™ o) < Cosr).

yER yeR

It follows that
(I) < C(s,m) 0°((A,¢), (B,Y))?.
Note that

<) [ |[Vaedts= -, (1+ mt | Vet = - V)] ) o
s) (/R |Veeanty =34 B[ ay+ |[Vaech|. 14 - Bl Jsu,ewy) .

We can deal with the second term as before. For the first one, we use Lemma 2.2.1 (iv) and
Young’s convolution inequality:

/RH\/sech(T-)(A—B)HZ <> sup ZHWA BH

kez YElkk+1] We2([5,5+3])

< Z ||vS€C ||cﬂ+1([k J—3,k—j+1])) ||A B||W32( [4,3+3])

J,kEL
2
< Z | v SeChHC’MH([ka,kJrl])) Z A - B||%/VS'2([jvj+3])
kEZ JEL

< C(s)||A - B|3%- .

Therefore
(IT) < C(s,1) 0°((A, 9). (B, ¥))*.
To conclude, we have shown that
d*(q,p)* < (I) + (IT) < C(s,7) 0°((A, 0), (B,))* .
O

Remark 2.2.11. Recall the definition of d
there exist constants such that

(ZdilBk(qm)z) < C(s,r)d*(q,p) < C(s,0,r ( (4,p) >
keZ

kEZ

see (2.2.6)). We have shown in particular that
5 (see(

for all g,p € X* with |q|,|p| > 0 >0 and d*(1,q),d*(1,p) < r. Here the first estimate is Lemma
2.2.6, while the second estimate actually follows from (i) together with the fact that we showed (i)
by proving (2.2.5).
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Let us say a few words on how Corollary 2.1.7 follows from Theorem 2.1.6.

Proof of Corollary 2.1.7. The Madelung transform is well-defined on equivalence classes under
multiplication by S!, as v = ¢’ ignores changes by a constant in the phase ¢. Note also that s > 1,

and so for any (p,v) € Y* we have v € L? C L} . Therefore we can define

Recall that b < § and & < £9(u) (see (2.1.16)). Due to (2.1.17) and (2.1.8), there exists § > 0
such that |g| > 0 for all ¢ € X° with E(q) < b or E#(q) < e. With Lemma 2.2.7 we find
some r = r(s,e,b) > 0 such that d°(1,q) < r. Then Theorem 2.1.6 establishes the bilipschitz
estimates. O

2.3. PROOF OF THEOREM 2.1.9

Given that Theorem 2.1.6 establishes an equivalence between the relevant function spaces (X*,d®)
and (Y*,60%), the proof of Theorem 2.1.9 is now primarily a matter of carefully carrying over
the results of Theorem 2.1.1. This is straightforward for the existence and continuity results.
Uniqueness requires a further Lemma.

Lemma 2.3.1. Let I 30 be an open time interval and qo € L= N H'. Suppose

qi,q2 € O(I; L2 )N L>®(I; L N HY)

loc
are two distributional solutions to (GP) with q1(0) = ¢2(0) = qo. Then q1 = go.
Proof. See Appendix C. O

This result is necessary because Theorem 2.1.1, in the way it is stated in [119], only yields
uniqueness for the following class of solutions, which for the case s > 1 is a priori smaller.

Definition 2.3.2 (Solutions to (GP) [119]). Let s > 0. We say that ¢ € C'(I; X®) is a solution of
the Gross-Pitaevskii equation (GP) with initial data ¢o € X*® on the open time interval I 3 0 if
there exists ¢ : I — H. . such that the following hold:

(i) g solves (GP) in the sense of distributions on I x R.
(ii) g projects to ¢, which means that gS! = q.
(iii) We have
[t = 4(t) - 4(0)] € C(; L*(R)) -

(iv) For all compact intervals [a,b] C I and for some (and hence for all) regularized initial data
G, of (0) we have
[t —q(t) — @] € L*([a,b] X R).

The uniqueness result in Theorem 2.1.1 for s > 1 is therefore weaker than the one in Lemma 2.3.1.
The proofs, however, are almost identical: in [119] uniqueness is shown by a classical argument
with an energy estimate and Gronwall’s inequality. We extend this argument for s > 1 to gain
Lemma 2.3.1.

Remark 2.3.3. If p € C(I; L} ) N L¥(I; L= N H') is a distributional solution to (GP), as in
Lemma 2.3.1, with initial data p(0)S* € X, then pS! is also a solution in the sense of Definition
2.3.2. The reason is that by Theorem 2.1.1 there erxists a solution q € C(I; X') in the sense
of Definition 2.3.2 with initial data q(0) = p(0)S'. One can see that this has a representative
g€ C(I; LY,)NL®(I; L N H') which solves (GP) in distribution, so Lemma 2.3.1 implies § = p.
Theorem 2.1.9 states that (hGP) is globally-in-time well-posed, meaning that there exist solutions,
they are unique, and the flow map is continuous. The structure of the proof is to transfer the
existence and continuity result for (GP) from Theorem 2.1.1 via the Madelung transform over to
(hGP). This requires the absence of vacuum, which we obtain by the energy assumptions E < %
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or E* < eg(u) (see (2.1.17) and (2.1.8)). Uniqueness for (hGP) is similarly inferred from the
uniqueness result for (GP) in Lemma 2.3.1.

Recall that by Lemma 2.2.7 the energy functionals E° : X* — R> are continuous. Recall
furthermore the definitions (2.1.19).

Proof of Theorem 2.1.9.

Existence. We are given an initial data (pg,vo) € Y* which fulfills one of the bounds &(po, vo) < 3
or E*(po,v0) < eo(p). We define g = M~ (po,vp) and obtain via Theorem 2.1.1 a solution
q € Cp(R; X®) of (GP) in the sense of Definition 2.3.2. Our solution ¢ has a special representative
G € S'(RxR). In both cases E(qo) < 3 and E*(qo) < eo(y), we obtain either (2.1.8) or (2.1.17),
so there exists some § > 0 depending on the initial data such that |¢| > § > 0. Now Corollary
2.1.7 implies (p,v) = M(G) € Cp(R;Y?).

(hGP)
(90, Vo) ~ormnis (py0)(2)

M1 M

do W q(t)

We show that (p,v) is a distributional solution of (hGP) in the sense of Definition 2.1.8. We fix a
ball By C R and a time interval J = (a,b) C R with 0 € J. It suffices to verify that (hGP) holds
in distribution, i.e. when tested against any test function f € D(J x By).

On regularity. Due to Lemmas 2.2.5 and 2.2.6 for s > 1, we know that ¢,§~! € L>(J; WY2(By)).
From these considerations 0,4 € L>=(J; W~12(By)) and (|§|* — 1)§ € L>=(J; W12(By)) directly
follow. Then 0, € L°°(J; W~12(By)) holds because § solves (GP) in the sense of distributions.

As a consequence of duality and the algebra property of H!, one obtains the product estimate
Ifgllz=r < C|lfllz2llgllg-1- From this we obtain some regularity for some of the more difficult
terms appearing in the subsequent calculations, for example 8;Gq, 9..4G € L>=(J; W~12(By)).
We now present approximation arguments that derive (hGP); and (hGP)2 from (GP).

Obtaining (hGP); from (GP). Set . = 7. * ¢ for a standard mollifier (7;)e>0, i.e. some
ne(z) = n(e (e~ tz)) where n € C2(R;R>) with [ ndz = 1. Note that || > ¢ implies || > 2
for sufficiently small € > 0 as we have sufficient regularity. We define p. = |¢.|> and v = Im [%].
% = %% + iv., which we use below. Equation (hGP); can be
obtained by multiplying (GP) for ¢. with §., taking the imaginary part, and then the limit:

Note furthermore the identity

0= Im(7(GP)) <= m[i8;d-Ge + Duwde@e — 24: (1G] — 1)

8z6je =

= Re[at@zqis] + a:z: Im |:qq€qg:| —Im [89366816776} —Im [2|QE|2(|Q€|2 - 1)]

Lo - 0xGe
= 50u1a) + 0, (1o | %22 )

2 B
1

=50 + 0z (peve)

es0 1

— §8tp + 0z (pv) .

We have to justify the limits in distribution on both sides. Observe that

// (00G:G= — 0:4Q) | S 104G — 0edll oo (1w -12(Bo)) 1Ge | oo (w2 By | F | Low (w1 2(Bo))
J J By

+10:dl oo (7w -1.2(Bo)) 1Ge — @ll Lo (rwr2(Boy) | f oo (1w 2(Bo))

0
=50.
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With the same estimates, we can take the limit of the distribution 8,,§.d.. The convergence of
the nonlinear term follows similarly. We have shown that

. ~ = ~ = ~ ~ - 0 —=/. ~ ~ ~| ~
i04G-Gz + OrwleGe — 24-(13=1* — 1)@ — G(i0:q + 9uad — 24(|G|* — 1)) =0

in distribution on J x By. As

/ / (peve — p)0y f dadt
J J Bog

S (ldll e (s Bo) + @l oo (a5 Bo)) 1@e — @ll oo (a5 Bo) 101 oo (1.2 (B 102.f | L2(7 % Bo)

- - _ -0
+ (Il 2 (rx Bo) + 1Gell Lo (7% Bo) )Gl Lo (5 Bo) [0 = VIl oo (1522 (Bo)) 10 FlI L2(7x By — O,
and we can similarly show 0,p. 20, O:p, we have
1 o 1
Qatps + 0x(peve) = iatp + 0z (pv)

in distribution on J x By.

Obtaining (hGP), from (GP). We now repeat these arguments for the second equation (hGP)s.
Here we divide (GP) for ¢. by ., take a further derivative, the real part, and then the limit:

0=eo, (1) &2t oo, (U0 . Oe _yqq 1)
q e Ge
02 e PRAS )
@(%(ﬂ)+(~g)>kﬂamﬁ>
qe 4e
_ B 2y laxpg 1% 2
-t 28mps+am<az(2 0. ) T3

2
20 G — 8,(02) — 20,p + O, (az@az”) + <16“””> ) .

— Im[0,0:(Ing.)] + Re

2 p

Of course, the limits have to be justified again. For the left-hand side, we can proceed just
as before since g1 € L>(J;WH%(By)). On the right hand side the difficult terms are v? and

2 p
more difficult if we did not assume s > 1. In our case we indeed have v, 8;’) € C(J; L?*(By)),
which implies that the squares are trivially defined. Furthermore

| [ e
J J By
e—0

< lve = vl oo (1:02(Bo)) (1vell Lo (7522 (Boy) + N0l oo (152280 )02 f l| Lov (g5 Bo) — 0

2
(1 8“’) , as here the square of a distribution in H*~! is taken. The situation would be much

2
and the same estimate works for (%%) . The remaining terms are strictly easier to deal with.
Uniqueness. Let 0 € I C R be a bounded open interval and let (p1,v1), (p2,v2) € C(I; Y*)
be two solutions to (hGP) in the sense of the theorem, both with initial data (po,vo) € Y?. In
particular, they satisfy one of the energy bounds £ < b < % or &* < ¢(p)e < c(p)eo(p) (see
(2.1.15) and (2.1.16)). As before, this implies that there exists a § > 0 so that ,/p; > J, where
k € {0,1,2}. Since v € L? C L{, ., we can define ¢y (z) = fom vr(y) dy and G, = /pre’?*. Note
that g having uniformly bounded energy E' implies G, € L>°(I; L N H'). We now fix j € {1,2}.
Writing g; = ¢;S* for the equivalence class, we know from Corollary 2.1.7 that ¢; € C(I; X*®).

Just as in the existence part of the proof, one can show that (p;,v;) solving (hGP) implies that
for the quantity

Q; = i:G; + 0zaly — 24;(|351* = 1) (2.3.1)
we have

Im[Q;q; | =0 and J; Re {%} =0 (2.3.2)

4qj
in the sense of distributions. We sketch the argument that follows with a diagram.
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(hGP) (hGP)
(p1,?1)(t) A (Po, Vo) AN (Pzﬂ_&)(t)

Mfl M—l Mfl

D G s P sy L e Y

Lemma 2.3.1

Due to (2.3.2) we have in particular

Im{Q;} _ Im{Qf%} _ Im[@?j] _o,
145 151

4q;j
and hence for every ¢ € I there exists a g;(t) € R so that

Qj
gi(t) = —=.
j ij
We see that, in fact, ¢; does not necessarily solve (GP). The reason is that for each time ¢t € I
we had to make an arbitrary choice of a constant-in-space phase rotation, as this information
is lost in the Madelung transform. This choice was the arbitrary lower limit 0 in the integral
o(t) = fot v(s)ds. In order to find solutions to (GP), we would now like to define

t
pj(t):eicf(t)qj(t) where Gj(t):/ gj(s)ds.
0

Then

i0ep; + Osapj — 2p5(Ips* = 1) = Q; — G'(1)g; = 0.
This argument requires g; : I — R to be locally integrable. We show that g; € C(I;R) by
verifying that Q; € C(I;W~12(By)) for any ball B, C R. With the same reasoning as in
the existence part of the proof, p; € C(I;W'?(By)) and v; € C(I; L*(By)) solving (hGP) in
distribution implies p; € C*(I; W~12(By)) and v; € C*(I;W~11(By)). In particular we have
dvp; € C(I; L*(By)). Observe that

Opj . _ _ .
Qj=i ;-] Gj +i(03)dj + Oaally — 24;(1G51° — 1) -
J

Verifying the products of distributions, each term can now be seen to be in C(I; W~12(By)). We
have shown that for any bounded interval I > 0, both p; and ps are distributional solutions to
(GP) with initial data p1(0) = p2(0) = Go. At the same time p; € C(I; L}, ) N L>(I; LS, N HY).

Therefore Lemma 2.3.1 implies p; = po, from which ¢; = ¢2 in C(I; X*) and (p1,v1) = (p2, v2)
follow.

Continuity. This is a direct consequence of the continuity result for (GP) from Theorem 2.1.1,
the continuity of the energy functionals from Lemma 2.2.7, and the local bilipschitz equivalence
from Theorem 2.1.6. O

2.A. APPENDIX: ABSENCE OF VACUUM FOR SMALL ENERGIES
Lemma 2.A.1. For § € [0,1] and s € (3,1] define

Ej = inf {E°(q) : ¢ € Hiy, 1nf |q(w)] < 8} .
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Then ET = 0, the function 6 — EY is decreasing, and there exists a constant C(s) > 0 so that

Y
E: > %(j)) (2.A.1)

Assume s = 1 and write E5 = E}. Set qo = tanh, q1 = 1, and for 6 € (0,1) define
gs(z) = tanh (|z| + tanh™"(5)) . (2.A.2)

We have

4 2
EJ:E(qg):§—25+§53.

There exists a strictly decreasing inverse function 6 : [0, 3] — [0,1] with 5(0) =1, S(%) =0 and
O(b) = inf { inf |g(2)| : g € Hye, B(q) < b}

Proof. We see that Ef = 0 by choosing ¢ = 1. Clearly the set over which the infimum is taken

increases with §, and hence the infimum is decreasing. Recall that Lemma 2.2.6 implies

)\lgsfl lg = Mlwsz(m,) < C(s)d*(1,q),

where B, = By + k,k € Z are balls of radius 1. Estimating with Lemma 2.2.7 on the right and
the Sobolev embedding W2(By) — L on the left, we obtain

1— 68 <sup inf ||g— Allpe(p,) < C(s)V/E?
—i2§£331”q LBy < C(s)V E*(q)

for every q € Hj . with inf,eg |¢(z)| < §. This proves (2.A.1).

Now we assume s = 1. We first rewrite the problem as Es = inf,¢[o ) E, with

B, = nf{E(q):q € Hhe, inf lo(@) = v}, ve,d).

Of course we expect that E~’l, is decreasing in v and hence F5 = E(;. This will be verified once we
have calculated F,. Using invariance under translations, phase rotations, and mirror symmetry,
we can equivalently consider the minimization problem

1 o0
B =2int {5 [ 00+ (4% <17 o0 € Hb(R2).a0) = v}
0

We now follow the same arguments as in [26, Lemma 1] to find a minimizer. Consider a minimizing
sequence (¢n)nen. As E°(gn) is uniformly bounded, so is [|0xqnllz2r.). The Banach-Alaoglu
theorem then implies, up to a subsequence, that d,q, — p!, for some p], € L?(R>). Furthermore
as ¢, (0) = v is fixed, we have a Poincare inequality ||, |lw1.2(5,) < C(s, B) ||0xqnl|2(B,) on any
finite interval By C R>. Then we can use compactness of the Sobolev embedding H' < L to
find, up to a subsequence, that g, — p, in L (R>) for some p, € H} . (R>), with p/, indeed
being its distributional derivative. Now we can conclude with Fatou’s lemma that p, is a minimizer
for E,:

/ (|po|2 — 1)2 + |]96|2 dz = / liminf(|qn|2 — 1)2 + lim inf \q;|2dx
0 0 n n

oo
< liminf/ (|gn|* = 1) + lim inf |¢/,|* da
n 0 n
=F,.
For the case v = 0, we obtain the Euler-Lagrange equation

po — 2po(1 = |pol?) = 0.

Then as po(0) = 0 and E(pg) < oo, [26, Theorem 1] implies that py = tanh is the unique solution.
Consequently, it must be the case that for a > 0 the function p,(z) = tanh(z + a) is a minimizer
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for the problem with v = tanh(a), as otherwise one could modify pg on [r, 00) to find an admissible

function with strictly smaller energy for the minimization problem of Ey. This implies that the gs
defined in (2.A.2) are minimizers for F,.

With @ = tanh ™! (), and noting the identities

1 14 2

h(a) = —— h(2a) = ——
cosh(a) A cosh(2a) T

sech®(a) =1 — 12,
we compute
E(q)=2- ;/:O(tamh(:z:)/)2 + (tanh(z)? — 1)* dz
= /oo sech* () + sech*(z) dz .

Evaluating the integral yields

oo

E(q,) = E(cosh(Qa:) + 2) tanh(x) sech2(x)}
=5 )
4

2
:§_2V+§V3.

r

2.B. APPENDIX: LITTLEWOOD-PALEY THEORY AND PROOF OF
LEMMA 2.2.2

The proof uses the Bony decomposition

fo=Trg+ R(f,9) +T,f,

which J.M. Bony introduced in his 1981 paper [33]. It relies on the Littlewood-Paley theory,
for which we refer the reader to [20, Chp. 2]. We give a brief introduction below, always only
considering the one-dimensional case.

Let ¢ € C°({€: 2 < [¢] < §} and x € C°({¢ : [¢] < 3}) be non-negative functions on R so that
X+ p7)=1.
=0

This is called a dyadic partition of unity. We define for j € Z the operators
Aj S — S
fr—=24f={x/f Jj=-1
O aj S _2

and S; = >, _;Aj. These operators have nice properties such as |[S;f|[rr < C(p)|f]lrr,

p € [1,00]. At least formally, we have the decomposition

Id:jlggon:ZAj.
J

The Bony decomposition is given by

fg=> AjfArg=Tsg+ R(f.9) +T,f,

Jik
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where we define

J

ng - Zsj—lfAjg R(f7g) = Z Z Aj+yfAjg.
- J |v|L1

In the Littlewood-Paley setting it is easy to define the Besov spaces By , for 1 < p,r <oo, s € R
by
By, ={f € §'(R:C): | flls;, < oo},

where

/]

B3 = ||(2jSHAjf||LP)j€Z

o
It is evident that

B3, ={f € S'(R;C) : [{(€)* fll2my < o0} = H*(R; C).

Proof of Lemma 2.2.2. We only prove (2.2.2) as the proof of (2.2.1) is analogous and strictly
simpler. Consider the decomposition fg = ¢gSof + g(1 — So)f. Since Sy f is spectrally supported
in a fixed ball there exists a constant N € N so that A(SofA,;g) = 0 unless |k — j| < N.
Consequently,

2
1gSo fllFre—s =Y 257D " Aj(SofAjivg)
jEL lv|<N 2
< C(N)[[SoflI7= D 27| Agll7
JEL

= C(N)[ISof NIz~ gl -

It remains to estimate ||g(1 — Sp) f||gs-1. To simplify notation, we now write f for (1 — Sp)f and
derive an estimate by || f| g=. Note that S;_1fA;g is only non-zero if j > 1, and in that case it is
a convolution of a ball with an annulus of much larger radius. As a result, there exists an annulus
C so that F[S;_1fA;g] is supported in 2/C, and so [20, Lemma 2.69] implies

||ngHH“*1 5 sz(s_l)||5j—1fAngL2H@Q(Z) .
Since
[1Sj-1fAzgllLz < 1Sj-1fll=llAjgllzz < [[fll=lAzgllz2,
this implies
| Trgllms— < Nglls= || fll Lo -

For the same reason as before, we have

1Ty fllrs— < [[27C7V1S5-198 fllz2l,» -

Here we consider two cases. If s <1 then we use the Bernstein inequality [20, Lemma 2.1]. It
states that )
suppt C AB = ||u||p~ < C(B)A?||ul| L2

for any fixed ball B. This yields
207V, _198; fllre < 27C7V||S; 19l 2114 fll o
S1S5-1gll 122 (|14 £l 2

z
S llgllze-12214; fll 22 -

Here we have used

2207085 yglf. = > 22UV D Al T < IISj 19l Fre 1 < llgllFes -
§<j—1 <1
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We see that
1Tg fllms—r S Mgl W14 -

For the case s > 1 we estimate

267118, 1gA fllre < 277D, 1 gl Lo | A £ 22
S 277809l 27|18 £ 22
S gl 2121l

and obtain
1Ty fllms— S Nglls—2l[ fll s -

It remains to estimate the remainder terms R(f,g). Here let it be noted that there exists an
integer N > 0, independent of j, so that Z\V|<1 Aj_, fA;g is spectrally supported in a ball of

radius 2+ ~1. In this case we know by [20, Lemma 2.84] that

25 30 Ayl

lv]=1

I1R(f; 9)]

B . < C(pa T, §)

p,

(2.B.1)

e (2)

for § > 0. This does not work in general if § < 0. Therefore, we use the embedding

IRC, e < C(s)[R(F, 9)]

1,1

in order to apply (2.B.1) with § = s — % > 0 and p,r = 1. Now we can conclude via Holder’s and
Young’s inequalities for sequences:

[ aua DI

v|=1 lv|<1

S gl £l -

Ji—

T ||Aj—uf||L2 ||E2(Z) ||2j(571)HAjg”L2 ||Z2(Z)

2

H2j<s—%>

2.C. APPENDIX: UNIQUENESS FOR THE GROSS-PITAEVSKII

EQUATION .
Proof of Lemma 2.3.1. Recall that qi,q2 € C(I; L2 ) N L>(I; L% N H') are two distributional

loc
solutions of (GP) on an open interval I > 0 with the same initial data go. It follows that

q1,q2 € L>=(I; WH2(B)) for any arbitrary ball B C R. We define b = q; — g2 and compute that it
solves in distribution the following equation:
i0ib + 02b = 201 (|2 > — 1) — 2q2(|qa* — 1)
=2b(lg1 > = 1) + 2b(|g2* = 1) + 2¢2(Jqa[* = 1) — 21 (|g2f* — 1)
=20(lq1 [* + |a2” = 2+ 1) + 2(a2|a1 |* — au o)
= 2b((b+ g2) (0 + q2) + |g2|* — 1) +2(q2[b + g2* — (b + g2)|a2[)
= 2b(|b|* 4 bz + bgz + 2|ga|* — 1)
+ 2(qa|b? + blga|* + bg3 + q2laa|* — blgz|? — g2]q2|?)
= 2b(|b]* + bz + bgz + 2|ga|* — 1) + 2(g2/b|* + bg3)
= 2[b]%b + 4]b|% g2 + 20°F + 2b(2|q2|® — 1) + 2bg3 .

We know that d,.b € L (I; W~2(B)). Then bsolving the equation implies 9;b € L>°(I; W~12(B)).
Using duality and the algebra property of W1:2(B), we find that also b 9;b, 9,(|b|?) € L>°(I; W ~12(B)).
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Let o, (z) = ¢(£) where ¢ € C2°([-2,2];[0,1]) and w‘[_l =L One may choose ¢ in such a
way that there exists K > 0 with |9,¢| < K/p and in particular |9,¢,| < Kn™',/p,. We test
the above with by, and take the imaginary part. On the left-hand side, we have

/ Im[i(0:b)by] + Im|[(04xb)bipy, ] do = / %QDnat(\bF) — Im[(0:0)b0, ] dz .
R R

Therefore for a fixed time t € I,

1d ). _
§$/Rgan|b\ dx—élm[(@mb)bazwn] dz

+ / (20b]* + 4[b[2Bgs + 2/b|2b7z + 2/b|2(2lga|> — 1) + 26°¢3) o d
= (EIT@) +(I1).
We estimate
(1) < 10:bllz2 [6020n 22 < (gl e iz + ]l ) K003/ o
and
(ID) < Cloy/@nllzs 1B + [bllas| + g2l +1]] e
< Clloy@nllss (1 + larl3 e + el )

We have shown that there exists some C' > 0, depending on ¢, g2 but independent of time, such
that

| &

1
2

IS

1
(Iovnlis) < ¢ S=lovls + oyl ).

In particular
d 1

_ < = .
GIv@l: < (= + oyl )

Now Gronwall’s inequality implies for any fixed ¢ > 0 that
n—oo t Ct n—o0
IOz = oe)ynlzz < (POl + Oz e 2220,
—_——
=0

hence q; = ¢ for positive times. The argument for negative times is analogous. O



CHAPTER 3

GLOBAL WELL-POSEDNESS OF THE NLS HIERARCHY
WITH NONZERO BOUNDARY CONDITIONS

Abstract

We consider the NLS hierarchy with the nonzero boundary conditions ¢(¢t,z) — g+ € St
as ¢ — +oo and prove that it is globally well-posed for initial data of high regularity.
Specifically, we prove well-posedness of the problem for the perturbation p = ¢ — ¢« from a
time-independent front ¢. connecting g— to q.

We present a new proof for the asymptotic expansion of the logarithmic derivative of the Jost
solutions associated with the Lax operator, from which the equations in the NLS hierarchy
are defined. Using the corresponding recurrence relation, we derive new explicit formulas for
all terms in the NLS hierarchy with at most one factor that is ¢., g,, or a derivative thereof.

This allows us to view the equations for the perturbation p as dispersive nonlinear PDEs with
explicit linear parts and sufficiently localized nonlinearities. They are part of a large class of
systems for which we develop a local well-posedness theory in weighted Sobolev spaces. We
establish local smoothing and maximal function estimates for general dispersion relations
with finitely many critical points, which are of independent interest.

Finally, we globalize the solutions using the conserved energies constructed in [119, 120].

3.1. INTRODUCTION
Consider the defocusing Nonlinear Schrédinger (NLS) equation

for a wavefunction ¢ = ¢(t,z) : R x R — C. While NLS is most naturally associated with the
zero boundary condition

lim ¢(t,z) =0, (ZBC)

|z| =00
we are interested in the nonzero boundary conditions

lim e*'q(t,z) = qx where |q|=1. (3.1.1)

z—+o0

Because solutions of NLS—(3.1.1) are not stationary at infinity, it is preferable to work instead
with the so-called Gross-Pitaevskii (GP) equation

1qt + Que = 2(1(|Q\2 - 1) ) (GP)

which is formally equivalent to NLS under the transformation g — €2

(3.1.1) are replaced by

q. The boundary conditions

111}[1 q(t,x) = q+ where |g+| =1. (NZBCQ)
rT—r 00

From now on, we write NLS for the system NLS-ZBC and GP for the system GP-NZBC, respectively.
Before stating our main result, we discuss various aspects of NLS, GP, and the associated hierarchies.

On applications of NLS and GP. The systems NLS and GP, also in their focusing variants,
have been intensely studied due to their ubiquity in the analysis of wave phenomena in various
physical systems. We refer to the review papers [92] for applications in nonlinear optics and
specifically high-speed communications, [23] for applications in Bose-Einstein condensation and
plasma physics, and [24] for applications in the study of wave collapse.
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We remark that GP is equivalent (under the Madelung transform, see [145] and Chapter 2) to a
quantum hydrodynamical system, which is relevant in the study of Bose-Einstein condensation
[73, 83], superfluidity [72, 127, 138], and quantum semiconductors [76].

‘Well-posedness results and function spaces in view of NZBC. We start with a brief review
of some well-posedness results for NLS, focusing only on global results on R due to the breadth of
the literature. For global well-posedness results in Sobolev spaces H*(R), we note, in descending
regularity, [21] for s = 2, [82] for s = 1, [173] for s = 0, and [49] for a priori bounds and existence
of weak solutions with s > 71—12. In [121, 122, 123] a priori bounds are given down to s > f%.
Besides the Sobolev scale, there are global well-posedness results in Fourier-Lebesgue spaces
H}(R), with s > 0 [87], and modulation spaces M  (R), also with s > 0 [117, 148]. We also
note [176], where global well-posedness is shown for a certain class of initial data with an infinite
L?(R)-norm. For the reader interested in other settings, we refer to the books [44, 170] as well as
the recent program started in [96] by M. Ifrim and D. Tataru.

Because NZBC is not preserved under addition and scalar multiplication of functions, it is not
compatible with traditional scales of function spaces, such as the Sobolev scale. As a result, the
well-posedness of GP is more delicate. Spaces compatible with ZBC contain the trivial background
solution ¢ = 0 to NLS, while spaces compatible with NZBC contain, for example, the trivial solution
q = 1 of GP, the stationary “black soliton” solution ¢ = tanh, or any of the time-dependent “dark
soliton” solutions ¢(t,2) = Re[¢] + i Im[¢] tanh(Im[¢](x + 2Re[¢]t)), ¢ € S' to GP. Generally, for
any ¢+ € S', there exists a dark soliton profile connecting ¢_ to ¢, (see (3.2.1) below for an
explicit formula).

P. E. Zhidkov gave a first result in 1987 [191], establishing local well-posedness of GP in the Zhidkov
space Z*(R"™) with n,k € N1, which is the closure of C2°(R") under the norm | - || zx®n) =
]l oo mr) + | Vouul| gra-1(gn). This implies global well-posedness in Z'(R) due to conservation of
energy (see HSP below) in one space dimension. In [74] this is extended to n = 2,3. A global
result in the energy space was obtained by P. Gérard [77, 78] for n = 1,2, 3, and for n = 4 under
smallness assumptions. The smallness assumptions for n = 4 are lifted in [113]. In [89] and
preceding works, global stability and scattering results were obtained for small initial data in
higher dimensions. We note [151] for a global well-posedness result permitting infinite energy in
14+ H*(R%), s € (2,1), and [7] for more general nonlinearities in the cases n = 2,3. Recently in
[119, 120], when n = 1, H. Koch and X. Liao proved the global well-posedness of GP in a complete
metric space (X*,d*) with s > 0, which we define below in (3.1.15). They use the complete
integrability to construct conserved energies that control the solution at every regularity s > 0
(see (3.4.35) below). We make use of these energies in our globalization argument in Section 3.4.2.

Complete integrability and the conserved Hamiltonians of NLS and GP. The systems
NLS and GP are completely integrable in the sense that they admit Lax pairs. A Lax pair for
a time-evolving PDE is a pair of operators L and P, depending on a time-dependent potential
function, such that the Lax equation 8;L = [P,L] = PL — LP holds true if and only if the
potential is a solution to the PDE. For NLS and GP, it is shown in [189] that the operators

NS gep [0z —q
L=INMS—[ z(q i (3.1.2)

and

202 —gg —2q0, — 202 —gg+1 —2a00.,. — a..
NLS _ z — 49 40z — qx GP _ . x — 499 qO0x — (Qx
P _’<2q8$+qm 26£+qq> P _’< 20, +q, —202+q7—1 (3.13)

yield Lax pairs. A consequence of the Lax pair formulation is that eigenvalues of the Lax operator
are stationary, and furthermore that the time evolution of the scattering data (including the
reflection coefficient) is characterized by a linear equation. One may try to recover the potential
from the evolved scattering data. This is indeed possible for NLS and GP, where the so-called
inverse scattering transform (IST) method can be applied. For NLS, the IST method was already
well-developed in the seminal paper [2] (see also [34] and references therein for more recent work).
Recently, attention toward the nonzero boundary data case of GP, where the IST method is harder
to deploy, has grown, and significant progress has been made. We refer to the pioneering work
[189] and the recent review [155]. An application of the IST method in our setting can be found
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in [149], where the authors prove orbital stability of the dark soliton solutions to the real mKdV
hierarchy, i.e. the flows (NLSs, 1) with real-valued gq.

Another consequence of complete integrability is the existence of an infinite number of conserved
quantities. For NLS, we denote these by HN'S and list the initial ones:

Mo () :/q@dx (Mass)
R
HYS(q) = —i/ qq, dz (Momentum)
R
Hyto(g) = / 0:d, +¢°7 de (Energy)
R

R
HYS(q) = / Gr2lzn — 60°Tpy — 5T — 600:qq, — 49200 + 2¢°T° da .
R

Using the energy, NLS can be written in Hamiltonian form

- dHES(9)
W = —— -

oq
The Hamiltonian structure is commonly considered for a pair of variables (g,r), where the
identification r = g is made later. For convenience, we use g from the beginning, writing ¢q instead
of |q|* when we intend to highlight the functional dependencies.
The Hamiltonians HN'° are formally still conserved under the flow of GP, but the even ones H)\S
are ill-defined in the setting of NZBC. We use instead a renormalized sequence of Hamiltonians
HCP ., which are conserved quantities for GP and compatible with NZBC. The initial ones are:

HE"(q) = / qq —1dz (Mass)
R
HSP(q) = —i/ qq, dz (Momentum)
R
GP( \ _ - — 2
Hy (q) = / 4G, + (g — 1)"dz (Energy)
R

HSP(q) =i / (ows — 44777, — 4290° + 447, dz
R

HSP(q) = / Gr2Tos — 60°T0yy — 54°T> — 69070, — 992G
R
— 64,0, + 2¢°7° — 6¢°7° + 6¢q — 2dx .

Using the energy, GP can be written in Hamiltonian form

SHSP
iq = 27(Q) )
0g
The Hamiltonians HN'S and HEP satisfy
SHSP (q) o~ (m—13 _w OHNS(g)
——emrts — E —4ym—hk_ =8 277 1.4
0q = \m — k (=4) 0q (8:.1.4)
SHSE 1(0) S m _ROHY2 1 (9)
—amrart — E —4)ymTR =R T 1.
0q Pt (m — k>( ) 0q (8:.1.5)

More specifically, the densities of HSP are affine linear combinations of the densities of HN-5, and
vice versa (see Remark 3.2.10 below, and also [71, Chapter 1, (10.25)]). In the setting of NZBC
there is an additional nontrivial conserved quantity, which plays no significant role in this work:

H (q) = —ilog,, (Z;) . (Phase change)
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Here log,,, denotes the principal logarithm.

We also consider another sequence of Hamiltonians ’H,gp, defined by

~ m _1
M@ =M W= 3 (F )rrteonga, 619
k=—1
or equivalently
GP GP 1 3 k
Hom(q) = Hapm(q) H2m+1( ) =2"tm=1 Z (m k>4m H2k+1( )

k=—1
Here the initial odd Hamiltonians H2n , are

GP 1 cp
HZ(q) = 57‘[71((1)
HS (@) = i [ qg,do— 1 (o)

R
HSP (q) = z/ (Gpnw — 46°Tq, — 427" + 647, dz + 3H (q) .
R

A relation similar to (3.1.4)(3.1.5) holds between HN-S and ’HSVP:

T =3 (2 1) L (3.1.7)

0q = \m — k 0q
5HS:EL+1(Q) _ % m—i—% 5H2Nll5Jsr1( )
— 1;) (m - k)(—4) — (3.1.8)

The Hamiltonians HN>, #CP and HCP appear naturally in asymptotic expansions of the logarithm
of the transmission coefficient (see (3.2.50) and (3.2.51) below).

Definitions of the NLS, GP, and GP hierarchies. It is natural to consider for n > 0 the
infinite sequence of Hamiltonian PDEs

0H(q)

57 (3.1.9)

g =
This is referred to as the NLS hierarchy. Some caution is needed, as sometimes only the flows
where n is even are called the NLS hierarchy, while the flows where n is odd are called the complex
mKdV hierarchy. The Hamiltonians HN-° are conserved quantities for every one of these flows.
Equivalently, for any n, m > 0 we have

6HNLS 6/HNLS 6/HNLS 5HNLS

NLS NLSY . _
{Hn M} = dq 5q oq dq

=0, (3.1.10)

i. e. they pairwise Poisson commute (see [71, IT1.§2] or [118, Theorem B.7]). As a result, their
Hamiltonian flows commute and we can consider instead for a single function ¢ = ¢(to, t1,to,...,) :
RY x R —» C the infinite hierarchy of PDEs

In this paper, we denote the set of all nonnegative integers by N. By an abuse of notation, we
exclude 0 from N when the case n = 0 would obviously not make sense.

As is the case for NLS, solutions to (NLS,,) with nonzero boundary data are not stationary at
infinity, and so it is preferable to work instead with the infinite sequence of Hamiltonian PDEs
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which we call the GP hierarchy.! Here we take n € N, excluding the case n = —1 as the flow
generated by H is the constant flow ¢(t,x) = ¢(0,z). In the case n = 0 equation (3.1.11) is
iq: = q, whose solution is given by the rotation in phase q(t,z) = e~ %q(0, ). All flows with n > 1
are compatible with NZBC in the sense that they are stationary at infinity (see also Corollary
3.1.7, (iii) below).

Of course, the same Poisson commutation relations {HSP, HSP} = 0 for n,m > 0 hold, so we can

again consider for a single function ¢ = ¢(to, t1, ..., ) the infinite hierarchy of PDEs
, HEP
Zatnq = 5q<Q) (GPn)
Lastly, we define the GP hierarchy as the infinite hierarchy of PDEs
sHSP (9) _
10y, q = ———. GP,
0,4 57 (GPy)

Our motivation to introduce the Hamiltonians ’HTGLP is that later, the linear part of (@Qm,+1) is
easier to work with than the linear part of (GPgy,41).

On applications of the NLS, GP, and other integrable hierarchies. First and foremost,
the study of any particular higher equation of an integrable hierarchy is also the study of every
other equation in the hierarchy due to Noether’s theorem: the flows generated by the higher
Hamiltonians are symmetries for every other flow, in particular the usually eponymous initial
PDE (NLS, KdV, etc.) of the hierarchy under consideration. As such, the well-posedness result
for the NLS hierarchy that we present here represents the construction of an infinite number
of symmetries for GP. Integrable equations like NLS and KdV appear frequently as amplitude
equations for the long-wave regime of other equations (see e. g. [24, 163, 172, 183, 187]). In
such cases, they may be modulated using the symmetries in their hierarchies (see [22] for an
example involving higher symmetries). On another note, integrable hierarchies are also relevant
in mathematical physics, in connection with algebraic geometry [67, 68].

Renormalization of hierarchies. Let us state clearly that taking affine linear combinations of
the (densities of the) Hamiltonians in an integrable hierarchy yields flows which are essentially
equivalent to those already in the hierarchy. We make this precise with a proposition.

Proposition 3.1.1 (Equivalence between hierarchies). Let ¢ = (¢, 1) € CV N be an invertible
infinite upper triangular matriz and set t = (to,t1,...). Formally, q(t,z) solves (NLS,,) for all
n € N if and only if u(t,x) = q(ct, z) solves the renormalized NLS hierarchy

N )
0, u= Crp—bi "
— ou

for alln € N.

Proof. The Hamiltonians only depend on ¢, g and their spatial derivatives, but not on t, so the
proof follows from the chain rule. O

The relations (3.1.4)—(3.1.5) represent precisely such an equivalence between the NLS and GP

hierarchies. Here ¢ = cN"5~6P where
S—G m—3 S—G
NLS—GP _ 3 m—k NLS—GP __
Cokom = Linsky < k:) (—4) Cok+1,2m = 0
m—
NLS—GP __ NLS—GP  _ m m—k
Copzmi1 =0 Cok+1,2m+1 = Lim>iy (m _k (—4) )

(CNLS>—>GP>

and this matrix is invertible with its diagonal entries being 1 (with (—4)™~* replaced by 4™~*).
As an example, we have

1 0 -2
(N7 o<nr<z=[0 1 0 |,
00 1

INot to be confused with the “Gross—Pitaevskii hierarchy” from kinetic theory (see e. g. [70]).
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so in the case n = 2 the energy of NLS is renormalized with the mass to yield the energy of GP.

Similarly, the relations (3.1.7)—(3.1.8) correspond to the choice ¢ = cN-5~CP where
~ 1 ~
NLS—GP _ q M=3 ) (_ygyym—* NLS—GP _ )
Cokom = L{m>k} k (—4) Cokr1,2m =
m—
~ - 1
NLS—GP NLS—GP m+3 —k
C2k,271+1 =0 CQk+?2m+1 = ]l{mzk} (m _ z> (=4)" "
(CNLS>—>G~P)
We can also derive ¢ = ¢®P7¢P from the relation (3.1.6) to be
GPI>GP GPGP
C2k5>m = ]l{m=k} Czkfl,Qm =0 -
" " 1 (CGPHGP>
GP—GP GP—GP 3\ m—ko—T
Cor,2mt1 = 0 okt 2m41 = Lim>k} (m zk)4m 27 Mk=—1y
with its inverse c®PCF similarly defined, except c§p 3% ) = 28 tm=-1 (m%k)4m_k. Then ¢(t, )

solves the GP hierarchy (GP,,) if and only if u(t,z) = q(cGPHaPt,x) solves the GP hierarchy
(éTDn), and correspondingly ¢(t, ) solves the GP hierarchy if and only if u(t,z) = ¢(c®"~CPt, z)
solves the GP hierarchy.

These equivalences allow us to transfer well-posedness results among the NLS, GP, and GP
hierarchies.

3.1.1. MAIN RESULT

We denote by D(R; C) = C(R; C) the space of test functions. For a function f € D(R;C), we
define the Fourier transform
Iy 1 —1iT-
f) = /e $f(z)da
27 Jr

and extend it to tempered distributions in the usual manner. Before stating our main result, we
define for s,s" € N the (weighted) Sobolev spaces

(H*R), || gom) = ({u e L2R) : (1 + [¢*)2a(¢) € LX)}, [1(1 + [€1°)27€) l|2(m))
(H* R), [ lprer 1 y) = ({w € HY (R) s zu € HY R}, 12+ | gror iy + |- oz )
(3.1.12)

and the energy functionals

E*(q) = lal* = g1y + laellms-rmy B @) = Mal* = Ul ger-va @y + 192l -1y -
(3.1.13)

In this paper, we do not search for optimal regularity assumptions, and shall always take the
Sobolev regularity indices s, s’ to be sufficiently large integers. For w € R we use the notations
[w] =min{k € Z:k>w}and |w] =max{k € Z: k < w}.

Theorem 3.1.2 (Global well-posedness of each flow (GP,,) in the GP hierarchy). Let n > 2 and
define w = ”7_1 Let s, s’ € N such that s > 3n—1+w and % < s’ < s—n. Then (GP,,) is globally
well-posed in the following sense: For every q. = q.(x) € Hlitlwan with BT [@l+m1(g) < 0o
and every po = po(x) € H*N H®1, there exists a unique p = p(t,x) € C(R;HS N Hsl’l) with
p(0) = po such that g. + p(t) is a solution of (GP,) in the sense of distributions. The solution is
strong in the sense that p solves the corresponding perturbative formulation (see (3.1.21) below)
strongly in H°~™ N Hs'=m1. For every T' > 0 the map

H* N H*' — Cy([-T, T); H* N H*)
Dor——p

is Lipschitz continuous. Lastly, there exists C' = C(n, s, E¥T1=1«14%Y (0. Npol| grogera) > 0 such
that for all t > 0 we have

lP@)llzee + llpa(®)l gz < C ()]l ora < Ce*. (3.1.14)
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Remark 3.1.3 (On the GP hierarchy). The same result holds for the GP hierarchy. In fact, the

proof is given for the GP hierarchy because its perturbative formulation has a better linear part
(see (3.1.25)).

Remark 3.1.4 (On the proof). The difficulty lies in the nonzero boundary conditions, which
is why we solve for a localized perturbation p of a time-independent front q.. The main step of
the proof is a study of the coefficients appearing in (GP,,) in order to show that the equation for
p is part of a broad class of nonlinear dispersive PDEs (Proposition 3.1.14) for which we can
show local well-posedness (Theorem 3.4.6) in H® N H'. In [119, 120] the authors construct
conserved energies for GP that control the solution at every level of reqularity in certain metric
spaces. In particular, the energies E*(q) remain bounded. These energies are strong enough to
prevent finite-time blow-up of the local solution p in H® N H't (Lemma 3.4.8), allowing us to
conclude global well-posedness. The reason that the H" Y norm of p is not globally bounded is that
we cannot directly control it with the energies, instead having to use Grénwall’s inequality in an
energy estimate. An explicit example of the L?-norm blow-up at infinity for the first flow in the
GP hierarchy is given in (3.1.16).

Remark 3.1.5 (On the energy assumption and NZBC). The assumption E5T1=[«1+m1(g.) < 0o
implies that (¢.)e € L' and hence limy_, 4o g (z) = qu for some q+ € S', i. e. NZBC holds.
Conversely, we can connect any end state pair (q—,q4+) with a dark soliton profile (see (3.2.1))
that satisfies E3T1=[«1Hm1(g) < co.

One may be tempted to consider a more general finite-energy setting with |q.|> —1 € L? and
()2 € L?. This permits (gs)z € L', and hence solutions which do not have limits qi at +00
could be studied. However, it turns out that the well-posedness theory in Section 3.4 requires
|g«|? =1 and (q.), in H*=[<14%1 for some large s. This implies (q.), € L', s0 our method cannot
consider boundary conditions more general than NZBC.

Remark 3.1.6 (On the time-independence of ¢, and stability of solitons). When g+ = £1, we
can take q. to be the black soliton solution tanh(x) of the Gross-Pitaevskii equation (GP) (i. e.
(GP,,) forn =2). Note that our result does not show the stability of the black soliton solution. We
refer to [56] for the asymptotic behavior of the perturbed solution under further decay assumptions
on po-

It would be natural to choose g, as a moving front, for example a dark soliton, and attempt to
study its stability using the perturbative formulation for p. Currently we choose q. to be time-
independent, which causes terms depending only on ¢, to appear on the right-hand side in (3.1.24)
(this also causes g # 0 in (3.4.2) ). Removing these terms would lead to minor improvements of
certain estimates and regularity assumptions. Since our well-posedness theory can handle these
inhomogeneous terms, and for the sake of simplicity, we choose q. to be time-independent.

CNLS—GP)

NLS»—>G~P) GPINLS — (NLS—GPy-1

Recall the invertible matrices in ( and (c , and define ¢

and cCPNLS — (cNLS—=CPY=1 " For the reader interested in a formulation of well-posedness
explicitly for the NLS hierarchy, i. e. for a function ¢ = ¢(to, ..., tn,x) with several time variables
that solves (NLS,,) for all 0 < n < N, we draw a corollary. Note that we use the notation

t = (to,...,tn),0=(0,...,0) € RVt
Corollary 3.1.7 (Global well-posedness of the N-truncated NLS, GP, and GP hierarchies). Let
N > 2 and define w = % Let 5,8 € N such that s > 3N —1+w and% <s <s—N. For
every qo : R — C of the form qy = g« + po, where g, € Hfztl—TwW+N with EsH1-T@THN1(g) < 00
and po € H* N H*"1, there exists a unique function ¢ = q(t,z) : RN T x R — C with q(0) = qo
which satisfies the following:

(i) For everymn € {0,..., N} the functions q(t,z), ¢(cN">7¢Pt, ), and q(cN->~CPt, x) respec-

tively solve (NLS,,), (GP,,), and (GP,,) in the sense of distributions.
(ii) We have q € Co(RN 1 X*) and

Sup ES(Q(t)) < C(N,s,E*(q)) -

tERN+1
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Here X* stands for the complete metric space (X*%,d*), s > 0 defined in [119, 120]

X* ={qe H (R): E*(q) < o0}/ S" (3.1.15)

1
2

() = ([, Iseet: = )0~ o)l dy

Z—(CGF’»—»NLSt)

(iii) The function p=q—e~ 0q, satisfies p € C(RN T H N Hsl’l). Furthermore, p(t),
p(cNS7CPE) - and p(cNS7CPt) solve the respective perturbative formulations of (NLS,,),
. CGP»—}NLSt)O

(GPy,), and (CTDn) (see Proposition 8.1.14 below), for the fronts e~
and e~ g, strongly in H*~" N HS —™1,

—1t
, €70y,

Remark 3.1.8. Notice that the zeroth GP flow

' 5HGP
’Latoq = gq(q) =

is simply a phase rotation, which changes a front g. into e "0q,:

(GPq) _; i
g+ () +po(x) = e~ qu (@) + e 0po(2).

This results in the change of the profile in (¥ii) above. The first GP flow

SHTP (q)

10, q = o7 = 10,q

is a transport equation, which transports a front q. to the left and preserves its limits at infinity:

GP
0u(2) + po(2) Y g (@ + 1)) + polz + 1)

The nth GP flow with n > 2, by Theorem 3.1.2, preserves also the limits of a front for any finite
time:

(

¢(@) +po(@) Y 4u(0) + pltn,2),  plta,x) € C(R; H* N H).

Note, however, that we have not shown uniform-in-time control of the norm ||p(ty)|l gsnmgs'1 0
Theorem 3.1.2. Observe that for the first GP flow the L2-norm of the ti-dependent perturbation of
the front g, = tanh blows up at infinity:

| tanh(z +¢1) — tanh(z)||p2 — 0o as t; — 0. (3.1.16)

The reason is that tanh(x + t;) — tanh(z) > 1 on the interval [—t1,0] for sufficiently large t,,
while the perturbation derivative is uniformly bounded in time due to tanh’ = sech?® € S.

Remark 3.1.9. In principle, solutions with infinitely many nonzero time variables can also be
constructed, given qqg satisfies the assumptions of Corollary 3.1.7 for every N € N, but this requires
a non-trivial limit argument which we do not wish to study here.

3.1.2. ORGANIZATION OF THE PAPER AND FURTHER RESULTS

All sections and appendices are largely self-contained and can in principle be read in any order.

3.1.2.1. OVERVIEW

In Subsection 3.1.2.2 we motivate Section 3.2, which is not directly relevant for the proof of the
main result and instead is concerned with the rigorous definition and asymptotic expansion of
the logarithm of the transmission coefficient associated with the Lax operator L (see (3.1.2)). In
addition, we review some of the literature on the Inverse Scattering Transform (IST) method for
NLS/GP with a nonzero background and elaborate on our contribution. Section 3.2 concludes



3.1. INTRODUCTION 51

with the derivation of the well-known recurrence relation (3.2.47), which is fundamental for the
computations in Section 3.3.

In Subsection 3.1.2.3 we discuss Section 3.3, which contains an essential result on the structure of
the NLS and GP hierarchies. Using generating functions, we are able to give explicit formulas for
all terms in the hierarchies containing at most one factor that is ¢,, g, or a derivative thereof.
Section 3.3 concludes with the proof of Proposition 3.1.14, which is a perturbative formulation of
the GP hierarchy that fits into the well-posedness theory developed in Section 3.4.

In Subsection 3.1.2.4 we discuss Section 3.4. We begin with a review of different approaches to
the well-posedness of the NLS and KdV hierarchies. Subsequently, we motivate our choice to use
techniques developed by C. E. Kenig, G. Ponce and L. Vega in the 1990s. The key result is the
local well-posedness of a large class of dispersive nonlinear systems, of which the perturbative
formulation of the GP hierarchy is a special case. Section 3.4 concludes with the proof of Theorem
3.1.2, our main result.

3.1.2.2. SECTION 2: DIRECT SCATTERING THEORY REVISITED AND FURTHER
DEVELOPED

In Section 3.2 we recall some aspects of the Lax operator L, associated with GP, in the setting of
NZBC, with the goal of rigorously defining the transmission coefficient a(A) and proving that its
logarithm has asymptotic expansions in powers of the spectral parameters A and z = v A2 — 1 at
infinity. For A and z in the first quadrant of the complex plane, we define Hamiltonians HN-S,

HEP, and HEP as the following expansion coefficients (see (3.2.50)—(3.2.51)):

oo > > GF ad %
_ HNLS ' HGCP , HSP A = 28 HER
loga()\)wz E (2)\)#“ loga()\)Nl z : WMZZW_FZ;ZW
n=0 n=—1 n=0 n=0

in the different functional settings (ZBC) and (NZBC). Their densities satisfy certain recurrence
relations (see Lemma 3.2.8 below), which are the basis of our calculations in Section 3.3. The
recurrence relation for the densities of HN'> is well-known and also appears in the seminal paper
[189] by V. E. Zakharov and A. B. Shabat, which initiated the study of the IST method for GP
with NZBC. We refer to [30, 56, 63, 64, 65, 142] and the review [155] for further development of
the IST method for NLS-type integrable equations with nonzero boundary data.

Note that most of these references are concerned with the formal and rigorous establishment of
the inverse scattering transform, but not the rigorous asymptotic expansion of the logarithm of
the transmission coefficient. The standard reference for this is the monograph [71, 1.§3-§8], where
first the periodic case on an interval of length L is considered, and then the limit L — oo is taken.
More recently in [119, 120], the renormalized transmission coefficient is defined and asymptotically
expanded in the general finite-energy setting E*(q) < oo for s > 0 (see (3.1.13)), by finding a
change of variables for the Zakharov-Shabat scattering problem that essentially causes only the
quantities |q|?> — 1 and ¢, to appear.

We believe there is expository value in a direct path from the Zakharov-Shabat scattering problem
to the rigorous expansion of the transmission coefficient, using the classical approach described in
[71], but not working with the periodic case first. Specifically, we use the integral representation
ansatz (3.2.12), which to the best of our knowledge is not present in the literature. In order to
explain, we consider the two Jost solutions (Pli (x,A), withz € Rand A € C, to the Zakharov-Shabat
scattering problem associated with the Lax operator (3.1.2)

LOE(x,\) = A®T(2,)), or equivalently 9,®F(z,\) = (q_(ic); qz(i))q)f(x, A), (ZS)

for a potential of interest ¢ which connects two limit states ¢+ € S'. Then we search for an
appropriate reference potential ¢, € C°°(R;R) with the following properties

o (. — qt as x — oo
o The Jost solutions @fl are known.

Fortunately such ¢, exists (see the dark soliton profile (3.2.1)), and we now restrict ourselves to
the functional setting ¢ € g. + S(R; R).
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We make the triangular representation ansatz

B0 = 0, @)+ [ T )0k 0.0 d. (3.1.17)
+oo

where I'*(x, %) is a kernel that is independent of \. Such triangular representations are well-known
in the constant-potential cases ¢. = ¢_ or g. = ¢4 (see e. g. [65, 71, 141, 189, 149]). Since
the kernel I'* is independent of ), these integral representations are suitable for the asymptotic
analysis in the parameter A of the Jost solutions via integration by parts. In fact, the density of
the difference of the logarithm of the transmission coefficient log a(\) and log(g-g, ) is 0; log ¥y 4,
i. e. the logarithmic derivative of the first component of the modified Jost solution ¥ = @] e**?
(see (3.2.30) below). Therefore, we can use (3.1.17) to derive the desired asymptotic expansion
for loga()), as long as the error terms can be controlled in L.. An essential source of this desired
integrability when working with (3.1.17) is the difference ¢ — ¢, € S.

We comment on the existence and decay properties of the kernels I't. It is important for <I>* 1
to be a solution of the Zakharov-Shabat scattering problem (ZS) in order for I'f(-,-) to solve a
boundary value problem which does not involve A (see the system (3.2.15)—(3.2.17) below, which
generalizes [71, Chapter 1, (8.18)—(8.19)]). We subsequently state and prove a well-posedness
result for I'* in Lemma 3.2.2, which we believe to be of independent interest. The decay estimates
in Lemma 3.2.2 allow us to deduce the desired expansion of the transmission coefficient in Lemma
3.2.5.

Note that we work in the setting where ¢ and g, are smooth, and ¢ — ¢, is Schwartz. The reader
interested in weaker assumptions may adapt the proof for this purpose. We see potential for
the triangular representation (3.1.17) to be useful in other aspects of the IST method, such as
WKB expansions of various scattering data. Furthermore, it may be of use in the setting with
asymmetric boundary conditions (i. e. [¢—| # |g4+]), when a Jost solution ®_, for a reference
potential g, is known.

3.1.2.3. SECTION 3: EXPLICIT FORMULAS FOR PARTS OF THE HIERARCHIES
AND THE PERTURBATIVE SETTING

In Section 3.3 we determine the coefficients of all terms in the NLS hierarchy which have at

most one factor that is g,, g,, or a derivative thereof. When using a perturbative ansatz

q(t,x) = q«(x) 4+ p(t, x), these are precisely the terms which we need to know in order to determine
the linear part of the PDEs for p.

To describe the nonlinear terms in the PDEs in a quantitative way, we introduce the notation
O%’L(B), where M, L € N and A, B are sets of formal complex-valued functions. We define the
sets of formal functions

AUA={f:feAor fe A} [BUB|={0"f:feBor feB,neN}

and the set (’)M "L(B) consists of sums of products with at least M factors from the set [B U B],

and at most L derivatives in total:

K
oytB)=¢ > > > et thalh KeNg! , eC
k=M 1=(ly,...,l)ENF hi,...,hyEAUA Jj=1

HISL glip,,..,0lMhy e[BUB]
(3.1.18)

We write f = OX5(B) if f € OY'"(B). If any of the parameters of @ are missing, we set by
default M, L to zero and A, B to the empty set.
Theorem 3.1.10 (Structure of the NLS, GP, and GP hierarchies). The following hold true.

(i) Let m = | 2| > 1. The equations (NLS,,) of the NLS hierarchy have the form

m—2

m—1
000, 0= Y Jomi1 @ TG (102)" 725G =Y Komy1 i@ 7 (i02)*™ g (NLSpm)
7=0 7=0
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+ (m+1)Crng™ g™ + 02" 2(qs)

i8t2m+1q = Z K2m+2,jqjqj (iaz)2m+1_2jq + 02771_2((]1) . (NLSQm+1)
7=0

In the above, the real-valued coefficients Jy, j, Ky ; are defined as follows. Let [u?] denote
the functional that extracts the coefficient in front of w/ from a formal power series in the
symbol u, e. g. [u?](1 +u)® = 3. With this notation, we define

k-1

{O k even {[uﬂ(l +4u) 2 k even
Jr,j = k=2 kg = k-2

[w]2(1 4+ 4u)=  k odd [W])(—=1—2u)(1+4u)= Kk odd
(3.1.19)

The coefficients Cy, are the Catalan numbers, defined by the recurrence relation: Cy =1,
Cni1 =240 CrCny (see also (3.2.45) below).

The nonlinear term Og’”*2(qm), as defined in (3.1.18), refers to the class of polynomial
expressions in q, q, and their derivatives, for which each monomial has at most n — 2
derivatives in total, and at least two factors are ¢, G, or derivatives thereof.

(ii) Forn >3 with m = |%] > 1 the equations of the GP hierarchy (GP,) have the form

101300 = ((102)*™ +2(i0,)*™ %) q + 2% (i0,)*™ g+ O 103" (4w lal* = 1) (GPaum)

m 1 4 . B
Bt =3 ()7 A0 O o~ 1), (GPami)
=0

while equations of the GP hierarchy (EISTL) have the form

01,0 = ((10,)°™ +2(i0,)>™ %) g + 20210, 27 + OX 152 (g la* — 1) (GPa)

iatgm_Hq == (iax)2m+1q + Oj:r;”izil(qz, ‘Q|2 - 1) . (GP2m+1)

Recall that for n = 2m the equations (als2m) = (GPay,) are identical. Here (’)2’@‘_22_1((11, lq|>—

1), defined in (3.1.18), refers to the class of polynomial expressions in q, q, |q|*> — 1, and
their derivatives, for which each monomial has at most n — 2 derivatives in total, and at
least two factors are qu, G, |q|> — 1, or derivatives thereof.

Remark 3.1.11. To the best of our knowledge these coefficients are not known in the literature.
For further efforts to calculate explicit coefficients in integrable hierarchies, we refer to [4], where
the coefficients of all cubic terms in the dNLS hierarchy are calculated, and also [19] for the KdV
hierarchy. The general theory in [66] may also be of use.

Remark 3.1.12. The equation (NLS)=(NLSs) corresponds to (NLSsy,,) with m = 1, n = 2
and with Og’"’Q(qm) replaced by 0. However, (GP)=(GP2) is excluded from the general form
(GPa2y,) because there is a mismatch in the coefficient before the term q. Nevertheless, (GP) can be
formulated in the perturbative form (3.1.21) below, with an additional term 2(|g«|*> — 1)q. when
n = 2, which is included in O;;?‘q*IQ_l(\q*P —1) in (3.1.24).

Remark 3.1.13. We present an elegant reformulation of (i), whose proof is found at the end of
Section 3.3. We have as |\| — oo the asymptotic expansion

0loga(N) i 03’”(%)

5q e (2inyn+t (3.1.20)
1 2M\ + 100, . 1 2/\2 _
+ 1 + — x| + — — 0z(\° — .
2(\2 — qq)? (q 4\ — qq) + 02 [iq.] 2(02 — q7)(4(\2 — qq) + 02) [q0:( qq)])

This is a formal statement, which is to be understood in the sense of erpansion in \ by the
geometric series and subsequent comparison of orders. Note that 02 and the multiplication operator
qq commute up to terms in O?vl(qm). The square brackets denote operator application.
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We would like to point out that (3.1.20) might “by chance” describe more terms in the hierarchy
than (NLSg,,)~(NLSg,,+1) do. To explain, observe that different arrangements of the order of 02
and multiplication by qq in the geometric series expansion of the resolvent yield different residual
terms in (2i\)"" "1 O2"™(q.). One may hope that by choosing the correct ordering the residual
terms can vanish, such that the formula above would become exact. We have concluded, after
testing various natural arrangements, that this does not seem to be the case.

Given a choice of g,, we can now write down a dispersive PDE for p = g — ¢..

Proposition 3.1.14 (Perturbative formulation of the GP and GP hierarchies). Let q(t,z) =
n

() + p(t, ), where limy 100 qu(z) = g4 € S'. Let n > 2 and m = |%|. We consider the
extended system for p = (p;)i1<j<2 = (p,p). Then the following hold.

(i) q solves (GP,,) if and only if p solves

i0,p = L"[p] + N (p), (3.1.21)
where with D, = —i0, we have the linear operator

_o(D?+2 2¢>

2m __ 2m—2 x *
L7 = D; < S0 —D2 9 (3.1.22)

m 1

£2m+1 — _ 2 4Tn—kD2k+1 3.1.23
3 (oo, (.12

and for j € {1,2} we have

W] = 0, p (g = 1) + 03" ((¢2)2) + O35 2 o (9 (@)as la:]* = 1)
(3.1.24)

where the notation O is defined in (3.1.18).

(ii) If q solves (éT:’n) instead, then the above still holds with the only difference being an improved
linear part when n =2m+ 1 is odd:

L2l — _p2mtl (3.1.25)

(iii) Assumen =2m. Let R > 0 andn € C(R;[0,1]) withn|—gr,z = 1 and suppn C [-2R, 2R].
We change to a new variable

u=T""p where T=1+By(D,) and (&)= ;T? and B = (1 —Oqz : O(ﬁ) '

Then (3.1.21) can be rewritten, using modified nonlinear parts N™ satisfying (3.1.24), as

i0y,, u = D2M2 (Dazc_;— 2 _Dg - 2>u (3.1.26)
0
T N(Tw) + ) W(DI(Da)u) + N (D (1 = n(D)w) — [o3, BID;™ *n(Dy)u) .

Remark 3.1.15. As an example, in the case n =2, m =1 and g, = 1 the system (3.1.22) reads

i0ip = (D2 + 2)p + 25 + 2p*Pp + 4pp + 2p*
i0p = —2p+ (—D3 —2)p— 2p°p — 4pp — 2p°.

We refer to [89] for a specific study of this system, also in higher dimensions.

Remark 3.1.16. For the even flows we switch to the variable u in order to eliminate the non-
constant coefficient q* that can be seen in (GPa,,), and would otherwise appear in the linear part
of the equation for p. Then the key point is that the linear part is benign, and that each term in
the “nonlinear” part has sufficient integrability, in the sense that it either has two factors which
are p or P or derivatives thereof, or a coefficient which provides integrability, e. g. |q«|*> — 1, (¢+)z-
The extra term |03, B|D2™~21(D,) is of order zero, which is the key improvement over (3.1.21).
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3.1.2.4. SECTION 4: LOCAL WELL-POSEDNESS OF A LARGE CLASS OF
NONLINEAR DISPERSIVE SYSTEMS INCLUDING THE GP HIERARCHY

In Section 3.4 we construct a local well-posedness theory for a large class of dispersive nonlinear
systems of PDEs that includes the perturbative formulation of the GP hierarchy in Proposition
3.1.14. We then deduce global well-posedness in Theorem 3.1.2 by using the conserved energies
constructed in [119, 120].

Before we explain our argument in detail, let us review existing well-posedness results for integrable
hierarchies and general dispersive nonlinear equations. Due to their nature, when working with
integrable hierarchies, one expects to have available a plethora of conserved quantities. Nevertheless,
it is not a trivial matter to construct useful conserved quantities, especially at low regularity
(see for example [119, 120, 122] and [91, 115, 158]). We work with high, integer regularity, and
for us local well-posedness is the essential problem. Here it is not easy to derive a benefit from
the integrability of the equation under consideration. As such, the local well-posedness of large,
not necessarily integrable, classes of dispersive nonlinear equations may be studied, and in turn
integrable hierarchies serve as natural applications for such theories.

We start with the KdV hierarchy, which we define for a function u = u(tg,t1,...,z) : RY x R - R
as the infinite sequence of PDEs

KdV
Oy, u = 13155"7(”) EXV () = (=)™ / oV (u) da (KdV,,)
2 ou R
oMW =0 o Nw =-u  of(M(u) =00k (u) + > ok (w)okN.(u) Yn>1.

k=0

The derivation of this recurrence relation, up to a different choice of signs, can be found in [186].
J.-C. Saut first proved in [159] the existence of global distributional solutions to (KdV,,) for initial
data in Sobolev spaces. Subsequently, M. Schwarz in [99] showed global existence and uniqueness
of solutions in Sobolev spaces on the torus, again at high regularity.

We are most interested in a theory developed in the 1990s by C. E. Kenig, G. Ponce and L. Vega
[106, 108, 109, 110, 111]. Here local smoothing and mazimal function estimates for the linear
evolution are proven and used to derive local and global well-posedness results for dispersive
PDEs for large classes of linear and nonlinear parts. We focus in particular on the papers [105,
107], where local (and in some cases global) well-posedness results in weighted Sobolev spaces are
proven for a class of equations that includes the KdV hierarchy.

We use their methods to set up a local well-posedness theory for a large class of dispersive nonlinear
systems of PDEs that covers the case of Proposition 3.1.14. Before we provide the details, let us
discuss more recent methods and results, and why we do not use them here.

D. Pilod [152] studied a family of equations similar to the KdV hierarchy, but with only quadratic
nonlinearities, and proved local well-posedness for small initial data in weighted L?-based Sobolev
spaces. However, they also proved ill-posedness in H*(R) for any s € R in the sense that the
solution map cannot be C? at zero. Subsequently in [104], D. Pilod and C. E. Kenig established
local well-posedness in H*(R) for initial data of arbitrary size for a class of equations that includes
the KdV hierarchy, using subtle energy estimates and parabolic regularization. Technically, the
smallness of the initial data is used in the proofs in both of these papers, although this smallness
assumption is later lifted in the second paper by using the scaling symmetry. We want to
avoid smallness assumptions in the proof because there is no scaling symmetry available in the
perturbative setting of Proposition 3.1.14.

Based on their work on the Fourier restriction norm method and the use of Fourier-Lebesgue spaces
for dispersive nonlinear equations (see e. g. [86]), A. Griinrock proved in [88] well- and ill-posedness
results in the aforementioned spaces for the mKdV and KdV hierarchies at low regularity. Recently,
J. Adams continued work in this direction [4, 5], proving well- and ill-posedness results for the
NLS- and dNLS hierarchies in Fourier-Lebesgue and modulation spaces at low regularity.

We certainly expect the Fourier restriction norm method to be applicable to our setting, but
not without considerable work. We face the following complications for our system (3.1.21) in
Proposition 3.1.14 (see Lemma 3.4.1 below for details):
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o We are dealing with a genuine system, which is only diagonalizable with a singular change of
variables (see (3.4.13));

« The dispersion relation is nonpolynomial: for n € 2N it is of the form (&) = ££"~1/€2 + 4.

e The “nonlinearity” contains quadratic terms, and also linear terms with non-constant coeffi-
cients.

For these reasons, we focus on the classical theory developed by C. E. Kenig, G. Ponce and
L. Vega, working with high regularity and the weighted Sobolev spaces (H* N H*1)(R). We
attempt to push their arguments for local smoothing and maximal function estimates to the limit
in terms of the generality of the dispersion relation. Although the linear estimates we obtain are,
to the best of our knowledge, not in the literature, we have relegated them to Appendix 3.A due
to their independence from the rest of the work. Our general linear estimates admit dispersion
relations ¢ that are truly “not like a derivative” in the sense that critical points ¢’(£) = 0 with
& # 0 are possible. We use these linear estimates in an adaptation of the method in [107] to obtain
a local well-posedness result for a large class of dispersive nonlinear systems of PDEs. This is the
content of Theorem 3.4.6.

In this local well-posedness theory we need to restrict ourselves to dispersion relations that are
rather “like a derivative”, in the sense that ¢/(§) = 0 = £ = 0 and (&) ~ (£)" for large
frequencies. The reason is that by the local smoothing effect we have a gain of regularity of
order |¢/'(D,)|z. In practice, this assumption is encoded in the requirement of boundedness of
the auxiliary symbol a(¢), which plays a subtle role that we would like to explain further. For
example, consider the case n = 2, where the perturbative formulation of (GP3) from Proposition
3.1.14 has the matrix dispersion relation

wo- (752 2)

with eigenvalues ¢(&) = ££4/£2 + 4. Here we choose

a(§) = 90|/§|5|é é—> . (linear combinations of é—> and <§>)
—_——
(n dn (IT1)

This symbol appears in the local smoothing estimate in the following way:
SR ;
I(@lg’|2)(Da) e’ PIug| o 2 < lluol| 2 -

The purpose of the term (I) is to obtain an estimate which is convenient for use with Sobolev
spaces. A complication which was also encountered in [89] is that the diagonalization of ®(§) is
singular at £ = 0, which causes the terms (IIT) to appear. We relax the estimate that we aim to
show by introducing the factor (I7), which removes this singularity. Conveniently, the resulting
symbol a(§) is still admissible for our linear estimates. For details we refer to Lemma 3.4.1 and
Remark 3.4.2.

After establishing the local well-posedness results, we prove a blow-up alternative and use
Grénwall’s inequality to prevent the H*®>!-norm from blowing up, provided the H®-norm does not
(see Lemma 3.4.8). This allows us to prove Theorem 3.1.2.

Finally, let us also mention the method of commuting flows, which was developed and used by
R. Killip and M. Visan to prove global well-posedness of KdV in H~1(R) in [114], and subsequently
applied to other equations such as Benjamin-Ono [112] and NLS [91]. We would like to mention
that in [114] the flow of KdV is approximated by a flow whose Hamiltonian involves the logarithm
of the transmission coefficient. One may understand this as a modulation of the solution along the
higher flows, giving an example of higher symmetries aiding in the understanding of an equation
in an integrable hierarchy. In the paper [38] by B. Bringmann and the aforementioned authors,
this method was applied to the fifth-order equation in the KdV hierarchy, and finally to the whole
hierarchy in the work [118] by F. Klaus, H. Koch and B. Liu. We again believe that it is in
principle possible to apply this method to the NLS hierarchy with nonzero boundary data, but
recognize that it would take considerable work.
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3.1.3. NOTATIONS AND DEFINITIONS

When we write A Sinings B we mean A < C(things)B, where the constant is a function of the
objects in the parentheses, and must be continuous in the real or complex parameters.

Whenever we consider a function space without explicit domain, the domain is implicitly assumed
to be R. When functions in the variables (¢, ) are considered, we use subscripts to denote with
respect to which variable the function space should be considered.

For Banach spaces X and Y, we denote by L(X,Y) the space of bounded linear operators from
XtoY.

Set D, = —i0, and note that EZf = ffand ;} = foffor feSR;C).

For matrices ¢ € CV*" we denote the entry in the n-th row and m-th column by Cn,m-. The only
exception is the matrix of Jost solutions ®* = (®F|®F). We denote by |c| the operator norm and
remark that the choice of underlying vector norm does not matter up to universal constants.

If u(t) is a formal power series in ¢, then [t"]u(t) denotes the application of the linear functional
that extracts the coeflicient in front of ¢™.

For real numbers z,y € R, we define z A y = min{z,y} and = V y = max{z,y}, as well as the
Japanese bracket (z) = Va2 4+ 1 and a modified version (z). = v/z2 + 4. We use the notations
[2] =min{k € Z:k >z} and |z| =max{k € Z: k < z}.

Lastly, we write Q;, j € {1,2, 3,4} for the four open quadrants of the complex plane.
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3.2. ASYMPTOTIC EXPANSIONS OF DIRECT SCATTERING DATA
AND DEFINITIONS OF HNYS anp HCP

In this section we shall study the spectral problem L® = A® of the Lax operator (3.1.2) for a
potential ¢ € ¢, + S(R;C), where ¢, = ¢.(z) is the reference potential with limits ¢+ € S* at
infinity. We choose g, to be the dark soliton profile

«(x) = g+ Cy (Re[¢y] + i Im[¢y ] tanh (Im[¢, ]))

> , (3.2.1)
= ¢-C_(Re[¢_] + ¢ Im[¢_] tanh(Tm[¢_]2)).

Here ¢4 € €97 and ¢(_ = {; € e/(™27] are defined by Ci = Z—f and (2 = Z—;.

The time dependence is largely ignored. We aim to establish the triangular representations for the
Jost solution matrices ®*(z, \) in terms of M-independent kernels T'*(x,5), which will be shown
to have sufficiently strong decay properties (see Lemma 3.2.2 below).

Based on Lemma 3.2.2, in Section 3.2.4 we rigorously show the asymptotic expansion of the
logarithm of the transmission coefficient log a(A) as |z] — oo (see Lemma 3.2.5 below). The relation
between the two spectral parameters A, z is explained in Subsection 3.2.1 below. The coefficients
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in this expansion are the GP-Hamiltonians HSP (see Lemma 3.2.9 below). The NLS-Hamiltonians
’H,NLLS appear as coefficients in the asymptotic expansion in the ZBC setting ¢ € S(R; C) instead
(see (3.2.50)). The sequence of densities o, of these Hamiltonians plays an important role in the
analysis, and its recurrence relation is crucial for the structure analysis in Section 3.3 below.

3.2.1. A RIEMANN SURFACE

Consider the Riemann surface
K={(\2)eC®: \2-22=1}
and decompose K = K, UK_ using the two sheets
Ky ={(\2)eK:AxeC\((—o0,—1]U[1,00)),£Im z > 0}.
We define two branches of the square root:
Vreil? = \/rei? Voe (—mm] VYr>0 Vreif = \/re's Vo e (0,2r] Vr>0.
In Figure 3.1 we depict pictographically the mapping properties between A and z on the four open

quadrants Q;, j € {1,2, 3,4} of the complex plane.

Figure 3.1.: Mapping properties of A <> z. An arrow is bold if and only if the corresponding map is continuous from closed
quadrant to closed quadrant.

—c C(Q;; Q) —_—c C(Q;, Or)

QN A e S E I
Qi ; Q3 <, — V2241 e V22 F 1

Co () izde o G D V1 T
. Y1 I R |

With the help of this pictogram, we can find on each closed quadrant an explicit homeomorphism
that maps A <+ z. There is no single choice which works for all quadrants. It is convenient to
introduce the complex variable ¢, which is defined by

A= =4 (3.22)

_ =1 _y _
C=X\+z =Xz 5 5

When considering (A, z) € K and ¢ € C, we shall freely use the maps depicted in Figure 3.1,
as well as the relations (3.2.2), to consider functions of one parameter also as functions of the
others. In particular, we may write A € Ky or z € K4 to refer to a pair (), z) € Ki. In situations
where the details of the mapping matter, we split into cases depending on the quadrant under
consideration.

Abusing notation, we define

and write
K+’Y1 = K*’yz = K+ K*’h = K+’Y2 =K_.

We shall define below Jost solutions <I>ji = @f (z,A) for A € K¢, that is, ® and ®3 on K,
and ®; and & on K_. We recognize tbji, j = 1,2 as the first and second columns in the Jost
solution matrices ®F = (®F|0F).

3.2.2. JOST SOLUTIONS

Let ¢ € C™(R;C) have boundary values lim,_, 4o ¢(z) = g+ € S' such that ¢ — g+ € S(Ry;C).
Consider for j € {1,2} the solutions to the Zakharov-Shabat scattering problem

oF :RxKy,, — C°
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0,8% (1, ) = (qéj) q§§)> %z, \) (3.2.3)
: TiZY; __ _ Z(Z — )\)
lim 5 (2,M)e"* 1 = EX(\)  where ET()\) = (i(;& 9 1 ) : (3.2.4)

Here E is the first and E the second column of E*, and the functions Efe*“‘”ff are solutions
to (3.2.3) if ¢ is replaced by g+. We call CIDji the Jost solutions for the potential q.

For notational simplicity, we can rewrite the system (3.2.3) as

0. 0% (2, \) = Ulz, )&% (2, ) with U(z, ) = Q(z) — iAas, Q(x) = <q(0x) q(g)>, oy = <é

where the limit matrices Uy = Q4+ — ido3 with Q4 = (qO qoi
+

corresponding eigenvectors Ejj-[, j =1,2, that is, e*V=(N) = BE()\)e #1203 BE(\) 7L,

We define the modified Jost solutions \IJJi by

) have eigenvalues —izvy; with

+ _ xt 1275
U5 (z,A) = @5 (2, \)e™ ™.
They are the (unique) solutions to the system

0V (x,\) = (mq a ;‘zw M‘i(f)z %_> U (2, A) = (Ux(\) + (Q — Qx)(x) + 2y, U5 (2, A)
(3.2.5)

lim Uz, ) =E7 (). (3.2.6)

Consider the following equivalent integral representations for the modified Jost solutions, each of
which yields a corresponding Neumann series ansatz:

UE(z,\) = EF (V) + /i eIV (Q — Qi) (y)TF (y, N)e™ V=1 dy (3.2.7)
U (2, ) = EF (V) + /i V(N e=vUWN(Q — Q)(y)TF (y, Nel™ W= dy . (3.2.8)

Here @(m) = 1<} Q- + 1{3501Q4 and [7(.%‘, A) = @(x) — ¢Ao3. By solving the above integral
equations, one proves the following well-known existence result for the Jost solutions. Note
that we are interested in the behavior for large || and hence do not put emphasis on points of
nonanalyticity.

Lemma 3.2.1 (Existence of Jost solutions, [64, Proposition 3]). If ¢ — g+ € L'(Ry) then the
Jost solutions @j[ and their modified versions \I/j[ exist. They are analytic in \ except for a finite
set of points. They are smooth in x if q is smooth and all derivatives are in L*(R).

The representation (3.2.8) has the advantage that the integrand contains @ — @, which decays at
both infinities. As explained in the introduction, we are interested in integral representations of
modified Jost solutions because we wish to study their asymptotic expansion in powers of A and z
at infinity. Since we aim to control these asymptotic expansions at both limits x — to0, it is of
importance to use an appropriate integral representation. To obtain such an expansion, we may
attempt to repeatedly integrate the factor e(*~¥)*% in (3.2.8) using integration by parts. Since
the remaining integrand depends nontrivially on A, this is inconvenient. We therefore need an
integral representation that has an integrand with decay at both infinities, and is also suitable for
asymptotic expansion via integration by parts.

3.2.3. TRIANGULAR REPRESENTATIONS

Another integral representation of the modified Jost solutions is given by the triangular represen-
tation (see [71, Chapter 1, §8] and [189)):
Uz, ) = X)) + /i I (2, ) BE(\)e@ ¥ dy (3.2.9)
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Here the kernel I'* is independent of A and E]i()\) is bounded and analytic (up to a finite set of
points) in A. Therefore, this representation is suitable for the asymptotic expansion of \I/;t (z,A)
in powers of z at infinity. In [71] it is shown that T € C®({(x,y) € R* : £(z — y) < 0}; C**?)
exists and satisfies T*(z,-) € S({y € R : £(z — y) < 0}; C**?). Subsequently, the authors use
this integral representation to derive various asymptotic expansions of the Jost solutions, but
not the crucial expansion (3.2.32) in Lemma 3.2.5 for the transmission coefficient that we are
interested in. Nevertheless, (3.2.32) is proven in [71], but the proof is heavily abridged and works
by referring to previous chapters, where the Zakharov-Shabat problem is considered on a torus
of length L, and then transferring expansions obtained in this setting through the limit L — oo.
We present here a direct approach to the expansion of the Jost solutions and the transmission
coefficient that uses the triangular representation (3.2.12) below.

Instead of using ¢ — ¢, with ¢(x) = 11;<039— + L5039+, as a source of decay at both infinities,
we compare ¢ to the reference profile ¢, in (3.2.1) that assumes our boundary data g+ at infinity.
Most conveniently, explicit formulas are given in [46] for the modified Jost solutions of the dark
soliton. They are

¢—C+ 4 1 2Im[¢4 ] 1 QIHI[C ]
_ q— —C_ +Zq C ¢ 24w _ _'LC C+ 2tm[C_Jr
\D*71($7>‘) = 1 C §+ 2 QIm[al] \II*,2($C’ )‘) = - = 1 QIm[C ] N
C C c— C C PR (o q_ q_ C—Ct Z2mlC_To
(3.2.10)

C—C | 1 2Tm[¢_] =1 _ 1 2Tm[¢4]
\I/+1($ \) = ( qJ;C C+ +ZQ+< C+e 21““;1 13[“8_1] ) \I/+2(x A) = ( i ¢—¢- - 22111n[[2+]f+1>
*, ’ m *, ’ —_ m
1q = <+C+ = ¢+C+ 2TmlC_Te qL — ZC]+< Lﬁ

(3.2.11)

in our notation. The subscript * always denotes that the potential in the Zakharov-Shabat
problem is g, instead of g. We may now study \IIJi as perturbations of \I/f_j by use of the integral
representation formula

\I/j[(ac7 A) = \II;EJ- (x,A) +L I‘i(x,y)\llf’j(y, A)e @Y= qyy (3.2.12)
o0

where crucially the kernel I'#(z,y) is independent of A, and \I/*i ;(y,A) is bounded and analytic
(up to a finite set of points) in A, i. e. a benign factor.

We have to show the existence of the kernel I'*(z,y). To this end, we are going to derive boundary
value problems for I'*(z,y) from the system (3.2.5)—(3.2.6). Define

_ 0 qx (m) _ —i\o
@@= (5.0, “&) U.2,3) = Qule) — A7,
and recall that \I/*i j solves
0 UE (2, A) = (Usl@,\) +i27;) U5 (2, A) (3.2.13)
lim W7 (z,\) = Ef()). (3.2.14)

z—too F J

We write the differential equation (3.2.5) as 0 = (9, — U(z, ) —izy;) V] *(z,\) and substitute into
this the ansatz (3.2.12), yielding

0=—U(z,\) +izy; — Uc(z,N) — zzfyj)\IJ (@) T (s, x)\I/i (2. 0)
+ /T‘ (0, — Uz, )\))Fi<x7y))\lji:’j(y’ A)el@= ¥ 4y
+o0

= (M(@,2) = (U = U)(@ N) V5@, ) + /i (0 = U, NI (2, ) WE (y, )= dy

We denote the diagonal and off-diagonal parts of the 2 x 2 matrices I't by

1 1
Iy = §(Fi + o030 03) I = §(Fi — a3l a3).
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They satisfy
It =0F +T% = 03 % 0y + 2I'F,.

We note that (U — U,)a = (Q — Q.)a = 0 and prescribe the value of I'Y; on the diagonal
{(z,z) : € R} to be

P (,0) = 5(U = Uoale) = £(@ ~ Q)(x)

Thus, the differential equation (3.2.5) reduces to

0 = 05T (2, 2)o3 % (2, \) + /i (s — U, )T (1)) UE (5, A)e @05 dy

Define @f’j (x, ) = e*“”-illlf’j(x, A) and let
y

Fl,y) = 03T (2, y)os®%, (4, \) + /i (8 — Ular, )T (2, 5)BE (5, A) ds

Then the above equation is a special case of F(x,y) = 0. Observe that

0yF (z,y) = (030,T% (2,)03 + 03575 (2, y) 03U (y, \) + (02 — U2, \)TE (2, 9)) D7, (5, A)
lim F(z,y) = lim o3l (x, y)agéij(y, A).

y—+oo y—Foo
We see that F(z,y) = 0 is satisfied if T solves the boundary value problem
030, 1% (2, y)03 = —03TF (2, y) 03U (y, \) — (8, — U(z, )T (z, )

lim 03T (2, )30, (3, A) = 0 D) = 5(Q - Q).

y—too

It is necessary at this point that ‘I’f’ j (y, A) remains bounded as y — 400, which is valid on the
domain of definition R xKx,,. Then a solution to the boundary value problem

U3ayri(xay)0—3 = 7U3Fi (ﬂf,y)U(;Q*(y) - (az - Q(:L‘))Fi(.f, y)

lim I'*(z,y) =0 I (z,2) = %(Q - Q.)(z)

y—Foo

indeed yields a solution to (3.2.5)—(3.2.6), as long as (3.2.12) is well-defined.

We state now our well-posedness result for this boundary value problem, which is equivalent to
(3.2.15)—(3.2.17) below. It provides all the estimates necessary for the aforementioned asymptotic
expansion of the Jost solutions and the transmission coefficient in powers of A and z. In the

following, for a matrix M € C**? we write M to denote the operator of multiplication from the
right by M, and treat it as if it were a matrix in our use of language and notation.

Lemma 3.2.2 (Existence and decay properties of kernels I'* in the triangular representations).
Let q € q. + S(R; C) with the dark soliton profile q. being defined in (3.2.1). There exist smooth
solutions TF : {(z,y) : £(z —y) < 0} = C**? to the boundary value problem

(O + 0y)T5 (2,y) = (Q(x) + 5@) I3y (z,y) (3.2.15)
(82 — 9,)T5q(,y) = (Q(ﬂc) - 5@) Iy(z,y) (3.2.16)
i TH(e,y) =0 T () = 3(@ ~ Q.)(@) (3:2.17)

with the following properties:
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(i) For every k,m € N there exist bounded, monotonic control functions cx € Cp(R;Ry),
decreasing faster than any power of % as x — +oo, such that

Y o (s)ds
[(@2 + 0,)07 05T ) (s + y,5 = Y| (Linz) (~oeal) < - (@)l =9 (3.2.18)
z+
1(@s +8,)05 05T ) (s =y, 5+ y) | LinL=). (oo < €4 (@) & (3.2.19)

for all x € R and y > 0. Integrating along the direction 0, + 0, yields

O OET (2, )| S e (‘”2“’)6&” e~ (s)ds (3.2.20)
O OETH (2, )| S of (x ; y) eld er(s)ds (3.2.21)

(ii) On the diagonal y = x, we have
(O5T*)y=s € Co(R;CZ?) NS(R4; C**?) (8 + 0,)05TF)|y=s € S(R;CH?). (3.2.22)
Consequently, the formula (3.2.12) gives the solutions
Uy : R xKg,, — C?
to the Zakharov-Shabat scattering problem (3.2.5)—(3.2.6).
Proof. Appendix 3.B contains the proof of (3.2.18) and (3.2.19), as well as the statements on the

diagonal (see Claim 3.B.2). O

Remark 3.2.3. If the reference profile q. is chosen as g. = q—, then the system (3.2.15)—(3.2.17)
matches [71, Chapter 1, (8.18)—(8.19)].

3.2.4. TRANSMISSION COEFFICIENT, ASYMPTOTIC EXPANSIONS, RECURRENCE
RELATIONS, AND DEFINITIONS OF HN'S AND HSP

We focus only on the she@ here for simplicity, but every result in this section has an analogous
statement and proof on K_.

3.2.4.1. DEFINITIONS OF THE TRANSMISSION COEFFICIENT AND ITS
LOGARITHM

If Imz = 0 then ®~ = (&, |®,) and &+ = (®]|®F) are two fundamental solution matrices to
(3.2.3), hence there exist a(A),b(A) € C such that

O; (z,)) = a(A)®F (z,A) + b(A\) @3 (2, ), (3.2.23)

or equivalently, Uy (x, ) = a(A\)¥] (z,\) + b(\)e>™= 5 (z, ). (3.2.24)

We call a(A) the transmission coefficient of the Lax operator (3.1.2) with the potential ¢. It fulfills

_ det(Py,93) Uy W3, — Up,T3, _ Via Va0 — ViaVa, (3.2.25)

\) =
ald) det(U;, ) det(®], ) 2z(A — 2)

For the last equality we used the fact that det(®],®J) is independent of x € R (due to the
trace-free matrix in (3.2.3)), and hence equal to det ET = 2z(\ — z). Using this formula, we
extend a()\) analytically to A € K, where U, W are well-defined, up to a finite set of points.

For the dark soliton profile ¢, given in (3.2.1), we can explicitly determine a,(\) = Z—; g:gt

b.(A) = 0.

Suppose for now that

and

the limits lim ¥y (2,)), lim U3 (z,A) and lim 9,97 (z,A), lim 0,V] (z,\) exist.
T—00 T——00 T—00 T——00

(3.2.26)
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In particular, the latter two limits must be zero. Suppose further that for every g € ¢. + S(R; C)
there exist ¢ = ¢(¢) > 0 and C' = C(g) > 0 such that Im z > ¢ implies

_ _ c 1
sup (W (7, A) — g |+ sup |\I/I2(x, AN -Gy < =< 3. (3.2.27)
z€R z€R |Z| 2

Using (3.2.5) to substitute ¥ , in (3.2.25) and taking the limit 2 — oo, or respectively substituting
\11;1 and taking the limit x — —oo, we find from (3.2.6) that

lim Wy, (z,A) = a(N)gy lim \I/;:Q(as7 A) =a(N)g_. (3.2.28)

Tr—r00 T—r—00

Consequently, if Im 2 > ¢, the functions ¥y, (-, ), and \IIJQ( -, A)g— have similar limits at infinity
in the following sense:

. - — _ — _ . +
xll}}loo Uy (2, gy = q-q4 = xllf_foo Uy o(@,A)g- (3.2.29)
Ill)a[_loo Uii(z, Mgy =a(N) = xll;rzloo o2, \)g-.

By (3.2.27) there exists a choice of branch log of the logarithm, depending only on ¢_g,, for
which log(¥; (-, A\)g,) and 1og(\11;2(-, A)g—) are continuously differentiable in z when Im z > ¢,
and

log a()) — log(q_7,) — / 0% (2, \) dz = / 5P (2, \) dz, (3.2.30)
R R
where
0V 4 (z, A 0. U1, (x, A
P (z,\) = # 5P (2, \) = —%. (3.2.31)
lI’1,1(957 A) \1’2,2(357)‘)

In Lemma 3.2.5 below, we establish that these densities are indeed integrable and (3.2.26)—(3.2.27)
hold.

3.2.4.2. ASYMPTOTIC EXPANSIONS FOR Ui, W}, o%P 5P AND loga()\)

Definition 3.2.4 (Asymptotic expansion). Let D C C be an unbounded set, d € N, and
1<p< oo

(i) We say that a function f = f(z) : D — C4 has an asymptotic expansion in powers of
2iz at infinity on D if there exist (fy)nen C C? such that

ZN /
. . N _ n _
VN eN | llun (2i2) <f(2’) o (2zz)n> 0.

Z|— 00
zeD

We call f, the expansion coefficients of f and note that they are unique. If f and ¢
have such an expansion then 2izf and fg do as well. If g(z) # 0 for |z| sufficiently large,
then fg~! also has such an expansion.

(ii) We say that a function f = f(z,2) : D xR — C? has an LP-smooth asymptotic

expansion in powers of 2iz at infinity on D if f(-, z) is smooth for every z € D, and
there exist (f,)nen C (C° N LP)(R; C%) such that

N ok fa(x)
VENEN lim ||(2i2)V | 0hf(x,2) - =22 —0.
|z[—o0 = (2iz) )
zeD x

In this case d, f has such an expansion as well. If g has such an L®°-smooth expansion and
inf,cr |g(z, 2)| > 0 for |2] sufficiently large, then fg~! also has an LP-smooth asymptotic
expansion. If p =1 then ffooo f(z, z) dx has an asymptotic expansion in powers of 2iz at

infinity on D with expansion coefficients [~ f,(z) dz.
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When f has an asymptotic expansion of some kind with expansion coeflicients (f,,)ncn, we write

o fn
FoS
nz:% (2i2)

We now make use of the reference Jost solution (3.2.10) and the decay properties of kernels I'* in
Lemma 3.2.2 to show the asymptotic expansions for loga(\).

Lemma 3.2.5 (Asymptotic expansions of 0P, %P loga())). Assume ¢ € C®(R;C) with ¢—q+ €
S(Ry;C). Then T, \I/2+, 0V, am\p;, oCP, and G°° have L>®-smooth asymptotic expansions
in powers of 2iz at infinity on the unbounded domain D = Ky N{Imz > ¢,Im X > 0} for some
¢ =c(q) > 0, and our assumptions (3.2.26)—(3.2.27) are true there.

GP

Furthermore, the asymptotic expansions for 0,V , 0, V3, 0P, and G°F are L'-smooth, and as a

result log a(\) has an asymptotic expansion of the form

fopss 2. [GSP(z)dx
loga(\) —log(q-q,) Z Lon 222 Z / )d (3.2.32)

2zz n

where cSP and G¢° (with o$° = G§¥ = 0) denote the corresponding expansion coefficients of o7

and 5CF

Remark 3.2.6. We can analogously consider the same asymptotic expansions on the unbounded
set D_ =K, N{Im z > ¢, Im A < 0}. Notice the difference between the expansions of \ in powers
of 2z on D (with Im A > 0) and on D_ (with Im X < 0):

= (=)™ [2m+1 1 _
Az~2z(1 — Im\ >0 3.2.33
C=A+z : ( * mzo 2m+1 m (22)2m+2 |7 if ImA >0, ( )

1 o~ (=)™ [2m+1 1 ,
Z=A—z~-22(1 —_— I .
¢ A—2z z( +m202m+1( . >(22)2m+2>, if ImA < 0

In particular oS° and 58P in (3.2.32) differ between D and D_.

Remark 3.2.7. Note that from (3.2.12) and the same dominated convergence argument, we
obtain on D the integral representation formula

a(N) = a. (V) (1 - /OOO lim I (2, — y) <éz>eyiz dy) .

Proof. We give the proof only for the case of ¥] and ¢°P, as it is analogous for ¥J and °7

Recall the triangular representation formula (3.2.12). For k € N it implies
0LV (2,3) = 050, (2, 0) = [ 0L (o = )V, (o =y V) dy (3.2.34)
, o :

Integrating by parts N times, we have the following expression for ¥ W] in terms of the reference
Jost solution W', and the kernel ' (z,y):

ORVT (@, ) = VT, (2, 0) Zak(an e (07 @)W, (0 N) ) (2) 7

- /0 05 (=0y)" (I (2,2 — ) W7 (@ —y, \)) e (i2) "™ dy..

We summarize the known facts concerning ¥, ; and I'" (z, y).
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o From the explicit formula (3.2.10), we know that

C—C+ . 1 21Im[¢4]

_ q- + 19— oCC Fmlile g

\11*71 = < C 1§ C+ <2 1 CP 2Tm[¢4 ] (3235>
C—C_>7 g2 Im[(+]z+1

and we recall

(=XA+z & =qq, m]>0, ¢ =C. (3.2.36)
Note that W, ", g, has the limits ¢_g, at —co and a.()\) at +oo, which matches (3.2.29) for
Uy 19, By virtue of (3.2.33), W, 1 has an L*-smooth asymptotic expansion in powers of
2iz at infinity on the unbounded set D:

N —n
v (x
YNeN lim (2i2)V|| 0 (z,0) =) = (") =0. (3.2.37)
|z] =00 oy (222) Lo (R
z€D ) : )

Here W, = <q0).

¢ The derivative
—iq 1 (2Im[¢y])2e?mlc+]®
- _C*Cf 2TmiC{]7 4 1)2
O = (21n§[€g‘+])2 “rﬁclu (3.2.38)
C C* 21m g+]z+1)2

has an L'- and L>-smooth asymptotic expansion in powers of 2iz at infinity on the unbounded
set D as follows:

VE>1,NeN lim
|z| =00
zeD

=0. (3.2.39)
LiNLe (R)

N \n
(2i2)N (8 Vo (z,A) Z W)

Here 9,y = 0.

o Using the estimates (3.2.18)—(3.2.20), we know that for every k, N € N with k > 1 there
exists some control function ¢~ € L*(R;R), decreasing faster than any power of % at —oo
such that

[0 (0 (e = )W~y M) oy S (0 — L) Gt
||8§(_ay)N(F7 (JU,JZ - y)\y;l(aj - Y, A))einH(leLoc) ((—o00,20]) < c (330 - %)eycf(zg)fylmz

for all y > 0 and A with Imz > |[¢™ || oo

We now rewrite carefully the above expression for 9*W ", k > 0, by use of the asymptotic expansion
of ¥, ,:

N n—1
kW (2,0) = Z(mz)—"af <\P;’1n($) — (Z 2"—ma;—1—m|y:m (T (a, y)\y;’;"(y))»

n=0 m=0

N kg
+ <8§\P*’1(;v, N=> (22;)75)>

n=0
N—n q,—.m
<r<z,y> <W;1<y,x> -y W))

m=0

N

=) (2iz) 2ok | oy

n=1

_ (iZ)_N /OOo ai(_ay)N(F_(x’ T — y)\IJ;l(x -, )\))eyiz dy )

By combining the above facts concerning ¥, ; and I'", we derive that ¥y (z, A) has an L*°-smooth,
and 9,V (z,)) an L°°- and L'-smooth asymptotic expansion in powers of 2iz at infinity on D.
The expansion coefficients are

n—1

U () = U () — Y 2 (0 () U ()

m=0
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o0 = (qo_> 8,0,%=0,

which, together with the knowledge of W."; and I'", implies the assumptions (3.2.26)—(3.2.27).

[oI\
——LL has
\Ijl.l

In particular

Thus infyeg W7 (2, A)] > 0 when Im 2 is sufficiently large, and hence oP(z,\) =

the same type of asymptotic expansion as d, V7 ;. That is, an L*>- and L'-smooth asymptotic

expansion in powers of 2iz at infinity on D, with expansion coefficients O'GP (note that O'(();P =0).
Finally, the expansion (3.2.32) for loga(A) follows from (3.2.30). O

3.2.4.3. THE EXPANSION COEFFICIENTS ¢°F AND oNLS

In this subsection we would like to establish the recurrence relations for the expansion coefficients
oSP from Lemma 3.2.5. The first idea would be to apply (3.2.5) to (3.2.31), which yields the
Riccati equation

o +i(\ - 2)

(2i2)0% — 05" — (6" +q7— 1+ ¢4 p

=0. (3.2.40)
We can then obtain a recurrence relation for the expansion coefficients oS by substituting o©

(3.2.40) with the power series > - and comparing coefficients.

n=0 (22z)"
However, due to the presence of A on the right-hand side, this yields an awkward recurrence
relation, so we consider instead the quantity 2

NS (2, \) = 0P (2, \) +i(\ — 2), (3.2.41)

for which we show the following.

Lemma 3.2.8. Assume the setting of Lemma 3.2.5, i. e. ¢ € C®(R;C) with ¢ — g+ € S(Ry;C).
With o\ defined by (3.2.41), the following hold:

o oS has an L*°- (while not L'-) smooth asymptotic expansion in powers of 2i\ at infinity
on D:

UNLS(x ) ~ i UyLs(z)

W with O'NLS 0. (3242)
n=0

e The following relations between expansion coefficients oN*> and oS hold

m m—1 o m m— 1 . -
s =Y (et ot =3 (1T )t + (- C,
k=0 k=0
(3.2.43)
m _1 m 1
o$h =3 (: - k) S S o (Z - z)w EoMS 4. (3.2.44)
k=0 k=0

Here (Cp)n>0 are the Catalan numbers. They can be defined either by the recurrence relation
they solve, or by their generating function:

. —V1-4X
Co=1 Crs1 =Y ChCryp Z X"C, = 7)( (3.2.45)
k=0
o NS satisfies the Riccati equation
(2i\) NS = 9,0MNS — %‘TUNLS + (eN5)2 — 47, (3.2.46)

2In the (NLS)-(ZBC) setting oNS(z, \) is indeed the density of the transmission coefficient, i. e. it fulfills (3.2.46)
and also (3.2.30) in the absence of the term log(¢—q, ), and it is ¢®F which is not integrable.
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which yields for NS the recurrence relation

n

NLS _ NLS _ _ NLS _ 5 NLS _ 9z NLS NLS _NLS

oy - =0 oy =—qq Opni1 = O0z0, —;Un —|—§ Op ~O0p - (3.2.47)
k=0

The recurrence relation for oS follows from (3.2.44) and (3.2.47).

Proof.

Recall from Lemma 3.2.5 that 0P has an L>°- and L'-smooth asymptotic expansion in powers of
2iz2:

o%P(z,\) ~ i on (@) with oSF =0 (3.2.48)
’ (2iz)n o -

n=0

at infinity on D = Ky N{Imz > ¢,Im A > 0} for some sufficiently large ¢ = ¢(g) > 0. Together
with the equivalence between A = /22 + 1 and z as |z2| — oo in the case Imz > 0,Im A > 0 (see
also (3.2.33) for more detail), this implies the validity of the expansion (3.2.42). The fact that
oS = 0 follows from o$P =0 and A — 2 = O(ﬁ) as |z| — oo.

We can then derive the relations (3.2.43)—(3.2.44) from (3.2.41), (3.2.42) and (3.2.48) by direct
computation.

The Riccati equation (3.2.46) is equivalent to (3.2.40), and the recurrence relation (3.2.47) follows
from (3.2.46) and the L°°-smooth asymptotic expansion (3.2.42). O

3.2.4.4. THE HAMILTONIANS HN'S AND HCP

In the classical setting ¢ € S(R;C) one can similarly define the Jost solutions, the transmission
coefficient aN*>()\), and oN">(z,\) (see e. g. [71]). Then oM has an L*°- and L'-smooth
asymptotic expansion in powers of 2i\ on {\ € C: Im \ > ¢(q)}, with expansion coefficients oN-S.
We define

HNLS — —(—z’)”/ onS(z)de, n>0. (3.2.49)
R

The Hamiltonians HN-> are real-valued functionals and they Poisson commute: {HN-, HNS1 = 0.
We have a corresponding asymptotic expansion of log aN">(\) in powers of 2) of the form

o
waLS

log aNS(\) ~ i Z

@y (3.2.50)

n=
We return now to the setting with the nonzero boundary condition (NZBC).

Lemma 3.2.9. Assume the setting of Lemma 3.2.5, i. e. ¢ € C*°(R;C) with ¢ — g+ € S(Ry;C).
We define

S = —ilog (1) HE = (0" [ oFu@)de nz0
R

Recall also that the Hamiltonians ’H,?D are defined from HEP wia (3.1.6).
(i) The Hamiltonians HEP are real-valued functionals.

(ii) For n,m € N we have
{HS" 1S} =0.
More generally, for all A\, A2 € Ky we have {a(\1),a(X2)} =0.

(iii) There exists some ¢ = c(q) > 0 for which the functional log a(\) has an asymptotic expansion
in powers of 2z at infinity on D = Ky N{Imz > ¢,Im X\ > 0} of the form

Y N S W LICE T Y] S
n=-—1 n=0 n=0
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Proof.

(i) This follows from symmetry: one can derive the Riccati equation for 77 by applying (3.2.5)

to (3.2.31), which yields (2iz)5°F + %P — (6°P)2 + g7 — 1 — qw% = 0. We notice
that 5P (—x, \; ) with ¢f(z) = g(—z) also solves (3.2.40).
A consequence of the recurrence relations (3.2.44) and (3.2.47) is that 0P consists of mono-
mials with a total number of derivatives that has the opposite parity of n. Then (0%¢*)(z) =
(=1)*(9%q)(—x) together with (3.2.30) yields [oSP(z,\)dz = (=1)"*! [oCP(z,\)dz.
Hence HEP = —(—i)" [ oS% () dz is real-valued.

(ii) We refer to [71, IT1.§2] and [118, Theorem B.7].

(iii) This follows from Lemma 3.2.5 and a calculation with the definitions of the Hamiltonians,
in particular (3.1.6).

O

Remark 3.2.10 (Relations between 6%7—[,'\1”‘5 and %’ng). As explained above in Subsection 3.2.4.3,

in the setting of NZBC, oN'5, defined in (3.2.41), is not integrable with respect to x € R, and thus

HNLS cannot be well-defined in (3.2.49). Nevertheless, the L™ -smooth asymptotic expansion for

NLS
oS in D implies the well-definedness of 67;3 , and in particular the relations (3.1.4)—(3.1.5)

NLS GP
between 6?:% and 59;%" follow from (3.2.44).

3.3. ANALYSIS OF THE STRUCTURE OF THE NLS AnND GP
HIERARCHIES

The goal of this section is to prove Theorem 3.1.10 and Proposition 3.1.14. We do this by studying
the recurrence relation (3.2.47) from Lemma 3.2.8. The arguments are computational in nature,
involving lengthy calculations with generating functions and recurrence relations. Since these
calculations are simple, in the sense that they can be carried out mechanically, we do not present
the details. In order to help the reader follow the argument, and indeed convince themselves of
the correctness of the claimed formulas, we provide a “Python companion” to go along with this
section. It contains 39 Python functions, named testl to test39, that test specific identities
(for a finite number of cases) symbolically, using the “SymPy” library [144]. Note that these
Python functions are not part of the proof; they are only supplementary material. We indicate
with footnotes when an identity has a corresponding Python function.

For a function F' = F(q,q), we use the shorthand notation

5F = 6F(q,q) = % / Flg(z),7(2)) dz

for the functional derivative with respect to g. With this notation, we write (NLS,,) as

NLS
01,0 = T = = ()Gl

where HNS is given in terms of oNtS in (3.2.49), and oS are the expansion coefficients of oN'S
given in Lemma 3.2.8. In this section we study these coefficients in a purely symbolic sense, so the
question of boundary conditions ((ZBC) or (NZBC)) is not relevant. For the rest of this section

we write o = oNLS.

Given a polynomial @ of ¢, and their derivatives, we write 7@ for the sum of all monomials
in @ which have exactly k factors with derivatives. We want to obtain an explicit formula for
T00p+1 and w00, +1. The reason is that in our well-posedness theory we make a perturbative
ansatz q(z,t) = g«(x) + p(z,t), and the non-trivial linear part of the equation for p depends only
on this part of o, ;. Using the notation O%’L(B) in (3.1.18), we decompose dop,4+1 as follows:

0011 = 000 pt1 + T00,y1 + Og’”_Q(qm) ) (3.3.1)

Shttps://gist.github.com/Robert-Wegner/05451952fee3019bb784bc659a85409¢
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Recall the recurrence relation (3.2.47) for o, = o\\:

n
_ q
o0=0 01 = —qq Ont1 = 020, — fan + ZUkUn—k . (3.3.2)
k=0

We make a number of observations:

o Observation for myo,. (3.3.2) implies

To01 = —|Q|2
n
T00n11 = D _ WOOKTOTn k - (3.3.3)
k=1

This allows us to find an explicit formula for myo,,, which we state in Lemma 3.3.1 below.

e Observation for m0,. (3.3.2) implies the following recurrence relation for 0, involving
o0

mo1 = O
q n
MOl = OpToOn — ;’Tﬂ'oan + m 0y miopn + Z 2T OR OO p—k - (3.34)
k=1

This allows us to find an explicit formula for 710, which we state in Lemma 3.3.2 below.

e Observation for m1d0,. Unfortunately, mdo, depends not just on d70,, but also on certain
terms from mo0,. Let us carefully perform this analysis, starting with the trivial observation

oo
00, = E T10TRLO, -
k=0

Clearly, dmgo,, has no derivatives and is therefore in the kernel of 7y. Similarly, dmyo,, for
k > 3 always has at least 2 factors in each monomial which have derivatives, so it is also in
the kernel of ;. We suppose here that we already have an explicit formula for 71470, so
it remains to study midma0,. In fact, we have

T10M90, = T O0TM20,,

where 7o projects onto sums of monomials which have exactly two factors with derivatives,
and one of those factors is of the form 9%g. Similarly, we define 7; to project onto sums of
monomials which have only one factor with derivatives, and this factor is 9%g for some k > 1.
We obtain the decomposition

T100, = T 0710, + T10T20, . (3.3.5)

With our explicit formula for m 0,, we can compute the first term, so it remains to find an
explicit formula for m0,.

o Observation for Tao,. (3.3.2) implies

7’?20'1 =0
q n—1
~ ~ ~ €T~ ~ ~ ~
To0nt1 = o0y a0y, — ?man 4 ToOpmioy + 2 Z(ﬂ'gd’kﬂ'oan_k + Tokm0n—k). (3.3.6)
k=1

This helps us derive the formula for 710720, in Lemma 3.3.3 below.
We finally state and prove in Lemma 3.3.4 our formulas for mgdo,, and 710, which correspond
to part (i) of Theorem 3.1.10. In Subsection 3.3.4 we use this to deduce part (ii) of Theorem
3.1.10, which concerns the GP hierarchy. Lastly, we prove Proposition 3.1.14, which describes the
perturbative formulation of the GP and GP hierarchies.



70 3. WELL-POSEDNESS OF NLS HIERARCHY WITH NZBC

3.3.1. FORMULAS FOR 7y0,, AND 710,
Lemma 3.3.1. We have

n41 nt1

ToOpn = ]l{n Odd}CnT—lq 2 (—q) 2, (337)

where C,, are the Catalan numbers defined in (3.2.45).

Proof. We prove by induction. The base case is trivial, so we assume the formula holds for n.
Then

n

ToOn+1 = g ToOkT00n—k

k=1
" k41 k41  n—k+41 n—k+1
= Z]l{k 0dd}Cr1q 2 (=q) = 1 g 0dd}Cnpnq 2 (—q)
k=1
_nt2 nt2 ”
=l(ni1 0437 2 (—q) 2 Zﬂ{k 0dd} Cra1 Cnopn
k=1
so by the definition of the Catalan numbers (3.2.45), we are done. O
Lemma 3.3.2. We have the formula
[3]-1 [3]-2
mon = > Duj(=¢/ '@ g+ Y Enj(—g) @ T0r g, (3.3.8)
j=0 §=0
where
/n_q
D, =4J(2 , ) (3.3.9)
J
J . n=1_1
Enj= (—n%cwl—zcmﬂ4< ;71 ). (3.3.10)

=0

Proof. Using (3.3.7), the iteration (3.3.4) simplifies to

_nd1 n41 _nd1 n—1
1041 = 83:(]1{” odd}C’ﬂgl q 2 (_q) 2 ) + m10:T10n + Qx]l{n odd}Cngl q ? (_q) 2
-~ _n—k+1 n—k+1
+ZQ7T10kIL{n—k odd}Cn—g—lq > (—q) 2

k=1

We plug (3.3.8) as an ansatz into this recurrence relation. After a lengthy calculation, which we
do not present, we obtain the following recurrence relations for the coefficients:*

. Coanft j=127 _n+1
D2p=1 Dpi1; = 2ZCan—2k—l,j—1—k + 2 Vo< < { 5 J -1
o D, ; , else

= —Coua 252 j=1252 . _|n+1
Fio=—-1 FEpp1;= 2ZCkEn72k71,j—1—k + 2 Vo< < { ) J - 2.
— Eny , else

When writing down such recurrence relations, we always set the coefficients that are not explicitly
defined to zero (e. g. D19 = E39 =0).

We now verify that (3.3.9)—(3.3.10) solve this recurrence relation. Note that
_1 1 —
m m m

4See testl, test2, test3, and test4 for a “sanity check” that for n € {0,...,12} our coefficients indeed satisfy
these recurrence relations.
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Since solutions to the recurrence are unique, to verify (3.3.9) it suffices to show that

L L1k (-1 n+1
il 2 — J=1=k[ 73 ) <‘<{ J,
4< . ) 2504 (]—1—k)+4( j) 0<;< 5 1
ntl no_ n-l_1_k n+1
2 _ (2 —k 2 _ <~<{ J
= (521 -(5)- 224 aT ) e[
E | s 41 4k k
2 _(27Tz2 h —n_3.
— (j—i—l) j+1> 5 E Ck< k) where s =n —3

This identity is verified by tedious calculation and subsequent comparison of the generating

functions®
s 41 _
R () RS ca
]+1 j+1 Y 1-XV14+Y

s,j>0 5,j>0

and®

ZXYJ 24 ka k :l—l—Y—\/l—‘y—Y 1 .
Y 1-XV1+Y

s,j>0

We proceed similarly for the coefficients I, ;. Here it suffices to show that for 0 < j < L%“J -2
we have

J j—1—k

2_ (-1 (G = 20047 ( —z)_QZCk 3T (1) (Crar - 2047 7R l(j%lfkﬁl)

=0 =0

\ A

+ ]C"Tl 2 J 3
fzo(—l)l(cm —aona((Y) o<i< (3] -2

Ifj = ans the two expressions at the end agree, which we verify by calculating 7

= = m 8§ 4/1-Y 4
DY (D! (G - 20047 ==~y
— m—1 Y Y Ve lov

and®

=AY sl +1) = 5 — 4 - YW?—Y

m=0

After removing the case distinction, it remains to show that

’ (21 n=l_q
S so((22) - (35)

j—1 j—1—k
ke o —2—-k
250 Y (o e (B8

k=0 =0
This follows by yet another lengthy calculation of the generating functions®

e -e(1)-(73)

n,j>0

B 4 1-V1-Y 4 1 1 1
_<2(Y2> Y Y>1+Y1—X\/1+Y<1\/1+Y>

5See tests
6See test6
7See test7
8See test8
9See test9
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and!0

j—1 j—1—k
o -2k
ny,J _ —1—k-—1 2
> XY2§ CkE (Cre1 — 2C1)4 (j—l—k—l)

n,j>0 =0

B 2(&_2)17\/171/_& 1 1 o1
N Y Y Y )14+Y1-XV/1+Y Vity )

O
3.3.2. FORMULAS FOR ;0790
Lemma 3.3.3. We have the formula
=) T &l o
mTaon = Y (=) TPFOTIHGE,  + Y (—q) P Gy (3.3.11)
§=0 §=0
where
Fopnj =0 (3.3.12)
_ i — 1
F2m+l,j = 7(8m - 8] - 6)4J ( ] 2) (3313)
~ e m— 3 _
R - 14 2
Gom,j = ZC’;AJ (m—1-j) (J 1 ) (3.3.14)

-1 Jk . mf%fk
Gomyi1; = 4712 E:CA )j_l_k . (3.3.15)

Proof. We first consider o0, and then m16m20,,.

Recurrence relation for the coefficients G, j¢, F}, j; in T20,. Recall the recurrence relation
(3.3.6) for maop,:

%201 =0
q n—1
~ ~ ~ €T ~ ~ ~ ~
ToOn41 = MoOy o0y — ;7‘(’10’" + o0, m 0y + 2 E (To0 kMO0 n—k + T1ORT1On—k) -
k=1

We make the ansatz

Ln 1J 1 n—9_2j

Foon = > (=T D Gndi Y q0kg

j=1 t=1
Rl

42 3—25—t t

Q)7 E Fr 10y 7740,

t=1

(3.3.16)

H'M -

Unfortunately, we must now plug this ansatz, as well as the formulas for myo,, and w0, that we
have obtained, into this recurrence relation. A lengthy calculation, which we spare the reader,
yields the following recurrence relations for G, ;¢ and F, ;.. We set G5 1,1 = —6 and for n > 0,
1< < L%J —1,1<t<n—1-2j we have the following recurrence relation for Gy, ; :

j—2 j—2
G, =2 E Gn-2k-1,j—k—1,tCr + 2 E DiyiqorwBEn—1—2k—tj—2-k
k=0 k=0

1z ezn—1-2j3Gn it + Lgzn 13 L1y Gn i
+ 1=y G+ DEn -1 — Lppmn_1-2;35Dn,j -

10See test10
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Similarly, we set F5 01 =5 and forn>5,0<j < L%J -2, 1<t< L%J —1—j we have

i-1 g
Foy1,5 = 22 Fr_op—1,j—k-1,:Cr+ (1+ ]l{t;ég—l—j}) ZDt+1+2k,anflf2k7t,jfk
k=0 k=0
+ L=y (J + 1) Dn g1 + Lz 2y (]1{# 21—y g + gy P+ 1 o J}Fn,j,t) :

Recurrence relations for the coefficients CNT'nﬁj, ﬁnﬁj in m0790,. The ansatz (3.3.16) implies
the formula for 710720, of the desired form (3.3.11), with the coefficients given by

n—2-2; [25*]-1-

1—j
Gng= Y (-1)'Guys Fj=(1-(-1)" (=1)" Pt -

t=1 t=1

Then!!

énJrl,jZQZ Z (1) Gnok1.j 1tCk+QZ Z V' Diy11ok b Fn 1 2k—ti-2-k
k=0 t=1 k=0 t—1

n—1—2j5
+1gzg-1y D (“1) (Lgn-1-2) G + Liegny 1)
t=1
n—1—-2j
+ Z Il{t 1}(]+1)E g1 = Lg—pn_1-2535D )
J-1 j—2n—1
—QZGTL 2k—1,j—k 1Ck+22 Z Ditryor s EBn1—2k—t,j—2—k
k=0 k=0 t=1
—(+1)En -1+ (-=1)"jDn
and!?
- j—1 \_%Jflfﬂ
Fn+1,j = 2]1{77, even} (2 (_1)tFn72kfl,jfkfl,tCk
k=0  t=1
i L3]-1-i [3]-1-J
+Z Z (— )( ey i) Dev1tok e Dn12k—t,j—k + Z (]l{t 137 +1)Dnji1
k=0 =1 =1

+1gxn_o (:H-{t;é%—l—j}Fn,j,t + 11y Frgie—1 + Il{th‘llj}Fn,j,t))>

l5]-1
=21, even}(ZFn 2h—1,j—k— ICk+Z Z 1+ﬂ{t7£ —1-1)Dig 1ok e Dn1—ok—t
. n—1_ .,
=+ 1) Dnjs1 4+ Lin oaay2(—1) 2 LS N
[3]-1-
= 1{n even} <2ZF71 2k 1,j—k— 1Ck+22 Z (1+Leen—1—53) Devrton e Dno1—2k—t,j—k

-2+ 1)Dn,j+1> .

Verification of the formula (3.3.14)—(3.3.15) for G,, ;. Recall the formulas (3.3.9) and (3.3.10)
for D,, ; and E,, j. A calculation with binomial identities (or alternatively verified manually using

11See test1l
12Gee test12
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generating functions) yields!'3

j—2mn—1-2j

Z Z (—l)tDt+1+2k,kEn—1—2k—t,j—2—k = _l{n even}En,j*Q .
k=0 t=1

Therefore the recurrence relation for G,, ; becomes'

Jj—2 Jj—2

G 2 . =l _
Gnt1,j = QZGn—Qk—Lj—k—le — 214y even} Z(CHI _ ZOI)(_1)14J 21 < . i . l)
k=0 1=0 J
- V-t 25 =1 fn_
—(U+1 —20) (=)' 2 )4 [ 2
Jj—2 N )
=23 GuostorjkaCi (1) 54 ( j )
k=0

1 ) n=1 _ . n=1 _
N Z(Cl+1 - QCl)(_l)l (] + 1)4j_l_l . 2 1 + 2]1{71, even}4j_2_l . 2 ! .
prs j—1-—1 j—2-—1

A set of tedious generating function calculations needs to be performed to verify that the desired
formulas (3.3.14)—(3.3.15) for G, ;:

~ +1,(|n—-1 - k(|2 -5k 151
o (—1\™ _ j—1- 2 2 j—1( 3
G’"«v] ( 1) 4(\‘ ) J ]) ;Okél < ]* 1_k > +21{n odd}4 <] _ 1>

satisfy the above recurrence relation. We calculate from this formula that!®

i P I -X Lo 1
T T A F Ay 1 - X2(14+4Y) | Iy 1— X2(1+4Y)

n=0,j=0

1 —  X?’(1-X)
* (1_ \/1+4Y)2 MY T ey

Next, we calculate'®

> L~ 1\ X2(1 - X)
E X"YjQE CuGrott i1 = [ 1= —— ) 2v/1+4Y —
2 k 2k—1,j—k—1 ( 1+4Y) 01— X2(1+4Y))?

n=0,j=0

(oL 2y (., 2 -X
V14+4Y JV/1+4Y VI+4Y /1 —X2(1+4Y)

s 1 2Y 2 1
V1I+4Y ) /1+4Y VI+4Y J1—X2(1+4Y)°

Lastly, we calculate!”

ey g (5L
> XY(l)]4( j)

n=0,j=0

_ 1L ) X? S 4y 1
“\Viravy VItAy (1-X2(1+4Y))2 " \2°  VI+4y ) T4y’ 1- X2(1+4Y)

and!'®
oo j—1 _ _
= Y XYY (G —20) (D) G+ ) fon gt 1
s L +1 i J j—l—l {n even} j—2—l
n=0,j= =

13See test13
14See test14
15See test15
16See test16
17See test17
18See test18
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— 1 1 X?
N ( Y _2> (X+ \/1+4Y>(1—X2(1+4Y))2

—2y -X 1 1 11 1 1 1
- +(5- + 5 - —~ :
T34v° 1 - X2(1 +4Y) (2 VItdy 21+4Y ' i ay (1+4Y)2)1X2(1+4Y)

Summing up all the contributions!? verifies that the claimed formula (3.3.14)—(3.3.15) for @nﬂ»
satisfies the given recurrence relation.

Verification of the formula (3.3.12)—(3.3.13) for F, ;. For even n = 2m we calculate?
i
k=0
We obtain the following recurrence relation

j—1
~ ~ i(j—m -1
Formy1,; =2 E Fom—ok—1,j—k-1Ck — 2(—4)’ (j j > —2(5+ 1)4J+1( > .

k=0 i+l

L
2

%]t ‘

jfJ—m
Z 1+]1{t¢£—1 i) Der1v2k e Dn1-2k—t,j—k = —Lj<m—2}(—4) ( j )
t=1

We then aim to verify that the formula given in (3.3.12)—(3.3.13)

. 1
~ -1 (-1 —(8m —8j —6)47 (™2 =2 1
Fr,j = =1, oday (8{” J —8j—6>4g 27 _ (8m J ) ( j ) ,n m +
2 J 0 ,n=2m

solves this recurrence relation.

Plugging everything into the recurrence relation yields the trivial identity for odd n, and for even
n = 2m the binomial identity?!

(8m—8j—6)(m;é)222_:(8m—8j—6)4_k_1<m: )Ck+2( )(j_jm>+8( +1)( ;11)-
k=0

It remains to prove this for all (m, j) € Z2. Once more, we calculate and compare the generating
functions??

ZZXmYJQZ _-] _6)4_k l(mjkk.l 1>Ck

m=0 j=0

_(_8 Y 1 > X(1+Y) +<4 Y 1 ) 1

m3 SVTTY ) - XA+ V)P ity AV e X(1+Y)
8 X(1+Y) 6 —2Y 1

CA+Y)22(1I-X1+Y)?2 (1+Y)21-X(14Y)

and??
SIS s m+ J
X:OJX:X vig(— ( ]> ;;X Y78 g+1)( +1>
2V —6 1 L8 X(14Y)
T4 Y)21-XA+Y)  (1+Y)2(1-X(1+Y))?
with??
>y xmvsom-p-o" ) )

:(8 y g1 ) (1+7) +(4 Y 1 ) 1
VITY'  VIHY)A=X(A+Y)P  \yiry’ VI+Y ) 1-X(1+Y)

19See test19
20Gee test20
21Gee test21
225ce test22
23See test23
24See test24
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3.3.3. FORMULAS FOR myd0,, AND w00,
Lemma 3.3.4. We have

1 n— n
" + Canr 7 (—g)"5 (3.3.17)

00, = IL{n odd}

[3]-2
m00, = Z I ( Q) TPF on TG +

,7
. [NE
[

|

—

K (@0} "%q, (3.3.18)

<
Il
o

where J,, ; and K, ; are defined in (3.1.19).

Proof. Recall Lemmas 3.3.1, 3.3.2 and 3.3.3. We easily obtain the formula (3.3.17) for mpdo,, =
Te0meo, from Lemma 3.3.1. From Lemma 3.3.2 we have

[2]1 LsJ—Q
7j=0
L%J—l n—1-2j .
q\n—1-2j ] n— k JH1\ an—1—2j—k
+m Y (=1 Dy Y. < . )8(( g)’*)o; @)
j=0 k=0
[3]-2 3]-
= > G+ DDugir(=a @0 g+ Y G+ DEBay (070 g
j=0 =1
[3]-1 [5]-
+ D D" D) 0 g+ Z 1" Dns(~a) 305 ¥,

1

<.
Il

from which we obtain

I

mdmon = (1 —(=1)") (j + 1) D jyr(—q) 70, > ¥g

-2

|3
[

<
Il
o

-1

L
+ G+ 1)(]1{j21}En,]._1 + (_1)nDn7j)(_q)jqjag—l—qu.
0

w3
i

.
Il

This, together with Lemma 3.3.3, implies

L5]-2
mbon = Z (]l{OSJ'SL L], }Fn i+ L 0aay2(j + 1) D1 ) ()" 2770777 ¥g
=0
L5]-1 B
+ (Lpgje| 2t |-y G + G+ Doy Bngor + (=) D)) (~0) T 05 g
=0
L5]-2 [3]-1

IO O a3 Ko 02

7=0

for certain coefficients J,, ; and K, j, whose claimed formulas remain to be verified by simplifying
the expressions above.

Verification of the formula (3.1.19) for J, ;. Recall the definitions of D,, ;, E, ;, ﬁ%j? and
Gy Let 0<5 < L%J —2and n=2m or n=2m+ 1. We have?®

J2m,j - ]l{jg\_%"é;lj _Q}FQm,]’ + ]l{Qm odd}2(j + 1)D2m,j+1 =0

Jamt1g = Lo zmpion) oy Fomtr + Liom+t 0aa) 205 + 1) Dame1,j+1

1 1
= Dpier o (8m =8 —6)47 [ T2 )yt 2
{j<m—2}(8m — 8j — 6) (j >+(J+) i1

25See test25
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; i(m+ s m=3
—(83—!—8)4( +1) (8m + 2)4’ ( i )

A computation shows that?®

)DL ETELT CANENED D) DR ELUR T (e
m=0 j=0 m=0 j=0
T VIt Av 1 - X(1+4Y) L
Hence
o (m—3 WA
J2m+1,j =472 j and ij = 2]1{71 0dd}4j j . (3319)

Using the notation [u’] for the extraction of the coefficient in front of u/ from a formal power
series in the symbol u, we can also write this as in (3.1.19):

T i =1 oaqy []2(1 + 4u) “= 3.3.20
2 { }

Verification of the formula (3.1.19) for K, j. Now let 0 < j < [%| — 1. We have?”

ij :1{1<J<Ln 1J 1}G 7JqL(]+1)(I[{J>1}E1 = 1+( 1) Dnyj)
=Gn G+ G+D(Enj—1+ (—l)nDnj)

— (—1)"14 n—1| ZC4J |2 -5k 41 41 7—1

= 72 ] k ]71716 {n odd} ]71
n-l_q noif2—1

TG+ (ﬂ{mZ )!(Crr = 20021 ( 31_l>+<1> 4J<2j ))

We claim that?®

Knj = (=1)"Dny1; + 2L(n oday Bn,j—2

(3.3.21)
= (—1)"47 R Z NCiyr — 2047727 51_1 (3.3.22)
- ] {n odd} I+1 1 _9_1 -0,
[w](1 + 4u) ™ = _ ymeven (3.3.23)
[u?])(— 1—2u)(1+4u) En ,n odd
Note that?
S ny,J n g LH_ n j—2—1 n=l_1
> XY= ( ) Z X Y21y, Odd}z ) (Crg1 — 2C1)4 (]21)
n=0,7=0 n=0,7=0
1 1 1 1 1 X
= Ny ) P —
\/1+4Y1—X2(1+4Y)+( svizay a2V " )1—X2(1+4Y)

1 1-X(1+2Y)
T VIt4Y 1-X2(1+4Y)
> m—1

> XY )T Z X2 YT [ (<1 — 2u)(1 + du) T

m=0,j=0 m=0,7=0

This shows that (3.3.22) and (3.3.23) agree.

26See test26
27See test27
28Gee test28
29Gce test29
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To show that these are indeed formulas for K, ;, we have to compute the following generating
function, which mostly reduces to previous calculations:

i X"YIK, ;

n=0,j=0

=X > X"WIGupas+ Y YGoi+ >, XV(G4 DB+ Y XY+ 1)(=1)" Dy

n=0,j=0 j=0 n=0,j=0 n=0,j=0
Recall that
- o~ —4y -X —2y 1
X X"YIGpi1,; =X T
Z +1,5 (1/1+4yl—X2(1+4Y) V14+4Y 1 — X2(1+4Y)

n=0,j=0

1 X%(1-X)
" (1‘ m)““yu—ﬂuwnv)

For the new term involving Gy ;, we have"

iyjé 1(1 1 )(1 6y 4 >+ Y (—16Y L4 )
o= 21— 1
— 720 VIR )\ 2yinay’ VIR ) VIV \VItay' VI+AY
N SR SR
VIF4Y  JTxay? (1+4Y)2

Lastly, we calculate3!

> , 1 X3 4Y X?
Y7 (4 — n i —_—

; 0X Y/(G 4+ 1)(=1)"Dn ( =T \/1+4Y) (S I o R s ey e oy

n= ,j:
_1 1 (1+ 1 ) X L1 1
2V1+4Y 1+4Y /)1 -X2(1+4Y) W (1+4Y)21— X2(1 +4Y)

and?2

Z XY (j 4+ 1)En
n=0,j=0

1 X? 1 2 X?

= —Vv1+4+4Y — +2 + ([ —-1-— +

< V1+4Y >(1—X2(1+4Y))2 ( 1+4Y m) (1— X2(1+4Y))?

2Y X 1 1 1
— + — .
/1+4y31—X2(1+4Y) ((1+4Y)2 /1+4y3)1—X2(1+4Y)
Adding up all the contributions®?, we find that the generating functions of both of our formulas

for K,, ; agree. O

3.3.4. PROOFS OF THEOREM 3.1.10 AND PROPOSITION 3.1.14
Proof of Theorem 3.1.10. We can write (NLS,,) as

0,0 = = ()"0

so (3.3.1) and Lemma 3.3.4 directly imply (NLSs,,) and (NLSa,41).

Combining (NLSa,,)—(NLSg,+1) with (3.1.4)—(3.1.5), we can write the equations (GP,,) of the GP
hierarchy as

m 1 k—2 . k—1 .
IEDY (::L B ;) (—4)m " (Z o154 (i0,) 7272 = K%H,j(z‘ax)%‘?ﬂq) (3.3.24)

k=0 =0 =0

30See test30
31See test31
32See test32
33See test33
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+ Z (m k) (Z Jok+1,5 |q| ( )219—2—2ja

- Z Karein (gl = 1)(i0:) " q + (k + 1)ckq2’“q> + 02" (g,

m k
Oz 0= Y (mm k) (—4)ym* <ZK2k+2,j(iaz)2k+”jq> (3.3.25)

k=0 j=0
m k
m m—k j . k+1-2j5 ,n—
P (m—k>(—4) (ZOK%HJ(qFJ—l)(zax)? . %) + 07" (q2).
= j=

Note that all terms appearing above which contain both a derivative of ¢ or § and the factor
g/ — 1 are in 0> (¢a, |q|*> — 1). We calculate®®

alql?-1
oo m m m—% m—k 2k 2 7%
Yoo xm (T2 )y e+ DOl = (1-4X(lal® - 1)
m=0 k=0
= m [ 2m
= ZX ( >(|q| q— ZX (1{m 0}q+2]l{m 1}(q qiq)+0|q\2 1(|q|271)).
m=0 m=0

It remains to simplify the sums in the first lines of (3.3.24) and (3.3.25). Swapping the order of
summation, the goal is to evaluate

m

’”Z i (Z_ ]%) (=)™ Jakg1 k15 — Z 10y QJQZ ( ) )" Kok
k=j

j=1 k=j+1 j=1
and Z 10z 2J+1qz (m k) 4™ 7kK2k+2,k—j .
We calculate??

m 1
Z m-—3 —k
(m - lz) (=" okt k-1-5 = 2L (j=m 1)
k=j+1

1

=0

Studying the generating function3”

oo 1 (&S} k 1
1 o -1 2 1
E ykakt2 (k i 2) -2 E y* § (- (Cry1 — 2C1)4" l<k 21) =v+y
k=-2 =0

k=-2

we find that3®
Zm m— 1 m—
B ( IQc) (=)™ Karpr ks = Lgjmm) + 2 j=m 1) -

Lastly, we calculate®”

m 1
m _\m—k S qm—J 2
> (m _ k>( " Kok k—y =4 (m —j) :

k=j

The results of our calculations now imply (GPgy,) and (GPg,+1). Combining this with (3.1.6)
yields the equations (GPa,,) and (GPay,q1). O

34See test34
35See test35
36See test36
37See test37
38See test3s
39See test39

m 1 1 m—2—j
. m=s3\, j\m—k o ym—j 3 - Y . m—2—j—1 —3
E 4 (m B k>( 4" Kok k-5 =4 (m 2 j) 2 E (=1 (Cr1 — 2C1)4 (m EPS

)
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Proof of Proposition 3.1.14. We plug the ansatz ¢(t,x) = g.(x) + p(t,x) into (GPap,)—(GPay 1)
for n > 3. First, observe that

2,n—2 2,n—2
Oqﬂ]p,l(qﬂc» |Q|2 -1)C Op,g*’\q*p,l(pv (g+)a; |Q*|2 -1).

From (GPg;,+1) we can already deduce (3.1.23), from (éTDQm+1) similarly (3.1.25).

We write p = (p,p) and define the shorthand notation

0,(p) = 0" (lgul* = 1) + O™ ((g1)2) + OZ1 2 (p, (@), la:* — 1),

G| =1 Dy |qx]2—1

describing those terms that can be viewed as “nonlinear” in (3.1.24). Recall (GP) for n = 2 and
observe that for all n = 2m > 2 we can rewrite (GPy,,) as

(i0:)%q +2(|q* = 1)g = (D3 + 2)p + 242 + O2(p)
((i02)*™ + 2(i0, )™ 2)q + 2¢*(i0,)*™ 2 + O, (p) = (D2™ + 2D2™2)p + 2¢°D2™ 25 + O, (p) for m > 2.
To obtain (3.1.22), we calculate for all n = 2m > 2

, p\ _ ( (D2"+2D2""%)p+2¢2D2"%p
10%,,, <p> = ( (D2m +2D2m=2)5 — 2g2 D2m—2p + O, (p) -

Here the term 2¢2D2™~?p is problematic as it has a non-constant (if ¢3 # ¢ ) and non-decaying
coefficient, which means it cannot be treated either as a constant-coefficient linear term or as a
nonlinear term in the well-posedness theory of Section 3.4. We eliminate this term via a change of
variables p — u.

Normal form transformation. Define

(1 0 _ 0 1—¢? _ 2 2¢2 (2 2
O'3_(0 1) B_(lqi 0 ) E‘(2q§ —2) Fo={_2 o)

Then we can write
idh,,,p = (03D3™ + EDY™?)p + O, (p) .

Let R > 0 be large and n € C°(R; [0, 1]) with n|_r,z = 1 and suppn C [-2R,2R]. We define
the operators

_ 19§
ey

T =14+ By(D,) where ()
The new variable we shall use is
u=7"'p.
Then the equation for u reads
10y, u =T Yo3D?™ + ED*" " )Tu+ T '0,(Tu).

We calculate

(03D2™ + ED2™ )T = 03D¥™ + ED2""2 + 63D2™ By)(D,.) + ED2" 2 By(D,,)
= 03D2™ + EgDZ™ % + B(o3D2™ + EgD2™?)(D,,)
+(E = Eo + (B(E — Eo) + [E, B] + [o3, BID;)¢(D,)) D32
+03[D3", BlY(Dx) + E[D;™ 2, Bl (Dy,)

Since (D,;) commutes with the constant matrices o5 and Ey, the first line simplifies to

03D>™ + EyD*™ =2 4 B(03D>™ + EyD*™2)y(D,) = T (03D*™ + E,D*™~2).
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We calculate the second line to be

(E = Eo + (B(E = Eo) + [E, B] + [03, B]D3)4(D,)) D3~
= (—los, B] + [03, BI(D: + 2)¢(D;) + 2(1 — |g«|) o3y (D.)) DI 2
= 2(1 — | o3 DI""*Y(Dy) — o3, BIDZ™*n(Ds) .

Similarly for the third line, we use the algebraic identity
a3[D3™, Bly(D,) + E[DF™ 2, Blg(D,)
= (03[D2, (D22, B]| + (E — 203)[D2™ 2, B] + 4io3 B, D2™ % — 03B, D2™"?)4(D,,)
+ (03[D2™ 2, B] — 2i03B,D2™ %) (1 — n(D,)).

Therefore

i(’?thu = (JgD?ﬂm -+ E()ngiz)u
+ T (0n(Tu) + O (¢(Da)u) + On((1 = n(Dy))u) — [0, BIDI"*n(Dy)u) .

O

Proof of Remark 3.1.13. In order to proceed, we must use the Lagrange inversion formula. We
refer the reader to [143] for a detailed exposition and adopt the notations from this reference. If
u(t) is a formal power series in ¢, then [t"|u(t) denotes the operation of extracting the coefficient in
front of ¢ (e. g. [t?](1+ ) = 3). With this notation, a version of the Lagrange inversion formula
reads as follows. Let F(t), u(t), and o(t) be formal power series. Assume that [t]¢(t) # 0, which
implies that there exists a formal power series solution w(t) to the implicit equation

w(t) = to(w(t))-
Then

[t"]F (w(t)) = [t"]F (D) ()"~ (o(t) — t¢' (1)) -

In the subsequent calculations, the relation ~ shall refer to equality up to terms in 02" 2(g,).
Set p = qg = |q|?. Square brackets after a differential operator denote operator apphcatlon We

NL
usebthe Lagrange inversion formula to calculate (m:‘;%“, using the right-hand side of (NLSz,,41),
to be

5%”,';? “ . 1+4pt)2 s
TRy ) = oz fiona) = 1 S (1 4ty ioga)
=0 T
(1+4p=4)7 1 .
~ (1 i) (17 0.

L+ =02 (1—4pt)3 (1 — 4pt + t02)

and similarly §H)LS which is the right-hand side of (NLSs,,), to be

2m >
THYLS s =
57~ [ —an” bomg+ 3 P20+ 40 P (<0802
7=0
m—1 —_— )
+ Y [P (L4 2t) (14 48) 5 (—02)™m T [~02q]
7=0

2¢%t2(1 + 4pt)2

S

(1+4pt)" -0

(1 + 2pt)(1 4 4pt)2
1+ 92

+[t™] (1 + 4pt)" ' [~03q]

2 12 t L
20° =12 (1+ 4p174pt) 2

~ [t7](1 — 4pt) " Fq + [t™]
1+ 1f4ptc‘)§

(82
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1
- 4pt(1+2p1 4pt)( +4p17t4pt)2
L+ 3= 4pta2

+[t™] [~024]

1
(1 —4pt)2 (1 — 4pt + t52)

~ [ (1 — 4pt) "2 q + [¢7] (2203 (pg) + (6t*p — 1)03q] -

Here we have used
202207 + t(1 — 2pt)02q ~ t02q + 2% (q202%q — pd2q) =~ t02q + 2t2(9%(pq) — 3pd2q) .

We have from (3.2.50) the asymptotic expansion

Ologa()) & _, OHNS - N 5H2erhs+1
22—~ = 20) " —2— ~ 4 H-m 2
D DL R It R E- PV

n=0 m=0

for Im A > ¢(q). Substituting the above formulas replaces each ¢ with (4A?)~1. After further
simplification (up to &), we obtain the claimed formula (3.1.20). O

3.4. WELL-POSEDNESS RESULTS
3.4.1. LOCAL WELL-POSEDNESS FOR A LARGE CLASS OF DISPERSIVE
NONLINEAR SYSTEMS

As mentioned in the introduction, the well-posedness theory presented here builds on works by
C. E. Kenig, G. Ponce, and L. Vega from the 1990s (see [106, 108, 109, 110, 111]), specifically
[107].
3.4.1.1. NOTATIONS AND THE GENERAL DISPERSIVE SYSTEM
Let n,J, K € N with n > 2 and define w = 251 € IN. For u = u(t,z) : R? - C”’, we consider
the system

Ou =1i®(Dy)u+ N(u). (3.4.1)

Here the nonlinear part consists of terms with a total number of derivatives not exceeding n — 2.
More precisely

K
WN);=g;+>. Y. S THEN (w) (3.4.2)

k=1be{l,...,J}* IeNF |I|<n—2
kl In
NP Ha K5y,

for 1 <j < J, with g, fflﬁ : R — C being space-dependent coefficients, and lefl;l,lC;’lf) , being

bounded linear operators on L2 that behave similarly to the identity. The precise mapping
properties we need are given in (3.4.23)—(3.4.25) below.

Note that the theory described in this section also applies for nonlinear parts which are finite
sums of expressions of the form (3.4.2).

As for the linear dispersive part, we assume first of all local Lipschitz continuity of the continuous
symbol ®(£) : R — R”7*7 and the following growth of ®’(¢) at infinity:

®'(£)] < ClEN(E)" 2. (3.4.3)
Furthermore, we assume that @’ is almost symmetric in the sense that

there exists S = S(¢) € L®°(R; R7*”) with (Sv,v)gs > ¢ >0 and S® — ®TS € L®°(R;R7*7).
(3.4.4)
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Since we want to apply linear estimates for scalar symbols, as opposed to the matrix dispersion
symbol ®(&), we assume as given measurable functions gpj,p}ypvq,p?,pﬂ : R — R for j,p,q €
{1,...,J} such that

J
(%) =D (0ha(©) +580(E)03,,0 () O (3.4.5)

j=1

for almost all £ € R. One should think of ¢; () as the eigenvalues of ®(§) and understand this
decomposition as a convenient alternative to implementing a change of variables that diagonalizes
® (&) (as is done, for example, in [89]). Informally, we want to force pj , . and p? to have for
large £ the same parity as ¢;(£). This is made possible by the presence of sign(§). Note that
1sign(D,) = H is the Hilbert transform, which is a benign operator in our situation.

Of course, we require a number of assumptions to be fulfilled by (¢;, p; 1<j,p.q<.J- Notably,

D pizuq)
we do not necessarily require the boundedness of p;{p’ , hear the origin. In order to remove such
possible singularities (see the example in Lemma 3.4.1 below), we fix some p € %N with p < bw
so that p € Nor w € N or g > w. In addition, we require p ¢ N if w = % Define for
ipqge{l,...,J} and d € {1,2} the auxiliary symbols

@ q(6) = |<P|€(|§)| (rtal) (3.4.6)
af, (&) = Jf,v(; : (éy;pip,q(é)) : (3.4.7)

We now formulate e**®(©) (recalling (3.4.5)) in terms of the symbols @ and a as

J
(’M)p,q:me @ 5,0(€) +sign(©)a3, ()L () Fe @ O (3.48)

‘5'2}.}-{-“ ( ]lvpvq (6) + Sign(é)a?,p,q(é))@_,j (g)eitwj © <§>H ) (349)

I
TM& Il

and assume the following conditions on the linear matrix symbol ®(€) to be satisfied. For every
(p,a,a) € {(g;,a}, . at, ) dape{l,...,J},d € {1,2}} we have:
(P1) The symbol ¢ € C3(R;R) has at most a single critical point at £, = 0, and in that case
there exist a € (0,1), 7 > 0 and functions h_ € C*([§y — 7,&;R), hy € C([é0, &0 + 7]; R)
such that hi (&) # 0 and

(&) = p(&0) + [€ — ol = ha () VEER st +(E—&)€(0,r).  (34.10)
(P2) There exist R, C,c > 0 such that for all k € {0,1,2,3} and £ € R with |¢| > R we have
cle"F < |ofp(e)] < Cle
(P3) We have a € Lip(R; R), and there exist C,§ > 0 such that for all £, ¢ € R with [(€)] = |¢(C)]
[a(&)] + la(©)] + (€)]a" (&) + ((€))°lal€) —a(¢)| < C.

(P4) There exists M > 0 such that for any 7 € R we can decompose R into M intervals on whose
©

interiors the functions w?&)—T and ¢’ are monotone.

Note that the boundedness of a in (P3) forces us, recalling (3.4.7), to restrict to the case with

at most one single critical point of ¢ in (P1). Note that the linear estimates from Appendix

3.A cover a more general setting, where several critical points are admissible. The role of |§|> m

with appropriately chosen p is to remove possible singularities of pip,q at the origin so that a is
bounded.

Before moving on with the local well-posedness theory, we verify that the linear part of our system
(3.1.21) satisfies the above assumptions.
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Lemma 3.4.1 (Dispersion of our perturbative flows with n > 2). Recall our linear matriz symbol
O (&) for which

2
Case n € 2N : the system (3.1.26) has symbol ®(¢) = —£"2 (5 _—; 2 —522— 2) (3.4.11)

Case n € 2N+1: the system (3.1.25) has the symbol ®(£) = €™ € R**? | (3.4.12)

For each case both (3.4.3) and the almost symmetry condition (3.4.4) are satisfied, and there exist
5, E},p,qﬁ?,nq’ and a}7p7q,a§’p’q such that (3.4.8) and (3.4.9) hold, and (P1)-(P4) are satisfied.
Proof. We first consider the easy case n € 2N +1 where the matrix symbol is ®(¢) = 201 ¢ R?*2,
w = 271 € N. This trivially satisfies (3.4.3), the almost symmetry condition (3.4.4), and (P1)—(P4)

with =0, 9;(§) = €%, pj o = Lij=p=q}s £} p,q = 0, and

1

1 _
a5 pq(§) = 2% + 1]1{p:q}’

~ 1 -
ajlyp,q(g) = \/mﬂ{zi:q}v aip,q(g) = a?,p,q(§> =0.

When verifying (P3), note that [p;(£)| = |¢;(¢)] implies |¢| = |¢| and hence a?, (£)—ad, (¢) = 0.

70,9 \S) T V4,p,q

2
In the case n € 2N the symbol ®(¢) = —¢21 (£ _—;2 _522_ 2) ‘R = R*? with w = % €

1 2

1 N satisfies (3.4.3) and the almost symmetry condition with S(¢) = <2 252 2352) for |€] > 1,
+

and some uniformly positive definite smooth extension to || < 1. We define for £ # 0 the modified

Japanese bracket (£). = /&% + 4 and the matrices

D = e2(5). (‘01 (1)> (3.4.13)

£ £ (&)~ (&)~
/A 145 1 1 (8= 418~
V(§)=<<5§~ el ) W(5)2<<§~ & ) (3.4.14)
ANGIR R i 2\Fe 1R+

so that we can diagonalize ® = VDW with W = V=1 We set ¢;(£) = £2*(¢)(—1)7, and for
& # 0 write

2
it ®(6) _ Vo A(EYW; eitwi (§)
(@) 2 Vs EM1al®)

Then (3.4.5) holds for the following choice of two even functions

P},p,q(g) _ (Vp,jo,q)(f) +2(Vp>jwj,q)(_€) p?,p,q(é) _ Sign(f) (Vp,jwj,q)(é) —Q(Vp,jo,q)(—f) )

We now define af , - and af,, , asin (3.4.6)-(3.4.7) with p = 1 if w > 1, and u = 3 if w = 5. Note
that (P1), (P2), and (P4) hold trivially. Regarding (P3), observe that, up to a change of sign,

the product (V, ;W q)(££) is of the form (ﬁ +1) (% + 1), and furthermore (V, ;W; 4)(€) +

(Vp.iWiq) (=€) is constant in &, hence pj, . € R and sign(§)p5 , , € spauaR{L @} We

€~ €
compute
2w—1 2
)P — éfw 08 5,

such that (3.4.6)—(3.4.7) with y =1 read as

Lo VEEs

aj.,p,q(f) = GRS © (some real constant)

po _ €&~ &y - 3 )~

aj,p,q(f) = \/m 0 (hnear combinations of Ge and ¢ ),
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o d . €1{€) ~ i lelke)~
and smularly for aj7p’q with the first factor m replaced by (—1)]m Thus
E?)pyq, a;{p?q are all bounded and (aip ,) decays as (£)~! at infinity. The case w = Tand p=3is

analogous. To show the “cancellation” property of |a(€) — a(Q)]| for |p(€)] = |¢(C)|, we notice the

monotonicity of ¢;(¢) and the evenness of af , = (recalling (3.4.6)-(3.4.7)). This completes the

verification of the assumption (P3). O

Remark 3.4.2. The introduction of the reqularization factor <‘§>": with p =1 (resp.p = %) implies

~2 . . 2 .
the boundedness of the symbol aj ,, . around the origin above. For the symbol aj , . it would suffice

to set u =0, but we use non-zero values of pu in both cases for the sake of simplicity.

Remark 3.4.3. Thanks to Proposition 3.1.1 and Remark 3.1.3, the well-posedness problems for
the GP and GP hierarchies are equivalent. In particular it suffices to consider the well-posedness
of the system (3.1.26) with the linear part (3.1.25) in the odd case n € 2N+1 and the linear part
(3.1.22) in the even case n € 2N.

3.4.1.2. PRELIMINARY ESTIMATES

RecallthatnEZ,w:%Z%anduE%Nwithug&ysothatuENorwGNoruZw,and
in addition p ¢ N if w = % We derive the following preliminary estimates from Theorem 3.A.1

and Theorem 3.A.7 in this subsection.

Lemma 3.4.4. If (P1)-(P4) are fulfilled, then the following linear estimates are available.

(i) Local smoothing estimate (compare to [108, Theorem 4.1], [105, Theorem 2.1, Corollary
2.2], [110, Theorem 3.5]). It holds that

o Smoothing the initial data:

| Dt gl S (D) ol (3.4.15)
L;OLtE[—T,T]
e ForheN with0<h<w+pu,
t ) ,
‘ / Dhett=t® D)y (¢! ) dt’ ST |(Dy)m | pon o (3.4.16)
0 Lo L2 T Hte[-T,7T]
te[—-T,T] "=
where 0y, = 4= € [0,1], ap = 252 € [0, 3], and .- = % 4 250 = B e [11).
o ForheNwithw+pu<h<2w+ p,
t ) ,
‘ / Dhett=t)2De)y (¢ 1) dt! ST (D) | pon g2 (3.4.17)
0 LI @ ie[-T,T)

2
z Tte[-T,T)

where 0, = == € 0,1], a), = 5 € [0, 1], and p% =t ¢ [11).

(ii) Maximal function estimate (compare to [108, Theorem 2.5], [105, Theorem 2.3], [111,
Corollary 2.9]). Setr =3V ¥ = %]l{w:%} + 51l,>1y. We have

e ®(Dx) ‘

<t ||uo|lzr - (3.4.18)
Srollaollar
Ll _rm )

Proof.
(i) We want to apply Theorem 3.A.1. This requires a € L*°, which we assumed in (P3), and a
and ¢ to fulfill (H1)—(H5). Observe that:
e (P1) = (H1) by definition.
o (P1) = (H2). Without loss of generality, it suffices to show this for ; in the case

& =0,1n=0,0; =1. Let o, r and h4 be given by the definition of positive steepness
at §; = 0. It suffices to consider n € (0, p(r)). We write (3.4.10) as

1= ha (3 () |; ()| =
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and note that its derivative reads

1= (WL Iy ()1 -+ s (0 n) = sy ) s () ) ).
This implies

|n|~
13 ()]

= |hy (b () [

a—1

>~ nl* =] 1

= Ry (i (M) (n) + b (45 () —| -
v~ () [ + et
Since hy o 1); is non-zero and continuous to the right of 7 = 0 and ;(0) = 0, the
right-hand sides above are bounded from above and below. Thus (3.A.1) and then
also (3.A.2) follow.

o (P2) = (H3). We apply the estimates from (P2) to £ = ¢;(n), where j € {0, N},
which yields (H3) with 8 = L.

o (P3) and (P4) = (H4) and (H5).
We obtain (3.4.15) by decomposing the exponential with (3.4.8) as

; 1 e ~ , 1\ it
(7)o = ez 22 (@al€) 5180, ()]} €)% )" ((6)uo),
’ 1

and applying (3.A.6) with ¢ = ¢; to (D,)"ug and H(D,)"u,. Here H = 1 sign(D,) is the
Hilbert transform, which is bounded on L2.

By [40] the vector-valued Hilbert transform is also bounded on L2" L[27T7T]. As a result, it

suffices to prove (3.4.16) and (3.4.17) with D” replaced by |D,|" = D!(iH)". To derive
(3.4.16) we use interpolation?®. The estimate

which corresponds to the case h = 0, 8, = 0, follows from Holder’s inequality in ¢'. The
estimate for the case h = w + p, 0, = 1 is the dual of (3.4.15):

Thus (3.4.16) follows from interpolation.

t
/ ei(t—t')q)(Dm)u(t/’m) dtl
0

1
ST allezze

L:Z[—T,T]LT%

S D) ullpyrz
L _rml?

t
/ |Dg;|w+‘u6i(t_tl)q>(D“)u(t/,.2?) d¢
0

We prove (3.4.17) by interpolation as well. Here the case h = w+ pu follows from Minkowski’s
inequality and (3.4.15):

Recall the decomposition (3.4.9):

t
/ ‘Dl»|w+#€i(t_t,)<p(D””)u(t/, x) 4+
0

1

,S T ||<D$>uuHLisze[—T 7]’
oo [,2 l )
Lg Lte[fT,T]

J

(%) u(t,a) = m% > (@ 1.4(6) + sign(€)a,, ()¢ (©) )= O (g u(t', @)

p.q

J=1

We apply (3.A.8) to obtain the estimate for the case h = 2w + p:

<D ullags

~ [-T,T]

t
/ |DI|2w+uei(t—t')¢(Dm)u(t/7x) 4+
0

oo [,2
Lg Lte[—T,T]

40The necessary interpolation inequality follows from the argument in [166], using a version of the “three-lines
lemma”.
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(ii) Let x € C*(R;R). We estimate the low frequency part x(D,)ug by applying Theorem
3.A.7 with @ = 0 and b(t, D,) = e*®P=)x(D,). For the high frequency part (1 — x(D,))ug
we use (3.4.5) to reduce to the scalar case with ¢ = ¢;, and apply Theorem 3.A.7 with
a(Dy) = pj,4(Dz) +iHp3 , (Dz) and b = 0. Note that (P1)-(P3) imply that for large
frequencies p; , . and p7 are essentially bounded. The requirements (J1)~(J6) for ¢ are
all direct consequences of (P2).

O

3.4.1.3. LOCAL WELL-POSEDNESS FOR THE GENERAL DISPERSIVE SYSTEM

For the rest of the section, we always consider h € N so that 97 is not a fractional derivative.
We take the initial data ug in the (weighted) Sobolev spaces H® N H* ! with s, s’ € N defined in
(3.1.12). Let T > 0 be a positive time and consider the (pseudo-)norms

- _ h

”uHYl’T N Orgf?i( ”a uHLtE[ T.7] Lz ||u||y2’T N sShrgg-}i-(\_wJ HaquLicLz e[-1,7]
= _ h

lullvar = 0<h<san o]~ [r] [0z ullezege Il = 0<hLs e wtr] ledzullezez, . .,
_ h _

allys,r = max - lledeullez 0 [ullyy = 'E_l [ally; - -

Here w = ”T_l > % and r = % V & are the same as in the previous section 3.4.1.2. Our fixed-point
argument later is applied in the Banach space

(e - livr) = ({w € Cocpoamy (B 0 B, s ully, < oo} Iy )

for a sufficiently small time 7" > 0.

Definition 3.4.5 (Mild solution). For a given ug € H* N H* ! and a time T > 0 we say that
u € Y7 is a mild solution with initial data uy to (3.4.1) if

t
Ay, (u) =u where Ay, (u)(t) = e*®P)y, 4 / 2D N (u(t')) At . (3.4.19)
0

Theorem 3.4.6 (Local well-posedness). Let s,s" € N satisfy s > Tw and % <s' < s—2w.
Consider the general dispersive equation (3.4.1)—(3.4.2), where the linear part satisfies (3.4.3),
(3.4.8)~(3.4.9) and (P1)-(P4) (see Subsection 3.4.1.1), and the coefficients in the nonlinear part
satisfy

g; € Mool (3.4.20)
£ € Werimleles (3.4.21)
f;:é € j 2 S Sl KA PR /C]l-:é’l € ﬂ L(H;/*MJ”]JL?Z[ 0 H\ [,1 Loo[ TT]) (3.4.22)

T>0

Assume in addition that

T K, e () LN () LE™ (3.4.23)
0<h<s 0<h<s’

‘e N () LOVIPLE ) (3.4.24)

T>00<h<s+|w] pe(1,2]

K€ () L) (3.4.25)

T>0

All the constants below depend on s, s’ and the norms of the above quantities, which we suppress
from the notation.

For any ug € H* N H*"' there exists a time T = T(|[ug| o) > 0, such that
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o Existence. The system (3.4.1) has a mild solution u(t,z) € Yr with
lallyz < C(l[aoll grenpe.)l[oll o prer.a- (3.4.26)

o Uniqueness. This mild solution is unique in the sense that it agrees with any other mild
solution in Yr.

o Lipschitz continuity. The data-to-solution map is locally Lipschitz continuous in the sense
that for two initial data ug, 0y € H°S N HS ', with times of existence T and T respectively,
we have

fa=ally = < Clluol e Wollserzea o = Foll o -

e Smooth flow. For any k € N, there exist a neighborhood Uy C H? NHs1 of ug and a small
time Ty > 0, for which the data-to-solution flow map

U(] — YTO
U —u

is a C* mapping between Banach spaces*’.

e Blow-up criterion. This mild solution either exists globally in time or blows up at a finite
mazximal existence time T > 0 in the sense that

sup  [[u(t)|| gappgern = 00 (3.4.27)
te(=T*,T*)

Recall the linear estimates related to the matrix symbol ®(¢) in Lemma 3.4.4 and the uniform
form in the nonlinearities (N (u)); given in (3.4.2) for all j =1,---,J.

In order to simplify the proof below and the rest of the section, we assume jjkél = ICfé , = 1to be

the identity operators. The exceptional case is that (3.4.22) may require Kf”é’ ,, to have smoothing
properties, which we remark on when necessary. We nevertheless do not show this operator in our
notation.

We also assume J = 1, and hence drop the (multi-)indices j and b from the notation, which
makes no difference for the majority of the arguments below. Specifically, u;, ./\/lf ’l(u), g; and

f?,’zf defined in Subsection 3.4.1.1 are replaced by u, N*%!(u), g and £5! At certain points where
the fact that ® is a matrix matters, we switch to the general setting J > 1.

Let us summarize these simplifications by writing

k

K
Nu =g+ Y W) NP =]]oka 1=, k) eN.

k=1[eNF |l|<n—2 d=1

Proof. Step 1. A priori estimates. We decompose
t
Ay, (u) = et®Da)yy 4 / =D N (u(t)) At = T + 1T
0

where N (u) is given in (3.4.2).

Estimate for I. We fix some T > 0 to be chosen later and start with the estimates for I:

it® (D, h it® (D, h
e P uglly, 5 = max (107 O o gz, re < max 19500z S Il
Heit@(Dz)uoHY = max ”aheit@(Dz)uonLooLz (3'4<'15) max H|am|hu0||L2 < o s
=T s<h<s+|w]| r z te[-T,T) ™~ 0<h<s z z
Heit‘I’(Dw)uoHY = max ”aheit(P(Dw)uO”LzLoo (3<4;8) max |||am‘hu0HH7‘ < ”uO”HS )
T 0<h<s—[wl-[r] " sbiei-rr >0 o<h<s—[w]—[r] =

41In the sense of Fréchet differentiability.
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For Y4 we note that
2eit®(D)y — F-1 [z’@s (ez’t@(g)u/\())}

t
_ |:eit<1>(§)i6§ _/ DB G (£)e O Gy

0
= (D) gy — /t e t=N2P2) @ (D) TP Py dr (3.4.28)
0
and hence
||6itq>(DI)uoHY4,T = oghgglg}%wﬂ Hx@ﬁeitq}wz)uo||L§L;-<;[_T7T]
St 0<hes e futr] Haﬁeit@wz)(xuo)HL?DL?Z[—T,T]
. /OT Hagei(t—T)@(Dm)(I)/(Dw)eirtb(Dz)uoHLZL?ZFTYT] dr + Heit@(Dm)uOHY&T ,

where for the last term we applied the derivative 9, to x and used s’ — [w + 7] -1 < s— [w] — [r].
We estimate

(3.4.18)

0<hes tutr] Ha’}zeitéwz)(xHO)HL?FL?Z[—T,T] St llwvolly
g h_i(t—7)®(Dg) &/ iT®(Dy) (418 T hay! ir®(Dy)
i(t—7 = T = - < T x ”
Oghgr?’a—}%w—&-r]/o |0z e o' (D,)e uOHL-’zﬁLte[—T,T] dr <r /0 |0n®"(Dy)e UOHHE dr
(3.4.3)

St lwoll yrasr—rorrien—1 < [[wol|ars -

For Y5 7 we use the same strategy and obtain

h it®(D,) N
oenDEx [0ze (o)L 22 < [lzaol e
g hi(t—7)®(Dy) &/ iT®(Dy) (3.£3)
i(t—1 . T ; < <
oghrgg}fm/o [0z e 2N (Dy)e ™ oo 2 AT S ol gerin—s S Jwolla

In summary,
e PIugly, S llaollas + [[aoll o -
Estimate for II. Here we always assume that [ is a multiindex with {; > --- > [ in the product

NFl(u). In the proof below, we write everything as if k& > 2. The term involving d2u is the only
one which we control with the L2-norm, i. e. the only one that requires integrability.

We estimate first the terms involving coefficients £*! with & > 2. At the end, we explain how the
terms involving f1! and g can be dealt with analogously.

Let us first state for all h < s — 1 the following inequalities, due to Holder’s inequality in ¢ and
Sobolev embedding in x:

h 1 h 1
10fulle e <THOMlpe e < THuly,, (3.4.29)
h h h
R P e 1 e P S L [ (3.4.30)
In the following we estimate /7 in the norms Y7 7, -+, Y5 7. We show the Y7 r-case in detail, and

compute the total number of derivatives for other cases, so that the argument for Y7 7-case works
the same way.

(1) Estimates for Y7 7.

For any h € [0, s], we apply (3.4.16) with the choice “h(3.4.16)” = [w + p — 1] Ah € [0,w+p)
to estimate

t
/ ei(tft')tb(Dw)agIcz <fk,sz,z (u)> di’

0

L2 g L3
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(3.4.16)
< T

8£7([w+,u71'\/\h) <Dx>6,u (fk’l,/\/k’l(u)> ‘

Pr2
L("'Lte[—T,T]

Here 6 = W € [0,1), and a = 15—6 € (0,3] and p = ﬁ € (1,2] depend on
[w+ pu—1] A h, which we suppress from our notation. We have chosen “h(3.4.16)” =
[w+p—1] Ah <w+ p to make sure that o > 0, which is the source of smallness when T

is chosen sufficiently small later.

Using Lemma 3.A.10 we can replace (D,)" with integer derivatives up to order [fu], and
subsequently compute an upper bound for the total number of derivatives on the right-hand
side above (recalling |I| < 2w — 1 in (3.4.2)) to be

ﬂAhw+”

[w+p—
h—([w+p—1]Ah)+ | —— 1~
S (fw+p—1]AR) [ FEa—

§s—([w+u—ﬂAs)+[W_ﬂ/\s

+2w—-1<s54|w|,
el <5+l

where we have used for the last inequality that u < 5w and hence [w+ p — 1] < [Tw] <
[s] = s, and furthermore our assumption w, u € %N with p € Nor w € Nor > w. The
right-hand side above is then bounded by

oYY Y @ttt

h<s+1—Jw] [l/|<2w—1 |l|<s+w te[-T,T]

We separate R into two integration domains x € [—1,1] and z € (—o0, —1)U(1, 00). Noticing

that L € L7 ((—o0, —1)U(1,00)), we use Holder’s inequality in these two different domains
to bound the above by

T Z Z Z H ahfkl N“(u))’

h<s 1 [w] 1| <2w—1 | <s+w Lilierrm
A DD DR S FICH B PN ()] S e 02
h<st1—[w] |I|<2w—1 |i| <s+w Lilici-r.m
We first focus on I1;. If Iy < s — 1 then (3.4.29) and (3.4.30) imply
> X D e L) L
h<s+l—Jw]| |[I/|<2w—1 [l|<sHw,lp<--<[1<s—1 rTte[-T,T]
If Iy > s then s <w < s— [w] — [r], and hence
ekl k,l ‘
> X > @y,

h<s+1—Tw] |I'|<2w—1 |l|<s4w, s<l <s+w, [ < <la<s—w—r rUte[-T,T)

< 2 ) > [0 ey @26 @)

h<s+l—[w] |I/|<2w—1 s<l1<sHw,p<--<l2<s—w—r

e[—-T,T]

l;
XHHa ez, Sy, luly, o2

For 115, we group the weight = with 8%2u and replace the usage of Y7 7 and Y3 7 above by
Y5 7 and Yy 7. This is possible thanks to a simple comparison:

Iy < {S—ng <s' —[w], andifl; >s, thenly < |w| <s — [w] —[r].

Estimates for Y5 7.
For s < h < s+ |w], we apply (3.4.17) with the choice “h(3417)” = [2w+p—1] €

[w + g, 2w + ), which requires our assumption p ¢ N if w = % This yields

t
/ 6i(t7t/)q>(Dw)ag(fk’lNk’l(u)) dt’

0

o2
L3 Lte[—T,T]
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(3.4.17)
S

o 1Dy (PR ()|

L%

2
Lte[—T,T]

Here 6 = Ww € [0,1), a = % > 0 and p = ﬁ € (1,2]. Note that
[2w 4+ p — 1] < 7w < s < h, which ensures that the above is well-defined.

We shall distribute the derivatives and proceed as in (1). This is possible because the total
number of derivatives we obtain is bounded by

s+ lwl —Rwt+p—1]+[p]+2w—-1=s+|w],

and the total number of derivatives falling on f*! is bounded by s 4 |w| — 2w + 1 <
[s+1-—w]=s+1-[w].

(3) Estimates for Y3 7.
For h < s — [w] — [r], we estimate with (3.4.18):

t
/ ei(tft')'iD(Dz)a;L(fk,lNk,l(u)) dt/

0 LthoZ[—T,T]

< ’ 6i(t’t,)<b(Dm)3g(fk’lNk’l(u))(t’,x)‘
vel-rnLE -

(3.4.18) bkl Ark,l

St ||o e )|

ST

! Lie[—T,T]H;
< TH| 08D (N )| .
Lte[—T,T]Li

We again use Lemma 3.A.10 to replace (D,)" with integer derivatives up to order [r], and
compute for the total number of derivatives the upper bound s — [w]| — [r] + [r] +2w—1 <
s+ |w], as well as for the derivatives falling on £*'! the bound s —[w]—[r]+[r] < s+1—[w].
We then proceed as in (1).

(4) Estimates for Y, .

For h < s’ — [w+ ], we estimate

t
l‘/ ei(t—t/)‘I’(Dm)angL(fk,lNk,l(u)) ar’
0

t ) , t—t
/ Git—t)B(D2) . /
0 0

ez’(t—t’){)(Dm)mag(fk,lNk,l(u))(t/7 x)‘

LgLfZ[—T,T]
’

(3.4.28)

ei(t—t'—r)‘P(Dm)(I)/(Dz)eiT(I’(Dz) d7> 82(fk’lj\/k’l (u))dt’

L?EL{.Z[—T,T]

<

1 2
Lt’e[—T,T]LmLfZ[—T,T]

+ ‘ ei(t_t’—‘r)@(Dm)(I)/(Dw)eiré(Dm)aiL(fk,lNk,l(u)(t/’ x))‘

1 2
Lt/,Te[—T,T]2 LIL?ZFT,T]
(3.4.3),(3.4.18) .

Sr T=

o

2Ol (E5I N )|

ekl xrk,l
L2 H +7 H(’)x(f N (u))’LZ Hitn—1

[-T,T] “ te[—T,T)

It is easy to check that the total number of derivatives is bounded by s + |w|, and the
number of derivatives falling on £* is bounded by s + 1 — [w]. We proceed as in (1).
(5) Estimates for Y5 7.

For h < s’ — [w], we estimate

t
.’E/ ei(tft')é(Dm)a;L(fk,lNk,l(u)) dt’
0

L3 L2

t t—t'
/ <€i(tt/)q)(D”):I} . / ei(tft’,q—yb(Dz)(I)/(Dz)eiﬂb(DI) dT) a:fEL(fk,lNk,l(u)) da+
0 0

(3.4.28)

L;.g [-T,T] L?
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(3.4.3) |
s T

2O (N ()|

+ T3
2

t,e[—T,T]LE

O (EM A ()|

2 n—1"
Lte[—T,T]H”—'

We again distribute all derivatives and obtain a number of derivatives less than s+ |w], and
number of derivatives falling on % is bounded by s + 1 — [w], so we can proceed as in (1).

For the case £ = 1 the argument is identical, but each 6iju with j > 1 must be replaced by 1.
The assumption (3.4.22) has two cases. If fl e gst1-1wll then we group the weight x and the
coefficient O"f"! with 82u = 1, so that their product is in L2. If instead f'' € Ws+1=1«1.20 then
we group also 9% into the L?Lfe[_T_T}—norm and use the smoothing of the operator ' on the

'—Tw+r] ’lLoo

tej—7,r)> assumed in (3.4.22), to gain max{0,[l| — (s" — [w + r])} derivatives.

S
space Hy

Similarly, for the term involving g (referred to also as the case k = 0) we replace every 3iju by 1,
and we make use of L2-integrability for the product g - 9:2u = 9"g assumed in (3.4.20). When
k > 2 we shall place the coefficients £*! in an L2°-norm and keep d!2u in the L2-norm.

Step 2. Fixed-point argument. We have shown in the estimates for I, I] above that there
exists some « > 0 (depending on s,w, ) such that

e P ug vy S l[voll e prera
1Ay () = Py So T(1+ [[ully,) ™
ST (14 Ju = P ugly, + [0 gz )
For some fixed R > 0 to be determined later, we shall study the nonlinear map
t K
Auo Cu = Auo(u) _ 6z1§<1>(DQE)uO +/ 6z(t7t )®(Dgz) g+z Z fk,lNk,l(u(t/)) d+
0 k=1 |I|<n—2
in the complete metric space

v = {ue Coelrm(H 0B, u = e Pug |y, < R}

for some small enough time 7" > 0. Indeed, notice first that by the a priori estimates in Step 1, for
any R > 0, for u € e*®(P)ug + BYT | there exists a small T = T(||[ug | o1, R) > 0 such that

14w, () — P ug|ly, < R.

This nonlinear map is well-defined in Y77, as long as we can show Ay, (u) € Cyel_rr)(H*NH L),
It follows from dominated convergence and the bounds we have achieved in Step 1. Indeed, the
assumption on the initial data ug € H® NH"! directly implies e?*®(P=)u, € Cie[—1,1)(H? ﬂHsl*l).
As for the “nonlinear” part, for 0 < t' < t, we decompose

t t
/ ez‘(tft”)@(Dx)N(u(t//)) d¢’ — / ei(t’ft”)@(Dx)N(u(t//)) d¢”
0 0
t t’
_ / ei(tft")@(Dx)N(u(t//)) ar”’ — / ei(t'ft”)@(Dw) (1 o ei(tft’)CP(Dw)>N(u(t//)) ar”
t 0
It converges to 0 in H* N H* "t as ¢’ — t, by (the proof ideas of) the estimate for I in Step 1.
Contraction mapping with small T > 0. We study the difference
K t
Ay, (u) — Ay, [ﬁ] = Z Z / ei(t=t)®(Da) gkl (NkJ(U) . N}c,l[iﬂ) dt’
k=1l|<n—2"0

We expand the difference of products into a sum of products where exactly one factor is a difference
between u and u. The a priori estimates for I previously described then directly show that there
exists some o > 0 such that

1Ay (0) = Ay [@] v S Tl = @l (1 + [[ullyy + 8]y ) < (3.4.31)
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< T =0y, (1+ 2R + 2[|uol o)

Hence, if we choose R = ||ugl| s+, there exists a sufficiently small T > 0 depending on
luol| s prer.1» Such that the map Ay, is a contraction map and has a unique fixed point in Y%,
which is a mild solution.

Step 3. Final check: Uniqueness, Lipschitz continuity, smooth flow and blow-up
criterion. So far we have obtained uniqueness only in YIB, and we now show the uniqueness
of the mild solution in general. Let u € Yy, and u € Y, be two mild solutions of (3.4.1) with
the same initial data ug. Then their difference u — @ = Ay, (u) — Ay, [0] satisfies the estimate
(3.4.31). We choose T' < min{Ty, 7>} sufficiently small (depending on [[ufly;, , [0y, ), such that
|lu —Ul|y; = 0 and hence u = U on the time interval T. We can now start from the initial time T
and proceed further up to 27,37, - - -, until the finite time min{7},75}. The uniqueness follows.

The proof of local Lipschitz continuity of the data-to-solution map is analogous to the proof of
the contraction mapping property, requiring again 7' to be sufficiently small. We omit the details
here.

The smoothness of the data-to-solution map follows from the implicit mapping theorem for Banach
spaces [128, Theorem 5.9]. Given k € N, we need to verify two assumptions. The first is that
the mapping [(ug,u) — u — Ay, (u)] € CH((H* N H*"Y) x Yq,;Yr,). Due to the fact that the
nonlinearity is polynomial, this follows readily from the estimates we have demonstrated in the
previous steps. The second is that the bounded linear operator Du[(uo7 u) = u— Ay, (u)} =
1 — DyAy,(u) € L(Yg,; Yr,) has a bounded inverse. This can be ensured by choosing Ty > 0
sufficiently small. We therefore obtain C* regularity of the data-to-solution map.

Finally, as the existence time T' of the mild solution we obtained from the fixed-point argument
depends only on |[ugl| «nps'.1, the blow-up criterion (3.4.27) follows from the standard unique
continuation argument. O

3.4.1.4. IMPROVED BLOW-UP CRITERION

In the following we first give some further properties of mild solutions, which help us to perform
the energy estimates. These energy estimates subsequently imply an improved blow-up criterion,
which finally yields the global well-posedness due to the conserved energies.

Lemma 3.4.7 (Further properties of mild solutions.). Assume the setting of Theorem 3.4.6. The
mild solution u € Y1 of the general dispersive equation (3.4.1)—~(3.4.2) satisfies the following:

. (I)(Dx)u S CtE[—T,T] (Hsin N Hslin’l)m and N(U) S CtE[—T,T] (H87n+2 N Hslin+2’1)m.

e uc C’tle[fT m(H™" N He' =Y, with derivative dpu = i®(Dy)u+ N (u). In particular, for
all h < s —n the L2-Bochner integral identity

ohu(t) = 9Mu(0) + / t M (i®(Dy)u(t’) + N(u(t'))) dt’ (3.4.32)
0

holds pointwise for almost all x € R.

Proof. Since u € Cyci_r,1)(H* N H*"1), we have ®(D,)u € Ciel-r,m)(H*™™" N H*'—™1), due to
(3.4.3). We want to show NV (u) € Cyej—ry(H* "2 N H¥'~7+21) By the assumptions (3.4.21),
in order to control the H* "*+2-norm, it suffices to consider the limit ¢ — ¢ of

This is bounded by

L2 h<s—n+2 1<k<K, |l|<n-2.

O (£ (VM (w) (1) = MM () (1))

k k
Yoo D Sl e Y [0k uce) = )| o, TT(105 we (O] 1o, + 105w, ()] 0,
1<k<K h<s—n+2|l'|<n—2 |l|<s j=1 i=1
i#j
< ) = () (1+ [ullz, om0
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where we chose ¢; = 2 for the j which maximizes ||, and ¢; = oo for all other j, so that the
embedding H?(R) C H'(R) < L>(R) applied for the inequality. Thus the time continuity of u
in H? implies the time continuity of AV'(u) in H5~"+2. The time continuity in H =721 of A/(u)
follows in the same way, grouping the weight = with the j-th factor.

Next, we show that u € Ciei_pm(H*™" N HSL"*l)gC is continuously differentiable at ¢ = 0.
Differentiability at any ¢y € [T, 7] can then be obtained by considering u(t + ) as a mild
solution in Y7_,, with initial data u(to). Applying (3.4.19) yields

ult) —u eit®(Dz) _
U210 (D, g — N (o) = (tl _ @(Dz))uO
+ 1/0t(ei(tt/)<l>(Dx) ~ DN () + N(u(t)) — N(uo) dt'.

We use (3.4.3) to obtain the vanishing limit of H*~™-norm of the first term as t — 0, while for
all b < s —n, the second term can be controlled by dominated convergence, after a change of
variables t’ — tt’ and then using estimates as above:

t—0

1£h(<e”<1-f’>‘b<f> — DN @)(I) + N()(t) = Nug) ) dt'|| 0.
0

2
L&

The case of H* ~™'-norm follows similarly, with some terms containing an additional (D) that
can be treated since s’ +n —1 < s. O

Lemma 3.4.8 (Estimate of H*"l-norm and improved blow-up criterion). Assume the setting
of Theorem 3.4.6 and assume in addition s' < s —n, which requires s > Tw + 2. There exists
a constant C > 0, depending on s,s',n, and the norms assumed to be finite in Theorem 3.4.0,
such that for any initial data ug € H® N H! the mild solution u € Y to the general dispersive
equation (3.4.1)~(3.4.2) satisfies

K+1
”uHL?O[ - < exp(C(l +T)(C + ol + ”uHLfe[ roke ”uz”Lw[ TT]HS_l) ) '
(3.4.33)

In particular, the blow-up criterion (3.4.27) can be improved into

sup  (Ju(®)]lz= + s (0) o) = . (3.4.34)
te(—T*,T*)

Proof. Here we do not assume J = 1,1i.e. ® € R7*7 may be a matrix. Recall that we have
assumed the existence of a real symmetric uniformly positive definite matrix symbol S = S(&) €
L®(R;R7*7), i. e. we have the equivalence of quadratic forms (S(D,)u,u)z2 ~ ||[ul|.2, so that
in addition S® — ®7'S € L®(R;R7*7).

We shall estimate ||x8£‘u||LfZ[_T L2 for h < s’ < s —n with Gronwall’s inequality, and note that

the norms [|0"u||z

2 g L2 Can be treated analogously.

In the classical continuous differentiable setting, one can easily derive from the differential equation
v = ( ) that ( _) = EF( ) + vF(v). We can formulate it in the integral form as follows: If

)+ fo ))dt’ , then v(t)v(t) = v(0)v(0) + fot v(t")F(v(t')) +v(t')F(v(t'))dt’. We
apply thls fact to the mtegral formulation (3.4.32) of our equation in Lemma 3.4.7 to obtain for
allh<s—n

/S )(zdM)u - zdrudr = / zdMag - S(D,)zdhug da
R

+ /t / 2i®(D,)oMu(t') - S(D,)xdbu(t') + xdMu(t') - S(D,)zi® (D, )0ru(t') do dt’
o Jr

+ / t / 2" N (u(t)) - S(Dy)zdha(t) + zd"u(t') - S(Dy)zdt N (u(t')) dz dt’
0 R
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=IIL+ 11, +111s.

We first note the trivial estimate [IT1;| < Hu0||3{5,71. Next, we estimate the nonlinear part 1115.

Here

x@hg S(D,)xdbu(t’) dz dt’

/ gl gy [t g1t < / ()20 s + gl

For other terms involving fk’l, it suffices to assume Iy > 1o > - > [y and |l| < s—n4+n—2=s5-2,
h < s, |I'| <n—2, and estimate 22(O"f*" )(N*!(u))(0hu). If k > 2 then I, < 251 < &', and we
have

t/x(@ffk’l/)(/\/k’l(u)(t’))-S(Dﬁx@ﬁu(t’)dxdt’
o Jr

t
< / 1@ ) @Bl u(t))] = 20 u ||L2H||al )|~ '
0

t
< / ()3 (LA s o+ 0@ 2o + o (t) ][ ro-a) 1t
0

If k = 1 then we face the problem that [y = [, may be as large as s —2. According to (3.4.22) there
are two cases. When f5! € Hst1-[«]1 we place 9'tu into the L>-norm and group the weight

with (3;;fk’l,7 subsequently applying the Sobolev embedding H '+ Pys’ioo, Alternatively, we
use the smoothing provided by Kb € L(H* " HIV'I1),

It remains to estimate the linear part I11;. With the Plancherel theorem, we can write
1][] =1 ¢ (D Dh / Wd q ,
2T m[/o /Rx (Dz)Dgu(t’) - S(Dg)zDiu(t’) da t]
t _
= m[/ / a{(‘b(f)fhﬁ(t’)) . S(ﬁ)ag(fhﬁ(t’)) d¢ dt’}
0 JR
o -
_ ! / /(S(I) — (I)TS)(g)@g(fhﬁ(t’)) e (Ea[)) de dt’
i [/ / )EMA(t) - S(€)de(eha()) dg dt’]
t
S / a2y A+ ) | o [0 () || o1 At < / N S
' 0

Here we have used Cauchy—Schwarz with h < s’ and (3.4.3). As mentioned above, the norms
|\aj;u||§2 can be estimated analogously. To conclude, we have proven

()10 < luoll? m+/ (e 37 (L4 E5 e+ () o + (e (¢) | o)<

T /O (el + () By )

and Gronwall’s inequality then yields (3.4.33). Since [|ul[z2 < [[ull .1, we have

la@®)llay S @)l gera + e @ -

Hence the same bound as (3.4.33) holds for HuHL;“;[,T oz Thus, forany T € (0,00), [[all e e
Hum||L o 2 < oo yields ||UHL?Z[—T,T](H;OH:I,1) < oco. Therefore the blow-up criterion (3 4.27)
can be improved into (3.4.34). O

3.4.2. GLOBAL WELL-POSEDNESS OF THE NLS, GP, AND GP HIERARCHIES
Proof of Theorem 3.1.2 and Corollary 3.1.7. We first show the global well-posedness of (GP,,),
and then of the GP, NLS, and GP hierarchies.
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Step 1. Global well-posedness of (éTDn). Note that ((ETDl) is a transport equation with
constant speed —1, for which global well-posedness trivially holds. We therefore assume n > 2 and
use the formulation of (éTDn) given in Proposition 3.1.14. We show now the global well-posedness
of (aD,L) in the sense of Theorem 3.1.2. For the odd flows (@Qm_i'_l) we can use the variable p
and the formulation (3.1.21), while for the even flows (éngm) we need to use u =7 ~!p and the
corresponding formulation (3.1.26). Here we recall that R > 0 is chosen large, n € C°(R; [0,1])
with |(_r,z) = 1 and suppn C [-2R, 2R], and

T =14 By(D,) where w(£)=1£;jz(§) and B:(1_0q2 1—0q3).

We have to verify that (3.1.21) and (3.1.26) satisfy the hypotheses of Theorem 3.4.6, and cor-
respondingly also Lemma 3.4.7 and Lemma 3.4.8. For the verification that the linear parts are
admissible, we refer to Lemma 3.4.1. The conditions on the nonlinear part of (3.1.21) are weaker
than those required on (3.1.26), so we focus on the latter case.

We now represent everything except the intended linear part in (3.1.26) as a sum of expressions
of the form (3.4.2). Below, we use the keyword “or” to denote alternatives that may appear in
separate versions of (3.4.2). For the linear operators, we choose

I =T = (1+ By(D,)) ™
/C?”bl’hZT or ¢¥(D,) or Dj'(D,) or (1-n(D,)) or D;'1-n(D,)) or Tie=13n(Ds) .

The coefficients g; and ff”lﬁ have the form

g; = ]1{"=2}O;£Iq*\271(|(1*\2 -+ Oé;”((q*)x)

£ = 00" e (@)@ = 1) or  —Tgiyfos, Bl
Note that the operator n(D, ) and the coefficient —[o3, B] appear only in the term —[o3, B]|D2™ 25 (D, )u
of (3.1.26). If the background function g, has finite energy E*t1=Iwl+m1(g) < oo, then
g, f;”ll) e Hst1-1«ll and ffé € Wetl=lwlee for k > 1, except for the special coefficient —[o3, B]
which may not be in H*+1=[«:1. These coefficients satisfy (3.4.20)(3.4.22) for Theorem 3.4.6.
We need to prove that jfl;l and ’C?ﬁih satisfy (3.4.23)-(3.4.25). This follows from B € Wstl«l.o0,
the fact that the symbols 9(€), 91 (€), n(€), and J¢n(€) have inverse Fourier transforms in L', and
the possibility of choosing R > 0 sufficiently large to ensure the invertibility of 7. An exception
is the symbol £(1 — n(D,)), whose inverse Fourier transform is not in L!. Nevertheless, one can
check manually that this choice of IC].C}EJL still admits (3.4.23)—(3.4.25). Finally, we note that the

Js
operator n(D,) has the smoothing property required by (3.4.22).

Applying Theorem 3.4.6, we obtain a local mild solution u to (3.1.26) with a time of existence
T > 0 and initial data ug. Furthermore, Lemma 3.4.7 and Lemma 3.4.8 apply to this solution.
Using 7 € L(H®) N L(H*"') we find that p solves (3.1.21) in the same sense, i. e. analogues of
Theorem 3.4.6, Lemma 3.4.7, and Lemma 3.4.8 hold. Then Lemma 3.4.7 implies that ¢ = ¢. + p,
with initial data q. + po, solves (GP,) in H*~" N H# =1 By the blow-up criterion in Lemma
3.4.8, it suffices to prove

||p||Lfg[7T‘T]L‘;° + HpIHL?Z[fTYT]H271 STs,gepo 1

in order to obtain the global-in-time well-posedness.

By [119, Lemma 2.1] the map [p — ¢« +p] : H® — X° (see (3.1.15) for the definition of X?) is
continuous. Consequently, we know that ¢ € Cyc—7 7 X°. Furthermore, in [119, 120] certain
energy functionals £% : X* — R (see [119, Theorem 1.3]) are defined, which are conserved under
every flow (GP,,) of the hierarchy. They are conserved because they are constructed from the
renormalized transmission coefficient (defined in [119, 120]), which by an approximation argument
and Lemma 3.2.9 Poisson commutes with the Hamiltonians HS”, and hence by virtue of the
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relations (3.1.6) with the Hamiltonians H,G:P. We therefore obtain, as in [119, Theorem 1.3], the
uniform bound

sup E°(q(t)) Ss.qupo L- (3.4.35)
te[—T,T)

We conclude the global well-posedness of (GP,,) with the observation that p(t) = g(t) — ¢, implies

sup  ([lp(t)llzee + IPe(B)lgz2) S E(ax) + sup  E*(q(t)) Ssgupo L-
te[-T,T] te[-T,T]

Thus the uniform bound in (3.1.14) follows, and the exponential-in-time bound for ||p(t)||
Ce®* follows from (3.4.33).

gt <

Step 2. Global well-posedness of hierarchies. We first notice that the lower bounds
3n—1+w, % for the indices s, s’ are increasing in n while the upper bound s — n for s’ is
decreasing in n. Thus if s, s’ satisfy these bounds for N as in Corollary 3.1.7, then they satisfy
the corresponding bounds for all n < N.

We call the solution of the perturbative formulation of (apn) constructed just now p"), which
depends only on a single time variable t, for n > 1. We now define a perturbation p® €
C(RN; H* N H*") which depends on (t1,...,ty) by moving the initial data for a time ¢; along
the flow of (€|51), for a time ¢2 along the flow of (GTDQ), and so on. As a consequence of the
commutativity of the flows, which is shown in Lemma 3.4.9 below, this is independent of the
order in which we move along the flows. Then p(®) solves for n € {1,---, N} the perturbative

formulation of (GTD,L) for the stationary front ¢, strongly in H*~" N H* =™, We obtain the
solution ¢, + p(t) of (GP,,) from

p(t) :p(Q)(CGFW—)GPt’J;) with t = (0,---,0,¢,0,---).
This, together with the bounds (3.1.14) for p® | concludes Theorem 3.1.2.

We have excluded so far the case n = 0. The flow of (éﬁ’o) consists simply of multiplication with
e~ 50 we define p(® ¢ C(RN T H N Hsl’l) by

p(g)(tO;tla"'atN) = eiitop(z)(tlw"?tN) .

Then p®) solves for all n € {0,--- , N} the perturbative formulation of (éTDn) for the rotating front
e~toq, strongly in H*~" N H* ~™!. The proofs of (i) and (iii) in Corollary 3.1.7 are finished by

defining p(t) = p(g)(ca)“"\”-st). Finally, the bounds in (ii) follow from [119, Lemma 2.1, Theorem
1.3], as in (3.4.35). O

Lemma 3.4.9. Assume the setting of Theorem 3.1.2 and define for n € N the flow map
Q. :Rx(H*NH"') — (H*NH*Y)
(t,po) — p(t)
where p is the solution to (éTDn) For all pgp € H° N H"! and n,méeN, t,r € R we have
Qn(t, Qo (7, 0)) = L (7, (¢, p0)) -

Proof. Let pg € H° N H#"! be fixed initial data. We know from Lemma 3.4.7 that Q.(-,po) €
CHR;H "N Hsl’”’l), and from Theorem 3.4.6 that there exists a neighborhood Uy € H* N H* !
of po, as well as a small time Ty > 0, such that Q,(¢,-) € C2(Up; H* N H* 1) for all t € [Ty, Ty).
We denote by

d
D?Q,(t )[uv]—i d Q. (t,p + pu+ vv)
n\l; P ) _dﬂ ;LZOdV V0 n\LP T [



98 3. WELL-POSEDNESS OF NLS HIERARCHY WITH NZBC

the first and second Fréchet derivatives at p € Uy for directions u,v € H* N H "1 The argument
below requires some more regularity, specifically that DS, € C([=To, To]xUp; L(H*~"NH* ~™1)).
Indeed, since continuous partial differentiability implies continuous differentiability, it suffices to
prove that

DQ,(t,-) € CH(Uy; L(H*™" N H* ~™1))
D (-,p) € CH([=To, Tol; LIH ™" M H*~™1))
8tDQ c C’O([ ] % UO7 (Hs—n N HS —ml))
DQQ c CO([ ] % UO7 ((Hs n ﬂHS —-n, 1)®2 (Hs nA Hs —-n, 1)))

We already know the first statement to hold true. The second statement follows by substituting
DQ,,(-,p) = DA, (p) and arguing in a similar fashion to Lemma 3.4.7. The third and fourth
statements can be easily seen to hold true once the derivatives are written down.

Define
Xo HSNH — g~ g =
GP
oy L (9)
7 5(] q=q«+p
so that
L0, (tp) = Xa(Q(t.p)
dt n 7p - n n 7p .
We can alternatively write
L0utp) = | Q) = Dt p)[Xa(p)]
dt”7p_dpuzo”’”ﬂ’p_ n\l, P)|An(D)]-

Let n,m € N. By the continuity of the flow map, we may assume without loss of generality that
p € Uy N Hst(nvm) n gs"+(nvm).1 - The argument below involves taking two derivatives, which
leads to a loss of n + m derivatives. By assuming additional regularity for p, we are able to
perform the following calculations in H*~™ N H =1, Let t,r € [=Tp,Tp) and define

a=Q,(t,p) b=Qpn(r,a) c=Q,(—t,b) d=Qp(-rrc).
Our goal is to prove d = p, for which it suffices to prove %d = 0. We write

%d = %Qm(—n Qn(—=t, U (1, Q2 (t,))))
= DQp (=1, ) [DQy (=1, 0) [ X (0)] — X ()] -

Due to the polynomial structure of the vector fields X,, it is easy to see that X,, € C1(H* N
Hs Y HS=" N HS ~™1). We define the Lie bracket [X,,, X,,,] € C(H* N H*"Y; HS=" N H® ~™) by

[Xons Xin](p) = DX (p)[Xin(p)] — DX (p)[Xn(p)] -

It is a direct consequence of Lemma 3.2.9 that [X,,, X,,](p) = 0 for every p € H* N HL,

Since b = Q,(t, ¢), to show cf d = 0 it suffices to prove for any fixed ¢ € UyNHsT(mVm)n g s'+(nvm).1

and t in a small neighborhood of 0 that
D (=, Q2 (t, ) [ X (Q0(t, )] — Xin(c) = 0.
We set b = Q,(t,¢) and calculate

d d d
D00 0)] = 5 5
d

T dv

;A=OQn (=, (t,¢) + pXm(Qn(t, )

a4
v=0dp lp=0

( — (= £, (0,0 + X (5))) + (= £, Ut + 1,¢) + p X, (D))
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F (= 1,4 p X (2t + l/,c))))

d
B @ w=0
+ DQu(~,b -+ X () 1D Xon (0) X (B)])

d
@ n=0

( = Dy (—t, 0 4 p X0 (0)) [ X (b 4 pp X0 (0))] + Dy (=1, b + 1.X, (b)) [ X ()]

— DO (1, b)[ DX () X ()] + (= DRu(—t,b+ 1 X (1) (X (0)]

o+ D (4, b+ 12X, (0)) X (B)]) + D=4, DD X (5) X, (B)]
= DOy (—t,b)[[Xom, Xn](b)] = 0.

3.A. APPENDIX: LINEAR ESTIMATES

For f = f(t,z) we write o (1,z) and f@ (t,€) for the Fourier transforms in only one variable.
We define

N
D®<R2) :D(R)®D(R) = {an@)gn:NENaf: (fl?"'?fN)7g: (gla-“vgN) GD(R)N}'

n=1

3.A.1. THE LOCAL SMOOTHING ESTIMATE

We assume the following properties for the symbol ¢ € C(R;R):

(H1) Finitely many distinct critical points. ¢ has finitely many critical points & < -+ < &,
ie. ¢ (&) =0ifand onlyif £ € {&1,...,&n}. We define in addition g = —oo and Ex41 = 0.

Set n; = p(&;). We consider the bijective restrictions of ¢ to the intervals (§;,&;41), on
which ¢ is strictly monotone, and denote them by

@i (&5 &i+1) — (@5,775) = ©((&5: §541))
by =5t @5, 0) — (&5, 6511)
for j € {0,..., N}. Here j; = n; Anji1 and 77; = n; V15 41. We write o = sign(y)) for the
sign.

(H2) Holder continuity at critical points. There exists a small > 0 such that for every
j€{1,...,N} there exist a; € (0,1) and ¢, @ > 0 such that for all n € (0,r)

an® < [j-1(nj — aj-n) =&l [ + oym) = & < Qn™ (3.A.1)
@™ < Gy (= o)l WG (g + ogm)| < QT (3.A.2)

(H3) Sublinear growth at infinity. There exists a large R > 0 and some § € (0,1) and
p, P > 0 such that for all n > R we have

pn° < |vo(=oon)l, [ (onn)| < Py’ (3.A.3)
pi’ =t < g (—oom)|, [¥y (onn)| < Pyt (3.A.4)
Because of (H3) we have 7y = —opoc and 7y = oyoo. Given any function f : R — C for which

the integrals below exist, we can perform the change of variables n = (&) by splitting the integral:

N
|1 ©i=30 [ rwman. (3.A5)
= n;<n<ii;
Sometimes we assume without loss of generality that oo = —1.

We further assume as given a symbol a € Lip(R;R) with the following properties:
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(H4) Boundedness and decay at infinity. There exist A, § > 0 such that for almost all £ € R
andn > R

|a(€)] + (€)]a (€)] + (n)° la(vo(~o0n)) — aln (oxm)| < A.

(H5) Monotonicity. There exists M > 0 such that for any 7 € R we can decompose R
into M intervals on whose interiors w&()ng and ¢’ are monotone. In particular, for any

j €4{0,..., N} we can decompose (7 V 7);,7;) and (7);,7; A7) into M intervals on whose
interiors the functions 7 — a(¥; (T"))

and 7+ ¢} are monotone.
We can freely choose R to be an arbltrarlly large constant and r an arbitrarily small constant,
both depending only on ¢ and a. The goal of this section is to prove the following theorem.

Theorem 3.A.1 (Generalization of [110, Theorem 3.5]). Let ¢ € C*(R;R) and a € Lip(R;R)
fulfill (H1)-(H5). Let a € L>®(R;R). Then

@) Do 5,7 ol (340
(wp/)(Dx)/O et =t)e(D=) (¢! ) At/ . Sea [ fllzrze (3-A.7)
L Ly
t
(a@/)(Dz)/o e t=eDa) £ (¢! ) dt! . Sea llfllzaze - (3.A.8)
Lo L2

Proof. We directly prove (3.A.6):

2 1 ) 5 ) . 2
/‘ CL|QO| 1tga(D) O(l')‘ dt:% R/Ret(wﬁ-&-tv(&))(a|(p/|§)(£)u()(€)d§
2
1 al . /
~ 3 / 3= 1 (0 1) s T 5 ) | ]
2
N
S [ 160 00 D@ v 0T o )0 0 A0
£

o[ 20 1 (eN|=1],
Swiine 2 [ OISO )] de
j=0"%
2
< luoll?s -
From (3.A.6) we know that (@|¢/|2)(D,)e??(P+) : L2(R) — LL?(R x Ry ) is bounded. The
boundedness of the corresponding adjoint yields the estimate

oo
(@l [F)(D2) [ 90 pit ) ar
0

SN,A ||f||L}CLf(R><R+) .
LEL2(R X Ry)

Consider now a test function g € Dg(RR?). We apply the above with @ = |a|2 and @ = sign(a¢’)|a|2
to obtain

/ / (ag')(Dy) / 0D £ 2y dY g8, ) de
0 R 0

o0 o0
:/ (\ago’ﬁ)(DgC)/ e_itlw(D“)f(t',x)dt’(sign(ag@’)mcp’\%)(Dm)/ et?Da) g (¢, x) dt dz
R 0 0

SN,A Hf”L;Lf(RXR+)||9||LiLf(R><R+) )

By duality, this implies (3.A.7).
For (3.A.8) we follow [110, §3]. This method is also outlined in [109, Theorem 2.3] and [106].

Consider the solution

¢
u(t,r) = / et D) p(¢! 1) dt’ to Dyu = @(Dy)u—if with initial data u(0) =0.
0
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Then

Define

= | [ G

which is formally another solution, although it may or may not fulfill v(0) = 0. Using Proposition
3.A.3 below, which states that one can change the order between P.V. and the integration w. r. t.

&, and 51gn = —z\[P V , We write
—i(ag’)(§) (7, )
3

! = L (23 1 itT
(a@") (D)o (t, ) = Jﬂ/Re P.V. m/Re Ty
= \/%/Reixéé/Rei(t—t,)w(f) Sign(t—t/)(agol)(f)f(z)(t/7f) di’ dg

1

= 5/(aw’)(Dx)e"(t*t')‘”(D“Sign(t—t’)f(t’,w)dt’-
R

~

drd¢

We obtain the decomposition
(ap")(Dz)ult, =)
=3 / (ag")(Da)e! =20 (sign(t — ') — sign(~t'))f (', x) dt
R
1 (> I 1 [ I
= (ag)(Da)o(t, ) + 5 / (ag)(Dy)e't=2Pe) £(¢/ 2y dt’ — 3 / (ag") (D, )et=t)2D) f (¢ 2y dt’ .
0 —00

These calculations are identical to [110, Proposition 3.1, Lemma 3.4] for p(¢) = £3. We can
estimate the integrals at the end with (3.A.7) and a corresponding version of (3.A.7) on R_, so it
remains to show that [|(a¢')(Dz)v| 12 Sae | fllL1z2. By Proposition 3.A.4 below, which states
that one may change the order between P.V. and the integration w. r. t. 7, we have

(a¢")(Dg)v(t, z) = % /Re“” P.V./Re“”5 _i(af/)(i)(g)(T’ 3 d¢dr,

and by Proposition 3.A.5 there exists some kernel K € L>(R?) such that

(@) Dooit.) = 5 [ 7o [ K= pn) O g ayar.

These propositions correspond to [110, Proposition 3.2, 3.3]. We use Plancherel’s theorem and
Minkowski’s inequality to obtain
2 3
dT)

<5 )3||K||Lw/</ FOr, |2df>ldy

Sea lfllzrrz -

I (D)ol = o (

/ K(z -y, 1) (r,y) dy
RIJR

Lz

O

Remark 3.A.2. One may wonder whether it is possible to directly obtain (3.A.8) from (3.A.7) by
a Christ-Kiselev type lemma. Applying the original Christ-Kiselev lemma from [50] would require
a bounded operator L?LY — L2L°. A reversed Christ-Kiselev lemma is given in [{1, Theorem B]
for bounded operators LP* LT — LP2L¥ with p1 V q1 < p2 A q2. In our situation p1 =1, ps = 00
and q1 = g2 = 2, so we are in an endpoint case.
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Proposition 3.A.3 (Generalization of [110, Proposition 3.1)). Let f € Dg(R?). Then for all
(t,x) € R? we have

: z(JLE—i-tT a’(p )(5) N — i€ 1: itT (a’@/)(é-) Iy
glir(l) // o -1 (r,8)dedr /Re il{r(l) / e o -1 (r,€)dr d¢.
e<le(@)—-TI< e<|e(€)—-TI<t

Moreover, both terms are finite and both limits exist.
Proof. The proof is essentially identical to that of [110, Proposition 3.1]. It suffices to assume
that f(t,z) = h(x)g(t). Then

. ir (a9)(§) 2 _ w it
o ! T A = OHE )

where H denotes the Hilbert transform. Since H : D(R) — L*°(R), the integral

[ e O ame(e) de

is absolutely convergent. Define

* w
H*[w](z) = sup He[w](z) = sup / W) dy
e>0 e>0
e<|z—y|<i
and recall that lim.\ o H.[w](z) = H[w|(z) for almost all € R, and furthermore that H* :
LP(R) — LP(R) is bounded for 1 < p < co. Now consider

e tT)MAT = [ ¢ (a'h TE(r
// ' ol — 7 (19 déd /R (ag'h) () H[e"g(7)]((8)) dg

e<|p(&)—T|<t
_ / ¢ (ap'h)(€)(H — H.)[e" g(r)](p(€)) dé
=) —-(IL).

It remains to prove that lims\o |(I1;)] = 0. We have

/ i) (ah) (; () (H — H) [ G(r)](n) dn .

Since a,h € L®(R) and |(H. — H)[g]| < 2H*[g] is bounded on LP(R), the claim follows by
dominated convergence. O

Proposition 3.A.4 (Generalization of [110, Proposition 3.2]). Let f € Dg(R?). Then for all
(t,x) € R? we have

: L(1€+tT) a@ )(5) _ it 1; xé (aspl)(f) Iy
e<le(©)-rl<z e<lp(§)-Tl<i

Moreover, both integrals are absolutely convergent and both limits exist.

Proof. The proof is again almost identical to that of [110, Proposition 3.2]. In Proposition 3.A.3
the first limit is shown to exist, using that for g € D(R) the limit Hg|(z) = lim.\ o H:[g](z)
exists for almost all z € R and that H*[g] € LP(R). Both the statement and the proof of this
proposition are analogous to those of the previous one, except H, H. and H* are replaced by
K, Ke and K£*, defined by

= [ S0 Kialr) = KLl Klal(r) = sup L0
e<|p(§)—7I<z
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The key steps in the proof are therefore the existence of the limit K[g], and K*[g] € LP(R) for
1 < p < oo. We write

Lo s (mag)(;(n))
n—T

-3,

7=0

dn.
e<|n—r|<i

Since ¢ € L (R), it suffices to prove that g oy; € LP((%;,1;)) for 1 < p < oo and use known
properties of the Hilbert transform. We have

7 Ej+1
o [ latsopan= [ g©re©de.

j &5

so our assumptions ¢ € C*(R,R) and g € D(R) are sufficient. O

Proposition 3.A.5 (Generalization of [110, Proposition 3.3]). For functions ¢,a satisfying
(H1)-(H5), we define

Kc(z,7) = / AL (ag )(E) df K(z,7)= gi\r‘%KE(z,T).

e<|p(&)—T|<L

Then there exists some gy > 0 for which the family { K. }ocece, C L‘X’(RZ) s bounded. Furthermore,
the limit lim, 0 K.(z,7) = K(2,7) exists for all (z,7) € R* and K € L™(R?).

Subsequently, for any f € Dg(R?) and (t,z) € R* we have
. L i\ J)\S ) ( )(g) Y L _ A(t)
i [ e g o [ K-y (GA9)

e<lp(®)-Tl<t

Here the proof requires some notable modifications from that of [110, Proposition 3.3]. This stems
from the fact that the change of variables n = () is much more involved. In fact, after stating
the following Van der Corput type lemma, we shall devote the rest of this section to the proof of
Proposition 3.A.5.

Lemma 3.A.6 (Van der Corput type lemma). Let f € C1([a,b];R) such that f' is nonzero and
monotone. Then
b
/ iz f(x) dx

If some function g € Lip([a, b];R) has the property that [a,b] can be decomposed into M intervals
on whose interiors g is monotone, then

b
/ @ g () da

Proof. The first classical estimate follows from integration by parts and the monotonicity of the
function ﬁ The second estimate follows similarly from integration by parts and the same

4 1
< — sup

ER TSR

12M
< B sup lg(@)l,  VzeR\{0}.

- | | z€la,b] |f( >|:1:€ab

monotonicity trick to write ||g’||£1([q,5)) = [9(b) — g(a)]. O

Proof of Proposition 3.A.5. We first notice, given the uniform boundedness and convergence
results on K., that we can obtain from Plancherel’s theorem the representation

[ el R ga- [ K- pn O, @A)

1
e o(&) —

e<lp(&)-Tl<t

which implies (3.A.9) thanks to the dominated convergence theorem.
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Thus it remains to show the uniform boundedness of (K_)o<c<c, C L>(R?) as well as the pointwise
existence of the limit as ¢ — 0. Recall that

Ly e (@) LN~ it () U5 ()
KE(7 ) / 90(5)_7-(16 ]Z::O J / n—1 dn.

e<|p(§)—T|<2 e<|n—7|<2

n; <n<1;

Once the uniform boundedness is established, an inspection of the proof reveals that the convergence
of all integrals is either trivial, in cases where the integral has no singularity for sufficiently small
g, or follows from dominated convergence. All integrals corresponding to the latter case are indeed
estimated by exhibiting an integrable majorant, as opposed to using oscillation, i. e. Lemma
3.A.6.

We recall that » > 0 is an arbitrarily small constant and R > 0 is an arbitrarily large constant.
We consider the strip (7 — 7,7+ 7). For every 0 < j < N exactly one of three cases below holds
true, and we aim to show in each case the integral

ez QWi (M) (3.A.11)
n—rT
5<\7777'|<§
n;<n<ii;

can be estimated uniformly in 7, z, and &, by use of the hypotheses (H1)-(H5). After the following
case distinction we shall discuss each case, except the trivial case (a), in detail.

(i) The continuous case (1 —r,7+ 1) N (7;,7;) = 2.
(a) The continuous bounded case j ¢ {0, N}. Here we integrate a continuous
function over a bounded domain. This case is trivial, since for any finite interval I
with [ — 7||, > r we have

; Lij—r>e J
/ewj(n) {ln—rl>e1a(¥; () an| < —AIII, (3.A.12)
I n—r r

where the right-hand side is uniform in z, 7, €.

(b) The continuous oscillatory tail case j € {0, N}. Here we have to combine the
oscillation with the % decay to bound the integral. By using (a), we can furthermore
assume without loss of generality that the integral ranges over the intervals (R, 00)
or (—oo, —R), where R = R(p) > 0 is arbitrarily large.
(ii) The non-critical point case (7 —r,7 +7) C (7);,17;)-
(¢) The non-critical point singularity bounded case j ¢ {0, N}. Here we have to
use oscillation as well as cancellation to bound the integral.

(d) The non-critical point singularity oscillatory tail case j € {0, N}. Here
the singularity is possibly far away in the oscillatory tail. This can be reduced to
a combination of (a), (b) and (c), but it requires an improvement of (b) as the
oscillation in the integral may become weak far away from the origin.

(iii) The critical point case (7 —r, 7+ ) N (7;,7;) # @ and either n; € (t —r,7 +r) or
Nj41 € (T—r,7+7r). This case always comes in pairs, meaning that if n; € (7 —r, 7+r), then
j—11is also of the critical point case: (1—r, 7+7)N(7;—1,7;—1) # &, and if ;11 € (7—r,7+7)
then j + 1 is also of the critical point case: (T — 7,7+ 1) N (j+1,7j4+1) # 2.

We assume without loss of generality that n; € (7 —r, 7+ 1) and furthermore that o;_; = 1.

Then o; = —1 if and only if §; is a strict local maximum. If o; = —1 we decompose
/ eiz¢j,1(7]) a(wjfl (77)) d'f] _ / eizwj (m) a(’d]j (n)) d'r]
n—7 n—T
e<|np—7|<i e<|n—7|<i
i <n<ilj_1 05 <n<ii;

= /T_T' et#%i—1(n) 1{\W—T|>E}a(wj*1(n)) dn — /T_T g3 () ]l{|n—7—\>s}a('¢)j(77)) dn
—_— n—r ni+1 T
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75 ) ]l _r . 15 A ]1 —r ;
+/ et#vi-1(n) {In |>;}j’(:—% 1(77)) dTl—/ RELIIC) {In |;€_}GT(¢J(77)) dy

)

and if o; = 1 we decompose

[ et g [ et

-7 n—r1

e<|n—7|<d e<|n—7|<t

Mi—1<n<fj—1 T <n<ii;

_ /Tﬁr eizti—1(n) ﬂ{ln—r\>s}a(¢j—l(77)) dn + /nHl izw'(n)]1{‘77*T|>5}a’(,(/)j(n)) an
nj-1 n-=r =T
LER pi {|n T\>e}a(¢j 1 ]l{|17—7'\>5}a(7/)j(77))

+ [ e / v .
T—T n—r nj n—r

In both cases the integrals in the first line have | — 7| > r and can hence be treated with
either (a) or (b), depending on whether the integral is over a bounded or unbounded domain.
The remaining integrals need further case distinction.
e) The singularity near critical point case ¢; = —1 and 7 < ;, or o; = 1. Here
the integral has one or two singularities in close proximity to the critical point.

f) The almost singularity near critical point case o; = —1 and 7 > ;. Here the
integral has no singularity, but can be arbitrarily close to being singular. This case
is easier than the previous one.

g) The singularity at critical point case 7 = ;. This case is strictly more difficult
to deal with than certain sections of the integrals to estimate in the previous cases,
so it serves as the prototypical case.

Figure 3.2.: An example for ¢ and some of the aforementioned cases.

7 ()
S S OSSR e 4]
v | r | O
,,,,,,,,,,,,,,,, ,,,,,,,, T—r_. l/—'\l(f) ,,,,,,,, ,,,,, U
L@ | @ @)
AT (@) | @ : :
o | | | ¢
R4 2 & & R
(b)

We now enumerate all nontrivial cases and perform the necessary estimates, assuming here without
loss of generality that z > 0.

(b) The continuous oscillatory tail case. For high frequencies it suffices to estimate each tail
individually, but for low frequencies there is little oscillation, and instead cancellation between
the two tails has to be exploited.

We assume without loss of generality that g = —1 and distinguish the cases oy =1 and oy = —1.
If oy = 1, then we have to bound the quantity

7/00 izo(n Wo( ) dn+/R cizton () AYN (1) a(n(n )) .

R -7 n—r1
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On the other hand, if oy = —1 we have to bound the quantity
[eS) —R
_/ JRETNE) a(o(n)) dn — / N () a(¥n(n)) dn.
R n—r —00 n—r
That is, we aim to estimate the following quantity
/OO iz1p0(n WO( )) 77 /OO eizz/)N(o'NT]) a(wN(UNn)) d77
R n- R N —ONT

Since we are in the case where there is no singularity in the oscillatory tail, we have 1 < R —r
and ony7 < R —r. Then for all n > R we have

1 1 1 1 1
< (1414 ')g 1+ ——— | = Spw - 3.A.13
‘n—f ( =T 1)y ( R’Er—l>n " (3.4.19
1 1 1 1 1 1
= <141 <1+ —)=<u, = 3.A.14
‘n_UNT _< + Lionr>0} 027_1>n— +R1Er1>n~R7 " ( )

We decompose

/OO eizwo(n) a(wO(n)) d77 _ /OO eiz¢N(0N7]) a/(wN(O-Nn)) dn

R . n—r R n—ONT N
:/R piztn (on) (a(;ﬁi(:]_)) B a(:?ﬁfi(gjl\\::))) dn+/R (eiwo(n) _ gitn gNn)) (n?ﬁi(T))
— (1) + (1)

and directly estimate
ONT — T

(DI = /R (n—7)(n—onT)

< / Tl 1y ’
~SAR,P, 77NR 5
"Jr on? gt g

a(o(n)) — a(¥n(onn)) ‘ a
(n—onT)

If z = 0 then (II) = 0, so we assume z > 0 (we have assumed without loss of generality z > 0). We
split the interval (R, co) into (R, RV z_f%) and (RV z_%f,oo)‘ For the finite interval, we estimate

1

/sz B<eiwo<m_ szon(onn ) 2L00() aWo) 4| < /R [Yom)] + ontowml 4

R n—rt R n—r7

[RV2"7,00) = | J2\, 2 U[RV 277,28),
=L

where L € N is the unique integer such that 2X- < RV z 5 < 2L, Now we use the oscillation

with Lemma 3.A.6 to estimate

oo

D

=L

glt1
/ (eiiﬂbo(n) _ eiZwN(UNn)> a(to(n ))
2l

— T

oL

+ / (eizdlo(ﬂ) _ eiZwN(UNTI)) a(to(n )) dn
_1

Rvz B n—
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1 o0
SM,R,Arp 2 (Z oUHDA=F)o=l 4 oLO=-B) (R v z_/lf)”)
=L

1 & .
< - 27Bl 712(175)[1 R\/ -3 —1
< (1 sty

I=L
-B 1-8
< <(2L(R\/ z‘%)*) + (2L(R v z‘%)*l) > <1,
Here (H5) implies the monotonicity condition that the lemma requires.

(c) The non-critical point singularity bounded case. Due to (3.A.12) it suffices to estimate
the integral (3.A.11) on (7 — r,7 4+ r) instead of the whole interval (7;,7;). In fact, the interval
(1 —7',7+1") where r' = % suffices, since the case (iii) takes care of the integral near a critical
point. We have ensured that we are not close to a critical point and hence sup, ¢ (;_,/ 4,y [¥5(n)]
is bounded uniformly for small 7, i. e. |7| < R. On the other hand, (H3) ensures boundedness for
|7| > R. Another control quantity is sup,c (-, 4. Wl(n)l’ which is bounded uniformly in 7 for

|7] < R only.
We have

’

T Lo, a(; L ) 1
[ e amrd W) g - (€= a4 m) = = Day (e =) .
T—r! €

n—T
The Lipschitz property yields
’ 1

T iz (T iz (T— 1
[ (a4 ) = e atu (=) dn| Sams s [l

ne(r—r’,7+r’)

If zr’ < 1 then we are done, so we assume zr’ > 1 and aim to estimate

’

L T (=T Mauy (7 + ) = =5 Dafyy(r ) % d.

Here we apply Lemma 3.A.6 to each summand, using that 1); is strictly monotone and that

M only changes monotonicity less than M times by (H5). This yields

’

o 1
/ &= TE g (3 (r £ )~ dly
1 n

< 1
~SM,A sup .
ne(r—r’,7+r") |¢§ (77)|

Note that the right-hand side may grow with 7. This is acceptable as we are in the case j & {0, N},
i. e. there exists some fixed large R such that |7| < R, but it needs to be improved for the case
(d) below.

(d) The non-critical point singularity oscillatory tail case. In this case the singularity is
far from the origin in the oscillatory tail, i. e. |7| > R. Note that now j € {0, N}. We assume
without loss of generality that 7 > % > R, and correspondingly that o; = —1 if j = 0, and
oj = 11if j = N, as otherwise there is no singularity in the oscillatory tail. We would like to
separate the singularity from the oscillatory tail. This requires us to revisit the proofs of (b) and

().

Note that in (¢) we have treated the singularity on a smaller interval (r—r’, 74+7'). Correspondingly,
we now estimate the integral (3.A.11) on a larger interval (1 —7r,7+7r) C (R, o0). We decompose

(a4 ) a0 < d
Tr 1 ™., ) 1
= [ e a4 ) = sl =) [ (0 o oty - ) .

£

The Lipschitz property yields

TT . ) 1 _ _
/ ezzw;(r-lrﬂ)(a(wj(T +n)) —a(y;(r — n)))g dn‘ SapTr ( sup )(77/3) Lp8-1 <p1
€ ne(r—rr,7+7r
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and

T1-F

TrAT ; ) ) 1

[T (e oY) | S s Pl
n

€

ne(r—rr,7+77r)

T8
z

If

< 77 then there is a remainder, which we estimate using the oscillation, i. e. Lemma 3.A.6:

1 5 Z
Smap s s TP
z ne(r—rr,7+771) T

™ 1z (T 1z (T— 1
/THB (6 Uy (T4m) _ iz ( m)a(wj(r—n));dn

z

<1.

As before, (H5) supplies the required monotonicity assumption.

We now modify the proof of (b) to deal with the remaining oscillatory tail in the integral (3.A.11)
with j € {0, N}, where the interval (7 — 77,7 4+ 7r) around the singularity has been removed by
the above consideration. We again assume that og = —1 and distinguish two cases. If o =1 we
have to bound the quantity

/T—‘rr eisz(n) M dn B /T—TT 61'21/11\1 (m) M d
R

n
R n—r n—T
+ / eizwg(n) a(?/JO(n)) dr] . / eisz (m) a(wl\/ (77)) dna
T+TT n—rt T+TT n—r7
while if oy = —1 we have to bound the quantity
T—TT —R
/ izo(n) a(o(n)) dn + / et=Un () a(n(n)) dn
R n—r7 —T4TT n—r
[T ) g [ i s
THTY n—t —0 n—r
—T+Tr
+ / elsz(n) a(wN (77)) d77 )
—T—TT n—7

We can directly estimate all the above integrals which have finite domains as in (3.A.12), as the
size of the domain is always bounded by 7 4 7r, while the integrand is bounded by %. Unifying
the remaining integrals for oy € {—1,1} as in the treatment of (b) before, it remains to bound
the quantity

/°° FEOC ) /°° gt AN OND) @
T T+TT

+77r n—r nNn—ONT
_ /Oo =¥ (onm) (a(ﬂfo(??)) _ a(le(O'Nn))) dn + /oo (62'21110(77) _ e’iz’l/JN(O'N’U)) a(to(n)) dn
T+TT n—t —ONT T+T7 n—r
— (1) + (IT).

This requires adapting (3.A.13)—(3.A.14). For all n € (7 + 77, 00) we have

< (14 1 1< 14 1 1< 1+1 1 1
- 1—1))n~ e IV r)n n+T

Both terms (I) and (I7) can now be estimated with the same method as in (b).

<

‘ 1
n—T n

(iii) The critical point case Outside the interval (7 — r,7 + 1) we have |n — 7| > 7, so the
integrals over these sections can be estimated as in (3.A.12) if the interval is finite and (b) if not.
It therefore suffices to consider the integral over (7 —r, 7+ r). Here we shall describe our approach
to the cases (e), (f) and (g) with the help of Figure 3.3. We assume without loss of generality that
Oj—1= 1.
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Figure 3.3.: Six possibilities for the cases (e), (f) and (g) when o;_1 = 1.

2): () & @3): () Y
————————————————— T4 e e e o & Rt it i a4
U \ :
T : T =1 : T
""""""""" 27-_77] : | nj
——————— S i A Sl okt Sl ————/40-— ------T-—T
5): (g) & (6): (e)
j———-T—&—r e e T+ ————————:— ——————— T+T
n; ://f ------------------- - )Z ------ 2y — 7
T : T =15 : T
------------------- 2T—’I7] | +
] ]

We refer to different parts of the integral to estimate as “sections”. The orange sections contain
the singularity, so cancellation of the sections before and after the singularity is crucial. Note
that in case (1) cancellation between the orange section before the point (£;,7;) and the one after
(&5,m;) is not necessary. We perform the proof only for the section to the right of (¢;,7;) in (1),
as it is representative of all other orange sections. All blue sections need to be considered in pairs
consisting of a section to the left of (£;,7;) and one to the right, in order to exploit a cancellation
of the form [e!® — e¥| < |z| + |y|. Here the cases (2) and (5) are strictly more difficult than the
other ones, because the sections we integrate over go all the way up to the singularity. We treat
them as representative of all the other blue sections.

Define b = n; — 7. In the case (1) we have 7 —r < 7—b <7 < T+b=1n; < 7+r, and the integral
to estimate is

T+b . T+b .
/ eizzpj,l(n)]1{\n—7|>s}a(wj—1(77)) dn*/ eiwj(n)ﬂ{\n—r|>s}a(w1(7])) dny
T T—b

_b n—rT n—T

As mentioned before, we estimate these two terms individually and with the same technique, so it
suffices to consider the case of ¢;. Here

/”gmmmmWﬂ»wwmmd

—b n—rT

n

b
= [ (= (w4 1) = € Datus(r ) < dy

g

b
= [ (e = (b= ) = €= D gy — 6+ ) .

€

To simplify notation, we assume without loss of generality that n; = 0 and replace ¥;(n) by
1j(—n). This means that ¢;(n; — (b £ 7)) is replaced by 1;(b £ 7). We decompose

[l )= Dt 0=
c n
b b 1z § b _ iz j b—
:/ eizwj(b—n>a(¢j(b+77))—a(wj(b—n))dnJr/ eizi (btm) _ gizp; (b—n)
e n e n

dn

a(;(b+mn))dn.
The first term can be directly estimated:

/Hdww+n»mw<
€ n

B b n
=gy < [ [ s peg-s lanan

b b b
= [ ool [ anasae [ ornrtn(L) a

lyl
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2
1 1
gba/ - 1n<> dy <pa 1.
o ¥ \ly—1

To estimate the second term, we first suppose that bl% < b. Then (H5) permits application of
Lemma 3.A.6, which yields

b
‘/1 pizt; (bn) a(%(i’?i 1)) dn
bl—«

1 1
Smag— sup  (bEp'T sup -
Zne(bl,:a’b) nE(”;“,b) n

z
o <1.

S (Qb)l_a

N | =

. . . . l-a -« .
The remaining interval is (5, eV %), SO we assume € < b7 and estimate

pl— . . pl—or

Tz elz'(/)j(b'i'n) — ezz"[)j (b—ﬁ) Tz a w b _|_ fr] n X ) .

/ ; a(h;(b+mn))dn| = / a(@(b+m) J(n ))/ etz (b+ y) dy dn
€ € —n

pl—a -

pl—a

= ) = (b +
_ / - ezzwa(b+y)lzw;(b+y)/ Mdn dy
- evly| n

z = bi-e b= 1
< - 1 )4
A fima / bty "g( z Iyl>‘ ’

1
1 1
(s
-1 (1+55) \tl

Note that at the end we have used b*z > 1. It remains to deal with the case b%z < 1:

b b ‘
_ |/beizwj(b+y)iz¢;(b+y)/ a(¥;(b+mn)) dn dy

pl—o

/b etz (b+n) _ giztp;(b—n)
c n

a(j(b+mn))dn

Vlyl n

log(&) ‘ dy <, 1.

< 1/b pl—a
A ) byt

In the cases (2) and (5) we have 7 —r <7 =1n; <7+ r and 0;_1 = 1 while 5; € {—1,1}. The
integral to estimate can be written for both cases as

T—¢€ T+o,;r X
/ 61’211)]',1(77) a(qu—l (77)) d77 + / eizwj () a(quj (77)) d’l]
T—r n—r7 T+o € n—t
= /T (eizwj(nﬂro’ﬂi) _ eizwj—l(nj*ﬂ)) a(h(nj + o;1)) dn
€ n

n /T ety (ny—n) A3 (0 +03m)) — a(¥j-1(n; —n)) dn

1
= (II1) + (IV).

We have

‘(IV)|§A/ |¢J(”J+O—Jn)_€ﬂ+£]_qufl(nj_n)'dnsQ/ idnsal
[ n o 7N

It remains to estimate (II7). Assuming without loss of generality that ¢ < z_i, we can
immediately estimate

Q=

1
/Z (eizwj(nj-i-o’jn) _ eizd)j,l(nj—n)) a(l/’j(% + Jjn)) d’l’] gA,Q Z/ nal dn
€ n 0 n

<a z(zfé)a =1.
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If z—% > 7 then this is the whole integral, so we assume z~% <rand decompose

L—1
[z7,r)= U [r271=1 r27hyu [zfi,ﬂ*L),
1=0

1
where L € N is the unique integer such that 271 < == < 2-L. With (H5) we can use the
oscillation through Lemma 3.A.6 to estimate

—1

r2
/ (eizwj(anrajn) _ eizwjfl(nfm) a(;(nj +o;m)) a
r2—l-1 n

L—-1

=0
ro— L
/ (eizw;‘(ﬂj-ﬁ-am) _ ei2¢j71(171—77)> a(y;(n; +o;n)) dn
1
z « n

+

L—1
SM.Agq i(Z(TQI)la(TQZl)l + (TQL)IQ(Zi)1>

=0

L—1 —a 1-a
< (1 R +Z;—12<a—1)L> <. <(2—in) + (2‘Lz§) ) Sra L.
z

=0

3.A.2. THE MAXIMAL FUNCTION ESTIMATE

Let ¢ € C3(R;R). We assume that there exists a large R > 0 for which the following hold.
(J1) There exists some A > 0 and n > 1 such that

W' () = R=|¢'(§)] < Alg]" "
(J2) There exists some B > 0 such that
1
PO =2 B=1¢'(O)] < F1& ()]

(J3) We have

< 00.

90///
E
¥ (L2nL>=)({|¢'(€)|>R})

(J4) There exists N € N such that |(¢’)~1({n}) N {|¢'(€)| > R}| < N for all n € R.
(J5) There exist E,r > 0 such that for all R > R we have

Vi
+5
L ({|¢'(&)|>R}) ¥

1 3
SR SIP(OI< SR = swp |¢"(6+ Q)| < ER'.
I¢l<r

(J6) We have lim¢|_,o [¢'(§)] = o0.

Theorem 3.A.7 (Generalization of [111, Theorem 2.7, Corollary 2.8, Corollary 2.9]). Let
© € C3(R;R) satisfy (J1)-(J6) and let a € L=(R;R). Let T > 0. Suppose b = b(t,£) €
CY([-T,T); L>(R)) has bounded support in &, uniformly in t. For any ug € D(R) we have

(NI

> sup  sup  |(a(Dr)e™ P +b(t, D)o (@) | St luoll 3 nzs s (3.A.15)
jez ST j<e<j+1

and consequently for any s > % \% an also

I(a(D2)e™#P) 4 b(t, Dy))uol| 2

)
xeRLte[—T,T]

ST,s,.0,0.0 [0l He - (3.A.16)
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We first recall another version of the Van der Corput lemma, whose proof can be found in [167,
pp. 309-311].

Lemma 3.A.8 (Van der Corput lemma). Let ¢ € C§°(R;R) and assume that ® € C?(R;R) with

| > A>0. Then
supp ¢

[ Oue | < 103 E (ol + 141, (3.4.17)

The proof of Theorem 3.A.7 relies on the following crucial lemma.

Lemma 3.A.9 (Generalization of [111, Proposition 2.6]). Let ¢ € C3(R;R) fulfill (J1)-(J6) and
let 1 € C*°(R;R) with suppt C [28=1 25+1] for some k € N. Let T > 0. There erists a constant
¢ = c(p) > 0 such that the following pointwise estimate holds:

/Re“w(@”@ws) €| S Hy 7 @) (19" e + 19| + [¥ll2),

sup
[t|<T
where
2k x| <2TR
H M) = { 25 || 2 2TR < |z| < T2k (3.A.18)

1+ =)' |z > T2V,

Proof. We may assume ¢ € (0,71, z € R. If |z| < 2T'R we estimate

[ ooy dg’ < 22— Y b e = 25346 e
R

We therefore assume || > 2T'R > 1 and define

0= {2 o ol < |
Q= {ﬁ € [2F71 2R L 1t/ (6) + x| < |§|}

Note that £ €  implies

1|z]

, 3
31 <le (£)| < 7|«T|

=2t
and furthermore that |z| > 2T'R and t < T ensure Llz] > R. Since R > 1 can be chosen arbitrarily

21
large, we are in a regime where |¢’(£)| is large and hence (J1)-(J6) may be applied.

Let n € C°(R;R) with suppn C  and n|§ = 1. We know that ||n]|r~ < 1 and now prove

furthermore that it is possible to choose n so that ||n|lp~ <, 1. We do this by showing

Q2+ B,(0) C Q for some small radius r > 0 independent of ¢. Let 0 < |¢| < r and £ € Q. Then
||

[te' (€ +¢) + x| < 5t |srlp " (€ +a)l.
a|l<r

With (J5) we obtain

tr sup |¢" (£ +a)| < trE‘ac|
la|<r t

= Erfz],

so a choice of r with Er < % suffices.

Since (J4) implies that © and Q can each be written as unions of 2N + 1 or fewer closed intervals,
there exists a choice of 1 for which also ||n/||z1, [|7”||Lr S 1. If € € suppn C €, then (J2) implies

! B B
(0 (&) +28)"] = 1" (©)] 2 tB]S”f)] > ol By,
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We apply (3.A.17) to obtain

/IRE"““"(@”@(W&) de| Sp 25 |2 2 (| () |r + Imlloe) S 25 J2] "2 (1|10 + 1]l o) -

On the other hand if £ € supp(1 — 7), then

lz|

|(tp(€) +x8)| = [t (€) + 2| > 3

Due to ¥ having compact support we can perform the integration by parts below without any
boundary terms appearing. We estimate

[0 - nue ag

/Rei(w(ﬁ)wﬁ)af(t(p/(;)+x8£< ,(51)+x((177)¢)(5)>)d€‘
[ mnr -,
supp(1—n)

(t¢’+w)
+/ 3t (1 — ) (te' + x) — t” (1 — n)p) ae
supp(1—mn) (tgp’ + l’)4
1 t " t 11\2
sarli+ ] H oo
] to'+alipmg 19 +2le@ma 100 +2)? [ 0@\a)

(A =my) Nz + 1A =) er + 11 =)l )
1 2 T 2
SS"9c|2<<1+‘ <1_t¢’+w>

2
1" s i o1<ry + ||<P"||(L2m°°><w<a>gRD) (" s + 19 zraz + [¥llz) -

"

¥

S0/

H /l
L ({le" (O)1=R})

L20L°°)({Iw’(€)>R})> L= (R\Q)

Here we intersect R\ with the sets {l¢'(§) < R} and {|¢'(€) > R}. We apply (J3) to estimate
the norms with |¢'(€)| > R, and (J6) together with continuity of ¢” and ¢’ to estimate the
norms with |¢’(§)] < R. We have shown that

/Rei(”(f)”@((l —m¥)(E) df‘ Se 212" e + 19 rne + llze) -

In summary,

/Rei(“"(@”@w(ﬁ) d&' S 28173 ([0 llon + [l zoe) + o 729" o0 + [0 llzs + [19]] <)

Eo_1
St 22 |2 72 (197 o + 1Y [ nrnne + 9] z) -

Note that for all £ € suppt C [2F71, 28F1] we have

te'©)]

1 Jl)
lz[  — 2

1
[t (&) + 2| < Sz = = |a| < 27420 DD,

so we can choose a constant ¢() so that in the case |z| > ¢(¢)T2("~V* only the term with decay
|z|~2 appears. Since in this case |z| > ¢T', we have |z|7? Sr, (1 + |z]?) 7L O

Proof of Theorem 3.A.7. The proof of (3.A.15) is identical to that of [111, Theorem 2.7], except
[111, Proposition 2.6] is replaced by our Lemma 3.A.9, and the time interval |¢| < 1 is replaced
with |¢| < T. The extension of the time interval is performed separately in [111, Corollary 2.8]
using a scaling argument, which yields an explicit algebraic growth bound (1 + T)?, p > % for the
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constant in the time T'. Since () is not necessarily homogeneous in our situation, this scaling
argument cannot be trivially generalized. As we do not need to know a growth bound for the
constant in T', we can simply skip this argument and work directly with [¢| < T.

The additional operators a(D,) and b(t, D,) are not present in the reference. In the proof the
claim is reduced to estimating an LZ(R)-norm of a linear function of u, and at that point the
weight a(€) disappears. The term involving b can be controlled by ||ug||r2 using the Sobolev
inequality. In this case the oscillation from the semigroup is not necessary, i. e. Lemma 3.A.9 is
not used.

The estimate (3.A.16) was shown for (&) = £[¢|"~1, n > 2 in [111, Corollary 2.9] with explicit
time growth bound C(g,s,T) = (1 +T)?C(s,n — 1), p > 3. The corollary is a consequence of
[111, Corollary 2.8], which itself is a consequence of [111, Theorem 2.7]. This theorem crucially
relies on [111, Proposition 2.6]. We have stated and proven a generalization of this proposition

above. The remaining proofs need no significant changes. Then (3.A.16) is a direct consequence
of (3.A.15).

O

3.A.3. FURTHER ESTIMATES
Here we use the standard Japanese bracket (£) = /1 + £2.
Lemma 3.A.10. Let s > 0 and p,q € [1,00) U{oc}. For all f € LPL] with |D,|*f € LEL} we

have
1 Dz|* fllzers S (D) fllzre S fllzes + 11 Del* fllzze - (3.A.19)
Furthermore,
(D)~ fllzzrs S I fllzeps (3.-A.20)
Similarly if s € [0,1) and 0, f € LEL}, then
{Da)* fllzre S flezre + 102 fllzers - (3.A.21)

Proof. Assume s > 0. For the first direction of (3.A.19) it suffices to prove that the multiplier

-~ (15) -5 (o>

k=0

yields a bounded operator m(D,) : LELY — LP LY. Suppose that f € S(R?*; C). By [57, Section
1.2.4] we have

(Dy) 2" f = Gag %, f

where the Bessel kernels Goy, satisfy ||Gak||p: = 1 for & > 1. Then the mixed-norm Young’s
inequality [84, Theorem 3.1] implies that (D,)~2* : LPL? — L2L{ is bounded with uniformly
bounded operator norm. Since the series in the definition of m(D,) is absolutely convergent, we
are finished.

For the second direction of (3.A.19) we decompose

(1—x(8)
m(€)

where x € C°(R;[0,1]) with x = 1 in a neighborhood of the origin. Since m1(§) = x(£)(§)* is
Schwartz, its inverse Fourier transform belongs to S(R) C L!(R). Hence, as above, the operator
my(D,) : LPL] — L2 LY is bounded. Similarly we have my € H', and hence its inverse Fourier
transform is in H%! C L', which implies as before that ms(D,) : LPL{ — LP L] is bounded.

()" = x(©)©) + (1 n - 1)|s|s = ma(€) + (1 + maf©)El°

The estimate (3.A.20) follows again from the fact that the Bessel kernel is in L!. Similarly one
obtains (3.A.21) by splitting low and high frequencies as before, and observing that the relevant
kernels are in L1, O
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3.B. APPENDIX: PROOF OF LEMMA 3.2.2
Definition 3.B.1. Let X be a finite-dimensional complex Banach space. We say that f: D C
R— Xis
(i) Smooth on D if it is infinitely differentiable on D.
(ii) Bounded smooth on D if it is bounded, smooth on D, and all derivatives are bounded.
(iii) Polynomially bounded on D if p~!f is bounded on D for some polynomial p.
)

(iv) Polynomially bounded smooth on D if it is polynomially bounded, smooth on D, and
all derivatives are polynomially bounded.

(v) Rapidly decreasing at oo if pf is bounded on D NRy for every polynomial p.
(vi) Schwartz at +oo if pf is bounded smooth on D N R for every polynomial p.

Proof of Lemma 3.2.2. Recall for Tt = I"i + F 4 the system

(Dx + 0,) (Q )rjfd(x,y) (3.2.15)
(92 = 0)054 (2, ) (Q )Ff(x,y) (3.2.16)
1
. - + _ 1 B
ygrjrzloof (z,y)=0 I'Sy(z,z) = 2(Q Qi )od () . (3.2.17)
We give the proof for the case &+ = —; the plus case is analogous.

Reformulation into integral equations. The first step is to write (3.2.15)—(3.2.17) as a system
of integral equations:

Fg<x,y>=/m (@) + @5+ 9 —2))Tgls s 4y — ) ds

—00

Foato) = 5@ (52 )+ [ (@)~ Qo= 9) Ty sy = 9)as.

We now fix K € N and consider the variables
Ty (r.y) = (05T (2,9))ozkex € (C¥2) T
(0s + 0y T (2,9) = (0 + 8,)050 (2. y))o<rex € (C2)F

for which the extended system of integral equations reads

9yT 4 (2,y) /OOZ 0( ) Q(s )+m)(6§—lrgd)(s,s+y—x)ds (3.B.1)

AT (o) = 305 (@ -0 (52) ) 3:8.2)

7=0 [1=0 s= 2Tty
and
k k .
00+ 0,04 () = - (}) 24 (@) + @-0)) @) ov) (3:8.3)
=0
(0, + 8,)05T, (. >=a’;+1(<cz Q. >(“y)) (3.B.4)
k+1

+2/w > ("7 )oh(@ - Qe y =) 0 s o) ds

=0
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Y ("7 7)o (e - @ty — )@ T sty )
2.2 SfT+y
o> (8) o -TTrr )@t e -]

Reduction to the proof of (3.2.18). Note that for £ > 1 (3.2.15)—(3.2.16) imply

k—1
(0z + 0y)" T (x,y) =

M

( ) (8, + B,)— 13 (Q(x) +c§*—(37))(az L0,V (2, )

k—1

(0 — 0y)* Toq(,y) =

L]

("7 1)@ -0 (0w - Q) 0. - 7T ).

j=

As a result, 0T~ can be written as a linear (in I'") combination of (0JI'~)o<j<k—1 and
(8L )o<i<k- It therefore suffices to construct O~ and prove the estimates (3.2.18)~(3.2.20) for
m = 0. Smoothness of I'™ then follows by an inductive construction.

Furthermore, we only need to prove (3.2.18), as the observation that our construction yields
lims oo ' (z+s,y+s) = 0 (see (3.B.10) below), together with (3.2.18), directly implies (3.2.20):

z+ty
O OET (2,)] < 0+ ]/ (0 + ,)0OET ) (s + % s — %) ds‘

(3.2§.18) c,(x + y)ef; c-(s)ds.
L1((—o0, 2]

<[ @ +anapasrys+ T s - LY

A claim on the properties at the diagonal. We begin by analyzing the behavior of (3.B.1)-
(3.B.4) on the diagonal y = x. Recall that we assume ¢ — ¢. to be Schwartz, and note that the
following “canceling product” of multiplication operators

(@) = Q1)) Q) + Q1)) = Q@)* = Qu()® = (la* ~ V(@) — (0.~ )(y)  (3B.)
is Schwartz if x = y. This is an essential source of integrability in our argument.
Claim 3.B.2. The map [x — (05T 7)(x, z)] is polynomially bounded smooth on R and Schwartz

at —co. Furthermore, ((9; 4 8,)05T ) (z,x) and (Q(w) +Z):(;5) (8T o4) (2, ) are Schwartz

functions in x € R.

Proof of claim. Specializing (3.B.1)-(3.B.4) to y = z yields

(8§_lfo_d)(s, s)ds (3.B.6)

OOl 0 y=x
k—1k—1—3 - o
(0T ), ) = %a’;(@ ~ea-x > (77, G.B.)
j=0 1=0
| o (Q(s) —Qu(zty— s)) (@F=1II0] ) (s, + y — 5)
and
k k .
(@0 40,040 = 3 (})oh() + @-00) | @ 'Tea) (3B.5)
1=0 v

_ 1 ogen N (ko
(024004 on) (0 0) = et @ - @) - 3 (V) (389
j=11=0
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9| 9,(Qs) = Qula+y—5)) (05 7T (s, +y — 9)

s=

Recall here that @ and Q. are bounded smooth and @ — Q. is Schwartz, which implies by (3.2.17)
that T, (z,2) = $(Q—Q.)(z) is Schwartz. Then I'; (z, z) is Schwartz at —oo and bounded smooth
on R by (3.B.6). By induction over k € N, using (3.B.6)~(3.B.7), it follows that (93T ~)(x,z) is
Schwartz at —oo and polynomially bounded smooth on R.

Even though we only know (95T7)(z,z) to be Schwartz at —oo, we can show that ((8, +
9y)05T ) (2, z) is Schwartz. We consider first (0, +9,)05T 1) (x, ). If 1 > 0 in (3.B.8), a Schwartz

factor 0LQ.(z) is present, so it suffices to consider [ = 0 and show that (Q(az)—l—m) (05T ) (z, x)

is Schwartz. Substituting with (3.B.7), we again obtain a Schwartz factor if any derivative from

85' or 8?5 falls onto (Q(s) ,m) In the final case, where this does not happen, we have
as a factor the canceling product (3.B.5), which is Schwartz. Therefore ((9, + 8,)0FT)(z,x) is
Schwartz.

Lastly, we show that ((8, +9,)95T,)(z, ) is also Schwartz. In (3.B.9) we see again that the only

difficult term is the one where no derivative from 9J or 8}, falls onto (Q(s) ,m) Since

7 > 1, we only need to consider terms where a derivative from 6‘3 has fallen onto (8’;*3' *ZFCT)(S, T+
y— 5)@:%’ i. e. there is a factor (0, +,)0F 7 ~'T7) (Zhy, 2E9)  Substituting (3.B.8), we again
obtain a Schwartz factor either from a derivative or the canceling product (3.B.5). O (Claim)

Well-definedness of (3.B.10) and proof of (3.2.18). The rest of the proof is more elegantly
written using the variables

Aga(z,y) =Tgq (@ +y,z—y) Ak oa(@,y) =Tk oq(@+y, 2 —y)

and Ag = Ag g + Ak oq. We are going to construct Ag via

xo
Ak (0, y0) = / (0K )(21,90) dz1 (3.B.10)
which implies
llm Ax(xo,y0) =0, Yyo > 0. (3.B.11)
o —0o0

We aim to estimate 9, Ak and show the well-definedness of (3.B.10).

Reformulation of J,Ax in terms of integral equations. The integral equations (3.B.1)—
(3.B.2) can be succinctly written as

o
Ak a(@o,y0) =/ @}(xhyo)AK,od(xl,yo)dxl (3.B.12)

Yo
Ak oda(zo,%0) = / Ok (0, y1) Ak a(zo, y1) dyr + Tk q (@0, z0) (3.B.13)
0

where

0% (z,y) = ((’;) 2750, ~ 9, (Q(a + ) % Qula — y)))M’KK .

The system of integral equations for O, Ax = 0y Ak q + Oz Ak oq is

(0x Ak ,a) (20, Y0) = /Oyo /_””0 (0y07%) (0, y1) (De Ak 0a) (1, 91) (3.B.14)

+ (05:0%) (20, y1)(0xAk.a)(z1,y1) dz1 dy1 + O (w0, 0)T'k oa (@0, T0)
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(@) 0) = | B INCERIEWATCR PRITN (3.B.15)
+ (0% 0%) (€0, 1) (0 Ak 0d) (1, y1) dz1 dyr + (82 + 0y)T ¢ oa) (X0, To) -

To obtain (3.B.14), we compute 9,,(3.B.12), apply the fundamental theorem of calculus (FTC)
over the interval (0, yo), substitute a term with J,,(3.B.13) and apply once more the FTC over
the interval (—oo, zg). Similarly, for (3.B.15) we compute 0,(3.B.13) and apply the FTC over
(=00, x0) for one term, while substituting with 9,,(3.B.12) for the other. Here we used the
vanishing property (3.B.11).

Construction of 0;Ax. We shall construct 0;Ax = 0y;Ak,q + 0z Ak 0a via the Neumann series
ansatz

Oxhk =Y Ouhicn.
n=0
We estimate the coefficients and inhomogeneous terms in (3.B.14)—(3.B.15) as follows:

e Observe first that there exists a positive rapidly decreasing function gx € Cp(R;R;) such
that the terms appearing in the integrals in (3.B.14)—(3.B.15), except 0;Ak 4 and 0y Ax od,
can be bounded using

Fr(z,y) = (10,0F%| + [0.0%| + 1050%| + [050%]) (,9) < g (z +y) + gx(z — ).
(3.B.16)

This uses the canceling product (3.B.5) when no derivatives are present. To be precise, there
exists a constant Cg > 0 such that

K+1
gx = Cx (1 + ||((IvQ*)||CbK(R)) <|Iq2 1+ [l =1+ Y [0kl + Ic’)fq*|>
k=1

is a valid choice for gg-.

o Recall now from Claim 3.B.2 that ©}; (zo, 0)I'% a0, w0) and ((9x + 0y)' o) (w0, T0) are
Schwartz. Formally, let F o denote the set consisting of two functions

Fico = {[(2,9) = 0@, 00 x gq(@0)], [(2.9) = (0 + )T o) (. 2]},

then any element fy(x,y) € Frk,o is a function independent of y and Schwartz in x, and
hence there exists a bounded function hx which rapidly decreases at —oo such that

Hfo('r7 y)‘lLiL?((*OO,IQ]XR+) 5 hK(xO) . (3B17)

If K =0 then a valid choice for hg is
o
ho(zo) = C(L+ gl + llg«l[z=) / (lg = ¢« +102(q — ¢.)]) da.

For K > 1 an explicit example may be constructed by tracing the proof of Claim 3.B.2.

We now study the iterated application of the integral operators corresponding to the Neumann
series ansatz for (3.B.14)—(3.B.15). For n > 1 we find that there exist sets

Fiem C Freo x {8,0%,0,05%,0L0%,0,051",

consisting of vectors (fo, f1,..., fn) of functions, such that

(aiCAK,n)(x()?yO) = Z /~-~/]l{wo>...>1"}]1{y0>...>yn>0}
(f07f17'~~xfn)€]:K,n

11 £, u5) fo(@n, yn) dap .. day Ay ... dys -

Jj=1
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We use the integrability of fo(z,,y,) in (3.B.17) to estimate the integral over dw,, in L. Next,
we use the n!-fold symmetry of the integral (resp. (n — 1)!-fold, when the L3°-norm is used instead
of the L} -norm) to obtain

(02K ) (21, Z/O)”(leLOO)ml((—oo,xg]) S hK(x0)|}-K,n|HFK||2££;((7oo,xo]x[o,y0])

[Frllyrs((—ocmolxfowol) | Ik |lLge L) ((—c0uo]x[0.0])
+ .
n! (n—1)!

Define the integral operator Zgx (z) = [ gk (s) ds. The estimate (3.B.16) implies
I Fx Nl 23 1 ((—00,20] % [0,0]) < L9k (o + ¥o)
||FK||L;L1},((—oo,:co}x[o,yo]) < I29K(~TO + o) — I29K($0 —Y0) -
Including the trivial case n = 0, we have shown for all n > 0 that

102 re,n) (2, y0) | (L1 ALY, (—o0,0])

2 _ 72 _ n
< CnhK(mo)<(I gr (o + o) n'I gr (o — yo))

72 o + _72 To — n—1
+]l{n21}IgK(fBo+yo)( 9k (Zo + Yo) gr (o — Yo)) >

(n—1)!

Summing over n > 0, we arrive at

2 2
02 Ak ) (@, Y0) (L1 L), (—ooza)) S P (20) (1 + Zgx (x0 + yo))eCE 9% (wotvo) =L arc(zo=vo))

Then Ag is well-defined in (3.B.10), and by the definition of Ax the estimate (3.2.18) follows.
O






CHAPTER 4

LoNG-WAVE KDV HIERARCHY APPROXIMATION OF
THE NLS HIERARCHY WITH NONZERO BOUNDARY
CONDITIONS

Abstract

We study the approximation of certain renormalized conserved quantities for the NLS hierarchy
with nonzero boundary conditions, in the long-wave regime, by the energies of the KdV
hierarchy. We extend this to all n € N by proving an approximation result for the transmission
coefficient of the Lax operator of the NLS hierarchy, which is a Dirac operator in the
nonrelativistic regime, by the transmission coefficient of a Schrédinger operator, which is the
Lax operator of the KdV hierarchy. This yields a formal approximation result between the
hierarchies, which we quantify using energy methods and previously established well-posedness
results.

4.1. INTRODUCTION
We fix N € N and consider the “N-truncated” defocusing NLS hierarchy *

§ NLS
i&t”q:/}{%f@) Vne{0,...,N} (NLS,,)
q
for a function ¢ = ¢(t,z) = q(to, ..., ty,z) : R¥T x R — C. Here HN'S are the Hamiltonians

of the NLS hierarchy, the first of which are

HYS(q) = /qqu (Mass)
R
HNS (q) = fi/ qq,, dx (Momentum)
R
My S (q) = /qlqu +¢*g dz (Energy)

HES (q) = /]R (Type — 40°Tq, — 429G° da
HY(q) = / Gr2Tpe — 60°Tpe — 5T — 649200, — 949220 + 26°T° dz .

We are interested in long-wave solutions ¢ of the form

2 X
q(t,z) = (1 + %(W+ - W_)(T,X)) exp G%/O (Wi + W_)(T,Y) dY) e?®  (41.1)

which satisfy the nonzero boundary conditions

lim q(t,2)e”™®) = ¢, where |gs| =1. (NZBCQ)

z—+o0

We use the rescaled space and time variables

dT,
X = \/551) T = (Tn)OgngN = (tn)
dtn 0<n<N

1Some authors define the NLS hierarchy to consist of only the even flows and refer to the odd flows as the mKdV
hierarchy.
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with

ATy, AT, _
2 — 9(v/2e)? ! ol (V2e) (4.1.2)
dta,, dton—1

where € > 0 is a small parameter. The functions ¢, 9 : RMT 5 R are assumed to depend only on

t, representing uniform-in-z phase rotations. We assume W, , W_ : RY* xR — R and use the
variable W = (W, W_) to denote the pair. In order to match NZBC for g, we choose for W the
zero boundary condition

lim W(T,X)=0.

| X |—o0

We are interested only in the dynamics of W. Define M = L%J Our main result is Theorem
4.1.12 below, which states that the behavior of the N-truncated NLS hierarchy with NZBC in the

long-wave regime can be described by the M-truncated KdV hierarchy
Vne{0,...,.M} (KdV,,)

for a function U = U(T, X) = U(Ty, ..., Tar, X) : R¥T1 x R — R. Here X9V are the Hamiltoni-
ans of the KdV hierarchy, the first of which are

V) = / UdXx (Mass)
R

EENV(U) = / U?dx (Momentum)
R

EXNVU) = / U% +20%dX (Energy)
R

EXNV(U) = / Uy + 10U2U + 5U* dX
R

EXNV(U) = / Uiy +14U% U + 70U%U? + 14U° dX .
R

Theorem 4.1.12 is stated below after further preliminary discussion. In Examples 4.1.13-4.1.20 at
the end of the introduction several explicit demonstrations of our main result may be found.

4.1.1. FrRoM NLS TO GP AND GP

Let us begin by recalling the defocusing nonlinear Schrédinger equation
iqt + Gox = 2q|q|? (NLS)
for a wavefunction ¢ = ¢q(¢,x) : R x R — C that satisfies the zero boundary condition

lim ¢(t,z) =0. (ZBC)

|z|— 00

It is closely related to the defocusing Gross-Pitaevskii equation

19t + Qua = QQ(|Q‘2 - 1) ) (GP)
which we associate with the nonzero boundary conditions

lim q(t,z) = g+ where |g&|=1. (NZBCQ)

z—+o0
Both equations are formally equivalent, as the transformation ¢ — e?*q maps solutions of NLS to
solutions of GP. It is preferable to work with the system GP-NZBC instead of NLS-NZBC because
solutions to the former system are stationary at infinity, which is not the case for the latter system.
When writing NLS and GP, we generally mean the systems NLS—ZBC and GP-NZBC.
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The Hamiltonians #N'° are formally conserved quantities for both NLS and GP, but ill-defined in
the setting of NZBC. We use instead an alternative sequence of Hamiltonians (Hsp)nz_l which is
compatible with NZBC. The initial ones are

Hs" (q) = / qq — 1dx (Mass)
R
HE"(q) = —i/ qq, dz (Momentum)
R
HS"(q) = / 04, + (g7 —1)*dz (Energy)
R

R

HiP(q) = / Goelse — 64°T00s — 57T — 640,00, — 94227
R
— 6,7, +2¢°7° — 6¢°7° + 6gg — 2da.

In this setting there exists an additional non-trivial conserved quantity: the asymptotic phase
change

HE (¢) = —ilogpr(q) )
q+

Here log,, denotes the principal logarithm.

We consider also another sequence of Hamiltonians (HSF),,>_1, which is defined by HS\ = HSP
and the equivalent relations

1

- n 1 n -

GP _ ) n—mao—"1,,— GP GP _ olg,— 2 n—ma-GP
Hop1 = E ( )4 27 = o, 1 and Mg, ) =270n=0) E ( )4 Hom—1-
n—m n—m

m=0 m=0

(4.1.3)
Here the initial odd Hamiltonians are
H () = 51 )
HEP(q) = —i /]R qq, dz — HE (q)
HSP(g) = i /IR Wpar — 4620, — 09T + 647, dz + 3H (q) .

These Hamiltonians play a crucial role in Chapter 3, which concerns the well-posedness of the

NLS hierarchy with NZBC. In principle, the Hamiltonians HS, ..., HSP have previously been
used? in [27, 28], but to the best of our knowledge® the authors were not aware of the “correct”
definition for all n € N. We elaborate on this in Section 4.1.3. They have also appeared in [120,
End of §1.3.4].

. . . . . o (N+1)X(N+1) _:
Using the invertible coefficient matrices ¢, . ¢, ,cp € R given by
2n,2m 2n,2m—1
PO =1y _ P = O
GP—GP {n=m} GP—GP
1
021/7,71,2771 _ O C%ZL*I,QWL*I _ 2]1{”:0} 2 4n—m
GP—GP GP—GP n—m

2They use the variables 9x© = 6(W4 + W_) and N. = —6(W4 — W_ + %(VVJr — W_)?), and their choice

of energies and momenta corresponds to ours with £,(N:,0O¢) = ’Hggp(W) and Ppn(Ne,O¢) =

18
(\/55)271,+1

ﬂ@%%gfﬁl (W). We have checked this only for n € {1,2,3} due to computational restrictions. Note
that (101) in the reference contains a term twice, which we understand to be unintentional.

3We base this on [28, Remark 4.7].
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and ¢ —1 we can write

eposcp = (Cpcp)

SHGP (5’HGP> (5HGP> SHGP
n =c ~ | —= -z = C — ‘
07 0<n<N SN 0T Jocnsn 0T /os<n<n e\ 0T 0<n<N

Let us also state at this point a relation between HN-> and HSP, which is a consequence of
(4.2.37)—(4.2.38) below (see also [71, Chapter 1, (10.25)]):

NLS n 1 GP
5H2n Z ( 2 )471—7" 5H2T (iq) (414)
m=0 5(]

m=0

Similarly, we have

w:i (né)4 5%27"1() (4.1.6)

0q S \n—m ]
57'[2'7'{51( ) - n—% H2m 1( )
CS(J_mZ_O(nm)Ll — 5 (4.1.7)

We do not state these relations for the Hamiltonians themselves because HN'5(g) can only be

well-defined if ¢ satisfies ZBC, while HSP(q) and ”HTG:'B (¢) require NZBC. We define again invertible

coefficient matrices cyLs,—cp, CGP—NLS; Cy s, Gpr © RVADX(N+1) by

GP—NLS
1
C2n 2m n—3 (_4)n—m c2n 2m—1 -0
NLS—GP = |, NLS—GP
2n—1,2m __ n—t12m-1__ [(n—1 n—m
Cnis—cp = 0 CNLS—sGP = (n -~ m) (—4)
1
C2n,2m _ n-— 2 (_4)n—m C2n,2m71 =0
NLS—GP n—m NLS+—GP
1
c2n71,2m -0 c2n 1,2m—-1 _ n—3 (74)n7m
NLS—GP NLS—GP n—m

and cposnLs = (ENLS—GP) 5 €5p s = (Caismcp)

In analogy to the definition of the NLS hierarchy, we consider the N-truncated GP and GP
hierarchies, which consist, respectively, of the Hamiltonian flows

dHS (q)

0, q = 5 (GP,,)
‘ SHEP _
10y q = 66(‘” (GP.)

for n € {0,...,N}. While the GP hierarchy* is a more immediate renormalization of the NLS

hierarchy for working with NZBC, the GP hierarchy is the “better” hierarchy to work with in both
Chapter 3 and this work. Note, however, that by Proposition 4.1.11 below the theories of the
NLS, GP, and GP hierarchies are equivalent, up to the application of explicit transformations.

GP
Let it be said that 5?;:1
is trivial, meaning the asymptotic phase change H°" is not of particular importance in this work.

= 0 and hence the Hamiltonian flow generated by this conserved quantity

Nevertheless, Theorem 4.1.1 below does require the involvement of H®F, and its proof motivates
our choice of normalization for this conserved quantity, which is different from H®" that appears
n [120].

4Not to be confused with the “Gross—Pitaevskii hierarchy” from kinetic theory (see e. g. [70]).
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4.1.2. FrRoM GP TO THE HYDRODYNAMIC FORMULATION hGP AND THE
LONG-WAVE RESCALING eGP

The solutions we are interested in have no vacuum, meaning that there exists a constant § > 0 for
which

inf .
if lq(t,2)| >

As a result, it is possible to apply the so-called Madelung transform, which maps ¢ to the pair

(a,v) with
a=|q v_Im(q;> q_aexp(i/ v(y)dy)ew.
0

Here ¢ is a uniform-in-z choice of phase, which is information that has to be provided in order
to invert the Madelung transform. It is well-known that if ¢ solves GP, then (a,v) solve a
hydrodynamic system, which we call the hydrodynamic Gross-Pitaevskii equations:

Oia + a0, + 2v0,a = 0

Opv 4 05(v?) + 4adya = 0, (8ma> )

a

We prefer to work with the slightly different pair of variables w = (wy,w_) where

wi:%:t(afl).

We still refer to the system of PDEs that w solves as the hydrodynamic Gross-Pitaevskii equations:

Ow_ = —Bw_ +wy —2)0,w_ + %Bm (W) (hGP-1)
a
Bwy = —(w_ + 3w, + 2)dpwy + %az (W) . (hGP-2)

Of course, this system has an infinite family of conserved energies given by
HoP (w) = HZ" (q) HoF (w) = HE" (q)

for n > —1. We define the N-truncated hGP and hGP hierarchies as the hierarchies of Hamiltonian
flows

S

1 (-0at —a7'0, Opa~!—a"'0, %HZGP( )
Or 0 = 4 (—&cal +a 10, 0Opa~'+ a18x> (iHZGP(w) (hGPx)

)

Fom Mo (w)

g

0, w= (hGP,,)

1 (@Eal —a710, Oya~l - a18m> s Hn
L]

—0,a Y +a 10, I,at+alO,

for n € {0,..., N}. Note that here a = 1+ (wy — w_), |a| > §, and a' should be understood
as the operator of multiplication by a~'. In Appendix 4.B.2 we detail the complete Hamiltonian
structure of (hGP,,), which is chosen so that ¢ <> w is a symplecto-/Poisson morphism. It is

indeed the case that (hGP;), (héTDl), and (hGP-1)—(hGP-2) are all identical.

For a small € > 0 we now set
X =V 2ex Ty = 2v/2¢t
and consider the rescaled variables

Wi (T, X) = e 2w (t, x)
ATy, X) = 1+ S (W (T3, X) = W-(T5, X)) = a(t,z).
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Transforming back to ¢ yields the ansatz (4.1.1) above, up to the use of T, instead of the time
vector T, and the necessary reconstruction of the uniform-in-z phase function ¢(t). We refer to
the system that W = (W,, W_) solves as the e-rescaled hydrodynamic Gross-Pitaevskii equations:

2

On, Wy = —0x W, + = (—(zw_ 6, )0, + 20x (a’“(W*_W—))) (€GP-1)

4 2A
2 —
Or,W_ = 0xW_ + % (—(GW_ W, )Ox W + 20 (W)) . (eGP-2)

They have the infinite family of conserved energies

HESP (W) = HOOP () HESP (W) = HOOP ()

for n > —1, the first of which are

HESP(W) = ——— / W, + W_dX (Phase Change)
V2 Jr
2
HEEP (W) = \;6/(1+62W/+;VV_) —1dX (Mass)
2
HECP (W) = f / <1+ W)) (W, +W_)dXx (Momentum)

H5P (W) = / (Ox(Wy —W_))2 +¢&* (1 + €2VV+;VV_> (W, +W_)*  (Energy)

9 2
() ) e

We define the N-truncated eGP and eGP hierarchies as the hierarchies of Hamiltonian flows

_ —1_ g-1 -1 _ g-1 0GP (W
oy — din 1 < OxA"l— A1y OxAl— A aX> <5W+ =GP ( )) (cGP.)

V2e

AT, 22 \—0x A7 + A7 10x  Ox A~ + A710x ) \ 52— HEP (W)

dt, 1 (—8XA1—A18X 8XA1—A16X> 5W+HEG"(W) (:GP,)

O T A, 22 \~0x AT + AT Ox Ox AT + ATMOx )\ 5 q=eP ()

for n € {0,...,N}. Here

AT, X) =1+ = e (W = W_)(T, X)

is the rescaled amplitude. In Appendix 4.B.3 we detail the complete Hamiltonian structure of
(&‘GP ), which is chosen so that w <> W is a symplecto-/Poisson morphism. Recall that the hGP,

hGP eGP, and £GP hierarchies are equipped with the zero boundary conditions
lim w(t,z) =0 lim W(T,X)=0.

|| =00 | X | =00

4.1.3. APPROXIMATION OF £GP BY TRANSPORT AND KdV EQUATIONS FROM
27, 28]

Observe that the leading order behavior of (eGP-1)—(¢GP-2) is given by two transport equations

with constant velocities +1. As such, we can think of W and W_ as two largely decoupled

waves moving in opposite directions. This was observed and rigorously studied in [25]. The
next-to-leading order of the system is reminiscent of the KdV equation

OrU = 6UUx — Uxxx » (KdV)

although non-trivial interaction terms such as W, 0xW_ formally persist in the limit ¢ — 0. In
[27, 28] F. Béthuel, P. Gravejat, J.-C. Saut, and D. Smets studied hGP in the long-wave regime
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described above and proved that the system (¢GP-1)—(£GP-2) indeed behaves at leading order like
two transport equations, and at next-to-leading order like two KdV equations. Specifically, they
proved [27, Theorem 1], which states that for any solution ¢ of GP in a Zhidkov space of sufficient
regularity, for which W(0) satisfies additional estimates, there exist two solutions +Uy of KdV so
that

8 8
HGWi (&T’X F 527> —Uy(r, iX)H < E2C(W(0))eCW O] (4.1.8)
Hs

for all 7 € R and s € N. Both the transport equation (KdVy) and of course KdV = (KdV1) are part
of the KdV hierarchy. Note that after switching to a co-moving frame to remove the leading-order
transport behavior, we need to accelerate the timescale by a factor of order £2 in order to see the
KdV approximation.

It turns out to be the case that for the higher equations in the NLS, GP and GP hierarchies, or
more precisely the eGP and eGP hierarchies, the higher equations in the KdV hierarchy show up
at leading order as approximating equations. We can demonstrate this by formally expanding

S (G )

and computing the initial orders in powers of & of the right-hand sides of (¢GP,,) and (¢GP,,). For
the flows with even n there is no difference between the eGP and eGP hierarchies, and we obtain

BTOW = (8) (EE';TD())
_(—(y) e? ((Wy)xxx — (W-)xxex — 6(Wy ) x Wy — 2(Wo ) x W 4
onaw = () + 5 (e ~ GV~ S0 —atw ) + 06
(eGPy)
O, W = < (E/II//;));(;(X_—6((SZV+)§(XMI§; ) (eGPy)
" 5( (W) xxxxx + (W-) xxoxoox + 13(W) xoox Wi + 3(Wa ) xxxe Wo + 29(Woy ) xex (W) x )
4 (W) xxxxx + (W) xxxxx + 13(Wo) xxx Wo + 3(W_ ) xxx W +29(W_ ) xx (W_)x
n 52( (W) xx (W) x +3(Wa)xx (W) x — (W) x (Wo) xx + 3(W-) xxx W — 3(W—)XXXW+)
4 \IWL)xx (W) x +3(Wa ) x (Wo)xx — (Wi ) xx (W-)x + 3(W4 ) xxex Wiy = 3(Wi ) xxx W-
e2 (—45(W)x W2 — 6(W) xWoW_ + 3(Wy)x W2 1
T ( IS0 ) x W2+ 6(W ) x WL I — 3(W_)x W? ) +0().

Observe that the leading orders correspond precisely to the initial equations (KdV,,) in the KdV
hierarchy, and this happens on a purely algebraic level. For the flows with odd n we first look at
the eGP hierarchy:

oW = (( §x> (€GP1)
o= (1)« (R ) <o o
(W) xxx + 6(W,)x W
aTW_? ( E > < +§§;{—6EW+§§W+) (€GPs)
( oo+ 10(W+)XXXW+ 20(W+)Xx(W+>X+30(W+)xW2>+0( ).
) xoxoexx F10W2) xexx W +20(W2) xx (W_) x +30(W_ ) x W2

Here the dynamics at leading order are mixed up. The eGP hierarchy is a renormalization which
separates these dynamics:

Oy, W = (%*g) (¢GPy)
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(W) xxx +6W)x WL | €2 (—3(W) xxx W — 3(Wo) xxx W —
SO (it et R (e A e B
+ 5( IW ) xx(Wi)x —3(Wi)xx (W_)x +3(W_ ) xxx W + 3(W_) xxx Wy + 3(W+)XW2)
4\ 9IW_)xx (Wo)x +3(Wa ) x (W-)xx — 3(Wa ) xoex Wiy — 3(Wa ) xxx W + 3(W_) x W2
n €2 (3(W3) x (W= ) xx + 9(W=) xx (Wo) x + 15(W) x W2 + 6(W.) x W W + 0@
4\ =30V ) xx (W= ) x = 9(Wia ) (Wi ) x + 15(W-)x W2 4 6(W_)x Wi W ) 7
o — ((W)xxooex = 10(Wo ) xoex Woe = 20(Wop ) xox (W) x + 30(W+)XW2> +O(2).
s (W) xxxxx + 10(W_) xxx W— + 20(W_) xx (W_)x + 30(W_) x W2

(ECTD5)

The correspondence between the leading order of the equations in the eGP hierarchy and the
equations in the KdV hierarchy, for all n € N, is the content of Theorems 4.1.1 and 4.1.8 below,
and also our main result Theorem 4.1.12. Let us state clearly at this point that for the case of GP
= (GP2) these theorems do not generalize the next-to-leading order KdV approximation result,

e. (4.1.8). They only generalize the leading order transport approximation result. Note also
that the leading order contains no interaction terms, which simplifies the analysis.

This work was inspired by [28, Remarks 1.4, 1.5, 4.7], where the authors comment on their
discovery of “[...] a strong and somewhat striking relationship between the (GP) invariants and
the (KdV) invariants”. Specifically, they noticed that certain linear combinations of the conserved

quantities (HECP(W))_1<k<2, approximate the energy XYY (£W.) up to an error of size O(?)
for 0 < n < 4. They subsequently remark that “It would be of interest to investigate further the
relationships between (GP) and (KdV), in particular at the level of the spectral problems associated
to the corresponding inverse scattering methods.”, and that “[the relationship mentioned above]
might be extended to higher order (GP) and (KdV) invariants, provided one was first able to
compute some expressions for them.”.

We carry this out, extending the relationship between (’HiGNP(W)),lSkggn and EXY (W) to all
n € N.

4.1.4. APPROXIMATION OF HAMILTONIANS AND TRANSMISSION COEFFICIENTS

Theorem 4.1.1. All identities below hold up to formal integration by parts. For all n € N there
exist polynomials P,,, depending on e, W, W_, and up to L%J derivatives thereof, such that

~ 2
HESP (W) T 21, (W) = (V2 5)2”+1<8Kdv(iW )+ 52 / P2n¢P2n_1dX) (4.1.9)
R

In particular

HES (W) = W(&’fd‘{(—w)+55d¥(W+)+EQAP2n dX) (4.1.10)
H5SP (W )—W(E,’fi‘{( ) = ERN (W) + €2 /P2n_1dX). (4.1.11)

Furthermore, there are no constant or linear monomials in P,,. Lastly, there exist polynomials
Q.,,, depending on e, Wi, W_, and up to n — 1 derivatives thereof, such that

_1 n _ 2
/Rpgndx_ 4/D§(‘9x(W+ W) dX+/RQ2ndX. (4.1.12)

Remark 4.1.2. The initial values of the error polynomials P,, are as follows:

1 1 . )
P_1=0 Py = (W. — W_)? P, = Z(—Wi FWEW_ W2 - W3
1 1
P, = Z(W+ - W% + 7(3W3 ~WEW_ + W, W2 - 3W3)

+ 35 (5W4 —AWEBW_ = 2W2W?2 — AW, W3 + 5W1)
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1
Py = 2(=(W)X Wy + W) 4+ 6(Wy)x (W) x (Wi + W) — (W )5 (5W- + W)
1
+4(= SW 4+ 2WEW_ —2W, W3 + 5W1)
2
%( TWE +5WEIW_ + 2W3W2 4 2WIW?2 + 5W, W —TW?2).

In order to explain the origin of this result, we need to consider the Lax operators

R —2W_+1 /20
L= w) = ( iv/2e0x —2W, )i 1 LN (EWs) = —0% £ W
R 1 iv/2ed
L GP _ <ngax o X) LKdV _8X

Their relevance is explained in Section 4.2.1, where we give a brief overview of the Lax pair
formalisms for the equations under consideration. In the following, we denote by Q;, j € {1,2,3,4}
the four open quadrants of the complex plane. We take two spectral parameters A € 9 U Q3
and k € Q; such that A\ = /1 + 2¢2k2, and consider the scattering problems associated to
LF6P — X and LX4V — k2. This is discussed in detail in Section 4.2, where we define in (4.2.14)
the corresponding transmission coefficients a*¢P (X, k; W) and aX?V(k; £W.). They are conserved
quantities for every flow in their respective hierarchies and admit for A € Q; the following
asymptotic expansions in powers of 2k at infinity:

Heot (W)
(2k)n+1

ERNV(£Wy)

PR (4.1.13)

log a¥?V (k; £ W) ~ i Z

n=-—1

log a*P(\ ks W) ~i Y

n=-—1

The precise sense of expansion is given in Definition 4.2.2 below. The following corollary presents
a different perspective on Theorem 4.1.1. Here we define for functions f = f(A) : C — C the even
and odd parts

f)+ (=N

5 A = f(=4) . (4.1.14)

Ody f(A) = 5

Evy f(A) =

Proposition 4.1.3. Let W = (W, ,W_) € S(R;R?), £ € (0,1), and \, k € Q1 with |k| > c(W)
so that Lemma 4.2.3 below is applicable and hence the asymptotic expansions (4.1.13) exist. Then

1 = O(e?
Evy [loga®P(\, k; W)] 1 Od, [log a®P (A, k; W)] ~ log a"® (k; (£W4)) + Z (2k()"+)1
n=—1
(4.1.15)

in the sense of asymptotic expansions as 2ik — oo. Here O(c?) must be understood as in Theorem
4.1.1, i. e. in terms of polynomials in e, W, W_, and derivatives thereof.

If instead A € (0,1), k € iR, and k = —ik < ﬁ satisfies

1 1 1
- = 2 < —,
max{ﬂ, HS}HW 7. < 30

Evy[loga®P(\, ks W)] F % Od, [log a*® (A, k; W) — log o™ (k; £W4 )| < 82k |W|32 .
(4.1.16)

then

Proof. The asymptotic expansion relation (4.1.15) is a reformulation of Lemma 4.2.7, or alterna-
tively Theorem 4.1.1, involving the identities (4.1.3), (4.2.18), (4.2.19), and (4.2.49). The second
approximation result (4.1.16) is taken from Lemma 4.A.6. O
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Remark 4.1.4 (Splitting of the Dirac operator in the nonrelativistic limit). Setting ¢ = E%, we

have

L=6P 0 V2idx 5(1 0 -W_ 0

—5 = . +c + )

52 \/§Z8X O 0 71 O 7W+

which is a one-dimensional Dirac operator with speed of light ¢ and mass m = 1. On the other
hand, L¥XY(£W..) is the Schrodinger operator with potential =W... The limit € — 0 that we are
interested in corresponds to the nonrelativistic limit ¢ — oo, where one expects to recover from
the Dirac operator a combination of two Schrédinger operators. The problem of taking this limit
is well-studied in mathematical physics. We refer to [171, Chapter 6] for an introduction in a

general setting. As an example of such a result, in [79, Corollary 4.1] (see also [181, Theorem
4.1]) it is proven that

LEGP:Fl_/\ -1 . ye== 0
( 5 ) —0 :F(LKdV(:l:Wi)—f—H2) 1( (2) %>

uniformly strongly for any A € C\R. More generally, one may study the asymptotic behavior of
the Dirac operator in the nonrelativistic regime by considering various quantities as holomorphic
functions of c% around ¢ = oo and expanding them in a power series. For example, in [79, Theorem
2.1] such a holomorphic representation of the Dirac operator is used to prove the aforementioned
result. Most relevant for us is [39, Theorem 4.2], where such a holomorphic representation of the
scattering matriz associated to % is given, and the initial expansion coefficients are explicitly
calculated. In particular, the scattering matriz associated to LK (£WL) is recovered in the limit.
Since the scattering matrices contain the transmission coefficients ac®?(\; W) and a¥®V (k, £Wy),
this result is in correspondence with (4.1.15), although it is not identical. Admitting that we cannot
speak with confidence about this broad field of mathematical physics, we hope that Proposition 4.1.3
may present a novel perspective on the nonrelativistic limit of the one-dimensional Dirac operator.

A consequence of Proposition 4.1.3 is that the energies £X?V on the right-hand side of (4.1.9) can
be used to control the Sobolev norms of £Wy individually, up to an error of size 2. This is the
content of the following corollary, which is proven in Section 4.2.5 by combining Theorem 4.1.1
with [122, Theorem 9.1]. Here we use the functionals

gy =% (7) (V2e) 23 (M5, (W) F 2H55F, (W)
=0

which are of course conserved under every flow in the eGP and £GP hierarchies.

Corollary 4.1.5. Let n € N withn > 1 and € € (0,1). There exists some § = §(n) € (0,1) and
C = C(n) > 0 such that for all W € H" ! with |W||g-1 < & we have EEPF (W) < 0o and

~ 52
ELTEW) — Wl — 10X (W = W) | < Wy

Wallg—

+ 2 CW [ Fn (14 [W |z )"

Remark 4.1.6. We use Corollary 4.1.5 to prove the crucial estimates (4.1.23) and (4.1.24) below,
which control the size of W globally in time. One may also attempt such estimates from (4.1.22),

or more specifically the conserved energies Zlhz_ol r2(h=1=0) (hjl)HSIZQ constructed in [119, 120]
for = > 2. They control the size of the solution as measured by the semiclassical Sobolev norm

1(gl? = 1, 02) s = (/( + e (la? — 1> + |0za]) df)2

After obtaining an estimate, it is necessary to pass it through a rescaling and then the Madelung
transform. The first step turns out to be problematic due to the inhomogeneity causing negative
powers of € to appear. This could be resolved by lifting the restriction T > 2.
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4.1.5. FORMAL APPROXIMATION OF HIERARCHIES

In the previous section we have established an approximative relationship between the Hamiltonians
of the GP and KdV hierarchies. This suggests a method of proof for the pattern we have observed
in Section 4.1.3 to hold for the leading orders of the Hamiltonian PDEs in the eGP hierarchy. Such
an argument requires the symplectic structures of GP and KdV to have a similar approximative
relationship, which turns out to be the case. In Appendix 4.B the reader may find a detailed
description of the symplectic/Poisson structures of the hierarchies in question. Let us write ((Aiﬁn)
in the Hamiltonian formulation

fHGP
a)-(4 D(EZS)
Conjugation of the Hamiltonian operator with the map (g,q) — (w4, w_) and a careful change of
variables for the functional derivative shows that the Hamiltonian formulation of (hGP,,) is

5 (w+) — 1 —0,a ' —a 19, Oya'—a"'0, §w+H?LGP(w)
tn\w_ )]~ 4\=0,at+a 19, O,a'+ald, 5 34hP (1)

Note that here 9,a~! and a~'0, are compositions of operators. Then the Hamiltonian formulation
of (eGP,) is

o (W) _ din 1 (—0xA™ = A7y OxA™ = A71ox) sy HaT (W)
T\ dT;, 2¢2 —OxA '+ A710x OxA™l+ A7 10x ﬁHfLGP(W)

L2 (e 0 ) ) (w0
dT,, 2 0 58}( ﬁHfLGP(W) ’

where the scaling factor dT” was defined in (4.1.2) and

AL —1/-0x 0 AxA=2 /1 -1
E= 2e2 ( 0 ax>+ 4e2 (1 —1)
1 Wi -W_ —0x 0 1 Wy —W_o)x 1 -1
T AL g (W W 0 ax) s e2 2\1 -1/
+5We =) X (1+ 5wy — W)

Applying Theorem 4.1.1 yields

O, (W+> dtoe, 2 ((;8)( 0 >+52E> (v/2e)2n+1

w_ dTy, £2 10x 2
KdV PndX
KdV W) 4 2 5W+ fR 2
W_) 6W fRPQ»ndX
0 ExN (W)
= 2 +&°Rap
(> ;ax> <5Via§d¥< W) )+ R
dtg,,—1 2 -1 2¢)2n+l
Or, . Wi\ _ dt 172 50x l0 L 22E (v2e)
W_ dT5,—1 € 0 23}( 4
(g of e
w1 (=W2) swe Jr Pan1dX
(0 ) () L,
0 10) ey Cw) ) + T

with residual terms

) KdV )
EXV (W) 1oy 0 [Py, dX
Ry, = E W “n—1 +<( 2YX )+ 2E> oW JR
2 ( S_gRdv (W) 0 dox) "€ o [y Po,dX
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— SRV () _19 0 Lf P, _dX
_ swy cn—1(W+ 20X 2 W IR 2n—l
Ron—1 E( o gKY () + (( 0 ;3)() te E) s~ Ja Pon—1dX |

Remark 4.1.7. The initial values of the residual terms R, are as follows:
Rop=R;1=0

1wy —6(Wy)xWy — (W) —2(Wy ) xW_
R:=7 <_(V[;—§())(())((X - 6(W;—§(XWJ;— + (W+§(§))<(X - 2(V[J/r—icVV+> +06

R. — < 3Wa)xxx Wiy = 3(W4 ) xxx W = 9(W4 ) xx (W) x — (W+)XX(W)X)
° BWa)xxx Wa = 3(Wo ) xxx W- — 9(W4 ) xx (W4 ) x — 3(W ) xx (W-)x
L1 (3(W+) x(Wo)xx + 15(Wo ) x W2 + 6(Wo ) x WL W_ + 3(W+)XWE)

A\BWo)x (Wo)xx + 15(Wo) x W2 + 6(W_ ) x Wi W_ + 3(W_)xW?
L1 (3(W )xxx Wy +3(W_)xxxW- + 9(W—)XX(W—)X> +0(?)
3(W ) xxx W4 + 3(W_)XX)(W_ + 9(W_)Xx(W_)X

R, — ( (W) xxxxx + BW3 ) xxx Wi 4+ 3(W4 ) xxex W + 29(W4 ) xx (Wi ) x + 3(Wo ) xx (W- )X>
4 (W) xxxxx + 1B3(Wo) xxx Wo + 3(Wo) xxx Wi +29(W_) xx (W) x +3(W4)x (W-) xx

< ( +) (W) xx —45(Wy)x W3 — 6(W, ) x W W_ + 3(Wy)xW?2 + (W)XXXXX>
(W) xx (W-)x + 45(W_ )XWE + 6(Wo)x W W_ = 3(W_)x W2 + (W_) xxxxx

3(W. ) Wy +3(W2) W_+9(W_)xx(W_)x
e e s ) o).

It is the KdV-like structure of Ry that is proven in [27, 28] to yield a KdV approximation at
next-to-leading order.

. . . . N _ (N+1)x(N+1)
We define invertible coefficient matrices CuLss G CopionLs € R by
1 n—m
C2n,2m _ n— 2 72 C2n,2m71 _
NLS— eGP n—m g2 NLS—<GP
i n—m

c2n-l2m _ g 2n-l2m—1 _ (n—3 2

CNLS eGP NLS— eGP n—m g2
and ¢_g, s = (€ NLSHEG~P)_1. For any of the coefficient matrices c....,... that we use, we define

for their transposes the notation

¢ = (coy)T =

Then with

dT, dt
(ViT) = diag <n> (Vrt) = diag < - )
At / g<nen dTn / g<n<n

we can write
CEGP>—>NLS _ (V T) GPr—)NLS(th) CNLS»—>5GP _ (vtT)cNLSHGP(VTt)

= (V¢T)e (Vrrt) c ~ = (Vrt)e (V,T).

C.GPnLS CepisnLs NLS+—eGP NLS+—sGP

For later, we define also

CNLS»—)EGP (V T) NLSHGP(th) csGP»—wGP —_ CEGP»—>NLSCNLS»—>5GP.

For the convenience of the reader, we note the following facts: c........ is always lower triangular
and ¢ always upper triangular. Furthermore, the diagonal values are all 1, these matrices
are always invertible, and the row and column indices of any nonzero entry have matching parity.

Theorem 4.1.8 (Formal approximation of the eGP hierarchy by the KdV hierarchy). Suppose
that q is formally a solution of the N-truncated NLS hierarchy. If W(T) is defined by (4.1.1),

then W (cNS=¢6PTY) solves the N-truncated eGP hierarchy and
d ~ _(_1)n13XL5Kd\7/1 (W+(CNLSHE(§T)T))

_ y(NLSHeGP Y L] ~ +&’R,(T).
dT, ( ) 8X5 - )5[<SV1J(—W (c NLSH&GPT)) (T)
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" /p—1 n—m 18 EKV (W, (T _
Or,, W(T) = Z (n _ T;) (;) (( 15X - 6VV://+)5KdV(( (_();))) +€2R2m(CsGPr—>NLST)>

m=0
n 1 n—m 1 KdV ~
B n—s 3 3X 5W Eni(W(T)) 2 eGP—NLS
8T271,—1W(T) - n;) (TL _ m) (62) (( aX(; i )5KdV ( W (T)) +e R2m71(c T) .
Proof. By the chain rule we have
VT(W( NLSHEGPT)) CNLSHEGP(VTW)( NLS»—>5GPT) )

Together with (4.1.6)-(4.1.7) and the definition of ¢, ¢ , . this implies that W(cNLSHSGNPT)

solves the N-truncated eGP hierarchy. Then the claimed formulas follow from the elaborations
above the theorem. O

Remark 4.1.9 (Conjecture on the next-to-leading order of the eGP hierarchy). We have verified
the following formula to hold for n € {1,2,3,4}:

5 5 . .
ARy + Ron_1) = <— 10x X 5T ERV(W L) + 8XX< OX 5wy )(575;\{( W,)) + interaction terms + 0(52)>
5
O(e
4(R2p, —Rop—1) = s

%)
< 10x FIea ) s~ SKdV( W_) + GXX( OX s ERV (W )) + interaction terms+ O(g2) | °

Here “interaction terms” are those which contain as factors both Wy and W_, or, respectively,
some derivatives thereof. The significance of the above formulas is the following: suppose W ('T)

is a solution to the eGP hierarchy. Then Theorem 4.1.8 implies

1/ d d 0
2(dT2n +dT2n_1>W(T> :( L0x 5t £ (- W_(T)))

62( 20X 50— EKdV(WJr(T)) + Oxx (58)(5 )E:fd\{( W,(T))) + interaction terms + 0(52)>
8 O(e%)

;(dgn - dTi_l>W(T): (‘18 5W+5:“V( (T))>

g2 0(50)
+ 8( $0x 6( EKdV( W_(T)) + ('3XX( OxX 57~ EKdV( (T))) + interaction terms+ O(e?) | °

+

This suggests that an extension of Theorem 4.1.8 and Theorem 4.1.12 below to the next-to-leading
order is plausible: while (eGPa,) has its leading order behavior given by (KdV,_1), switching to
a “co—(e(?lsg,,,_l)—moving ” frame allows us to see, on a longer/slower timescale, the dynamics
of (KdV,,) in one component of our solution W. In the case n = 1, i. e. that of (eGP2), this
corresponds to the utilization of right- or left-moving frames in order to see the dynamics of
(KdVy) in one component of the solution. This is the content of [27]. Interestingly, this suggests
the co-moving frame used in this result should be thought of as a renormalization using (5(AS|51),
instead of (KdVy), although they are both transport equations.

In the general case, supposing the above formulas can be proven to hold, the term wrapped in two
derivatives and the interaction terms, which are a priori not negligible, may still turn out to be
of order O(£?) in the energy estimates by the same method that is used in [27]: one component
of the solution travels rapidly to infinity due to the dynamics of (KdV,,_1) happening on a faster
timescale.

4.1.6. REVIEW OF WELL-POSEDNESS RESULTS FOR THE HIERARCHIES

The introduction of Chapter 3 contains an overview of well-posedness results for NLS, GP, hGP,
KdV, and the associated hierarchies. Since this work concerns the hierarchies, we focus our review



134 4. LONG-WAVE KDV HIERARCHY APPROXIMATION OF THE NLS HIERARCHY WITH NZBC

of the literature on well-posedness results specifically for hierarchies. We start with the KdV
hierarchy, where initial existence and uniqueness results were given by J.-C. Saut in [159] and
M. Schwarz in [99]. Later, C. E. Kenig, G. Ponce and L. Vega produced a number of works [105,
106, 107, 108, 109, 110, 111], developing dispersive estimates and using them to prove the local
well-posedness of various generalized KdV-type hierarchies in weighted Sobolev spaces. Another
local well-posedness result in weighted Sobolev spaces for small initial data is given in [152]. This
work also contains an ill-posedness result for all of the higher equations in the KdV hierarchy,
in the sense of failure of the flow map to be C? in the Sobolev spaces H*(R). Nevertheless, by
employing subtle energy estimates and a parabolic regularization argument, C. E. Kenig and
D. Pilod [104] proved local well-posedness in H*(R) at high regularity. We combine this with
the conserved quantities that H. Koch and D. Tataru constructed in [122], which prevent the
Sobolev norm of a local solution from blowing up in finite time, to formulate the following global
well-posedness result. Here and thereafter we use the notation 0 = (0,...,0) € RNFL

Proposition 4.1.10 ([104, Theorem 1.1] and [122, Theorem 9.1]). Let N € N, s > 4N — 3. For
every Uy € H*® there exists a unique U € C(RN Y, H®) with initial data U(0) = Uy that satisfies
(KdV,,) in the sense of distributions for alln € {0,...,N}. For every s’ € [0,s] we have

1l s < €GN+ U5 Vol (4.1.17)

Since we shall work with high regularity this formulation is all that we need, but it is far from the
state of the art in the literature. In the low regularity regime A. Rybkin [158] and also R. Killip,
M. Vigan, and X. Zhang [114, 115] achieved a breakthrough by using a perturbation determinant
approach to construct conserved quantities that control the H ~'-norm of the solution. This
allowed them to prove the global well-posedness of KdV in H~! on the line and the torus, and
their “method of commuting flows” has since been applied to several other integrable PDEs (see
e. g. [38, 91, 112]). We use the uniform estimates they give for solutions to the KdV hierarchy in
the proof of (4.1.17). Recently, the method of commuting flows has been used to prove the global
well-posedness of the KdV hierarchy in H~!(R) by F. Klaus, H. Koch, and B. Liu [118].

Moving on to the NLS hierarchy, we mention the work [88] by A. Griinrock where the Fourier
restriction norm method is used to prove global well-posedness and ill-posedness results for the
flows in the NLS hierarchy, and also the KdV hierarchy, in Fourier-Lebesgue spaces at low regularity.
This was extended by J. Adams in [5] to the even flows in the NLS hierarchy, and recently in [4]
to the dNLS hierarchy. Note also [149], where orbital stability of the dark soliton solutions to the
odd flows (NLSs,,11) of the NLS hierarchy, with real-valued g, is proven.

Of direct relevance is Chapter 3, where the global well-posedness of the NLS hierarchy with NZBC
is proven, i. e. precisely the hierarchy we study here. While the local well-posedness is based on
the aforementioned methods from C. E. Kenig, G. Ponce, and L. Vega, the globalization argument
uses certain conserved energies constructed in [119, 120] by H. Koch and X. Liao. This can be
understood as the analogue of [122] in the setting of NZBC. Since this is essential for Proposition
4.1.11 below, we recall now some of their definitions.

We define for s,s’ € N and 7 > 0 the (semi-classical/weighted) Sobolev spaces

(B lme) = ({ue L2 (L4 ¢ 5a e L2}, (1 + [¢%)2 7] 2) (4.1.18)
(H2 - llzzz) = ({we L2 = (72 + [€*)2a € L2, [I(72 + [€]%) 2| 2) (4.1.19)
(0 o) = (e B 2w e B Yl g+ 1 ) (4.1.20
and the energy functionals
E*(q) = Illal* = U g1 + gzl s B4 q) = llgl* = Ul grer—ra + el gror-vs -

We recall the complete metric space (X*,d*) whose definition is

2

X0 = (o€ His ) < o0} /8 dtap) = ([ inf e = )0~ )l )
(4.1.21)
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This space was used by H. Koch and X. Liao in [119, 120] to prove the global well-posedness of
GP for s > 0. Their globalization argument relies on the aforementioned conserved energies, as
they can be used to control the energy functionals E*(q).

We state now the well-posedness result for the NLS, GP, GP and eGP hierarchies that we use. It
is a consequence of Theorem 3.1.2 and the theory used in its proof.

Proposition 4.1.11 (Well-posedness of the NLS, GP, and GP hierarchies). Let N > 2 and define

w= % Let 5,8 € N such that s > 3N —1+w and% <s' <s—N. Foreveryqy:R — C of
the form qo = g + po, where g, € Hlsotlfr“’”N with ES+1—[wW+N,1(q*) < o0 and py € H* N Hs/,l’

there exists a unique function ¢ : RN Tt x R — C with q(0) = qo satisfying the following:
(i) For every n € {0,...,N} the functions q(t,z), q(cN">7°Pt 2), and q(cNLSHGNPt,x) solve
respectively (NLS,,), (GP,), and (GP,,) in the sense of distributions.
(ii) We have q € Cy(RN T X*) and
sup E*(q(t) < C(N, s, B*(ao)). (4.1.22)

teRN+1

(iii) The function p = q — e_i(CGPHNLSt)Uq* satisfies p € C(RNH;HS N HS/’I). Furthermore,
p(t), p(cNS7CPt) and p(cN->76Pt) solve the corresponding perturbative formulations of

respectively (NLS,,), (GP,,), and (G/P,J, for the respective fronts e*i(CGPHNLSt)oq*} e~itog,
and e~ "oq,, strongly in HS~" N H® ™1,

(iv) If HSP(qo) < b < 8 for some b > 0, then there exists 6 = §(b) > 0 such that
inf t,z)| > 4.
teRJ\}El,xeR |q( x)|
In this case we can define for some € > 0 the function W via the ansatz (4.1.1), and find
that W (cNES—=<CPT) ¢ C(RNV T H5=1) solves (séTDn) strongly in He2ls)-2, Furthermore,

for all h € {1,...,s — 2} there exists some g9 = €g(h, |[W(0)| gr+1) > 0, ¢ = c¢(h) > 0, and
C = C(h) > 0 such that the following holds. Define

2
T = max{l,cHW(O)HI?’ihH} .

Then € € (0,e9) implies

g2 g?
W (D) + 0 (07 = WD)y <C IV 0) e+ 5 10w 07~ W) 0y )
(4.1.23)

52
+ 627'2C<||W(0)||?{¢+4||8X(W+ - W-)(O)II@)
for all T € RNFL,

4.1.7. QUANTITATIVE APPROXIMATION OF HIERARCHIES

Let us give some justification for why the study of integrable hierarchies is interesting. Due to
Noether’s theorem, the higher flows in an integrable hierarchy are symmetries of each equation in
the hierarchy. Any statement about the NLS/KdV/GP/ ... hierarchy is therefore also a statement
about the NLS/KdV/GP/ ... equation. These equations are all central to the study of nonlinear
PDEs and ubiquitous in the physical modelling of nonlinear waves (see e. g. [23, 24, 92] for
applications of NLS and [72, 73, 76, 83, 127, 138] for applications of GP). Besides, integrable
hierarchies directly appear in mathematical physics in connection with algebraic geometry [14, 67,
68]. For the reader interested in more algebraic approaches to these integrable hierarchies, we
refer to [66, 80, 81]. We are particularly interested in the relevance of these hierarchies in the
theory of amplitude and modulation equations.

The transport equation (KdVy) and the Korteweg-de Vries equation (KdV;) play an important role
as long-wave amplitude equations in the study of one-dimensional nonlinear waves. For example,
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they have been used in the description of long-wave solutions to the water wave problem [53, 54,
163], a Boussinesq equation [161], a capillary-gravity wave system [164], the NLS equation [48,
160, 47], the GP equation [27, 28], and the Euler-Poisson system [137]. For particular classes of
dispersive nonlinear equations, KdV acts as a universal long-wave amplitude equation [37] (see
also [162, §12.2]). Other examples of long-wave amplitude and modulation equations are NLS, the
Ginzburg-Landau equation, and the Whitham modulation equations. For a broad perspective on
the theory of such amplitude and modulation equations, we refer to the books [162, 182, 183] and
the survey [69]. Many of these amplitude equations are completely integrable, an aspect which
has been studied in [100] by L. A. Kalyakin. Another perspective on this phenomenon was given
in [42] by F. Calogero, who argued that for certain large classes of PDEs the process of passing to
an effective limit equation preserves integrability, and hence the resulting limit equations ought
to be integrable if the original class contained any integrable equations. This idea was further
developed toward the classification of integrable equations.

Returning specifically to (KdV;) as a long-wave amplitude equation, we note that it is common
for the (trivial transport equation) (KdVy) to predict the leading order behavior, and (KdV;) the
next-to-leading order behavior. One is therefore tempted to conjecture that the higher equations
(KdV,,) in the KdV hierarchy may be used in the description of the higher order asymptotic
behavior of long-wave solutions to dispersive nonlinear equations. Yet, such results, and in general
direct physical applications of the KdV hierarchy in the modelling of nonlinear waves, are few
and far between. In this direction, there exist results by Y. Kodama, T. Taniuti, and Y. Hiraoka
[94, 124]. They were used by D. Bambusi [22] to show that, indeed, (KdV3) shows up after
(KdVy) and (KdVy) in the aforementioned long-wave approximation of water waves. Furthermore,
using the reductive perturbation method of T. Taniuti [169], R. A. Kraenkel, M. A. Manna, and
J. G. Pereira [126] discovered that the full KdV hierarchy appears in the study of the asymptotic
behavior of long, shallow water waves. Other results in a similar direction are [62, 97]. In [95,
Remark 4.6.10] S. Hofbauer noted that a result of her dissertation, using the inverse scattering
transform method to prove an approximation result for KdV by a linear Schrédinger equation,
can be extended to the higher equations in the KdV hierarchy.

We state now our main result, which shows rigorously that the equations in the KdV hierarchy act
as long-wave amplitude equations for the GP hierarchy. Recall our notations 0 = (0, ...,0) € RN+
and M = L%J Define matrices b™, b~ € RM+Dx(N+1) by

+ n mn =
b= (=)L) P = =] 252 |3

2

The purpose of this matrix is to match the correct flows in the NLS hierarchy with the corresponding
flows in the KdV hierarchy, as described in Theorem 4.1.8.

Theorem 4.1.12 (Quantitative approximation of the eGP hierarchy by the KdV hierarchy). Let
N >2,s€eN, and qo : R — C satisfy the assumptions of Proposition 4.1.11 for some s’ € N and
¢+, po : R = C. Assume in addition, as in (iv) of Proposition 4.1.11, that HSP (qo) < % so that
lg(t,x)| > 0 > 0 and hence we can define for some € > 0 the function W according to the ansatz
(4.1.1). We have W € C(RNTY HY), and if e < eo(s, |W(0)| gr+-1) then

W e gyri-r < C (s WO [ ) [W(O) | v Vhe{2,...,s—1}. (4.1.24)

Furthermore, W(CNLSHEGNPT) e C(RNTL Ho~1) solves (eGP,,) in the sense of distributions.

Let Uy € C(RMH; H*=1Y) be the solutions to the M -truncated KdV hierarchy, given by Proposi-
tion 4.1.10, with initial data UL(0) = W (0). They satisfy

U+l < C(hy [U£(0) ] -2)[[U(0)] g Vhe{0,...,s—1}. (4.1.25)

Define [T) = |To| + -+ + |Tn|. For all h € {0,..., 55N |} there exists C = C(N,h,08) > 0 such
that

H (ngEl];J_rg‘g) _ W(CNLSHEaDT)”Hh < [Tz exp<[T]C(1 + ||(W, U)||2/[%0H§(M)) (4.1.26)

[N

< OO+ WY eron) (4 [TN OV DI i)

oo 17 N+1+h
Ly HY Ly H
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This result represents a collection of approximations, and the timescales involved have several

edge cases. Note, for example, that cN-—¢6P contains negative powers of e. We shall therefore

take some time now to explain this result. It is convenient to introduce for a time-independent
function ¢ : R — C with |¢| > J > 0 the notation

0 W) = 5 (51m] % |+ ol = 0. 51 %] = ol - 1)) 0.

This means that if ¢ : R¥Y*! x R — C is a solution to the N-truncated NLS hierarchy, and we
define W : RV x R — R? according to (4.1.1), then the following hold:
q(t) solves the N-truncated NLS hierarchy and [q — W](q(t)) = W(T)

q(cNPCPt) solves the N-truncated GP hierarchy — and  [q — W](q(cN">7CFt)) = W (cNS==CPT)

q(cNLSHa)t) solves the N-truncated GP hierarchy — and  [g W}(q(cNLSHGNPt)) = W(CNLSHE@T) .

We see now that Theorem 4.1.12 is an approximation result written in terms of the GP / eGP
hierarchy. We want to sketch the consequences of Theorem 4.1.12 for the equations (NLS,,), (GP,,),

and ((ETDTL) for n € {0,...,7}. To keep the notation simple, we shall use the formal statement

W(CNLSHEG’T)T) — <

U+(b+T)) O(e?) aslongas[T] <1 ,[T]>0
U-(b™T) 0 forall T € RN*! ,[T]=0

to represent the precise statement (4.1.26), which as explained above is an approximation result
for the GP hierarchy. A corresponding approximation result for the NLS hierarchy reads

WT) = <U+(b+cea>>—>NLST)> {0(52) as long as [cfPNIST] <1 | [¢sGP=NLST] 5

U_ (b~ csGPNLST) 0 forall T € RN , [c=GP=NLST] —
and for the GP hierarchy it is

W (NLS<GP) _ U+(b+c€éj>H€GPT) O(?) aslong as [cfa’HEGPT] <1 7[cEGj’HEGPT] >0 .
U_ (b~ ceCPeGPT) 0 forall T eRNT! , [c56P==CP T = 0
Here the dependence of various time-related quantities on ¢ is not clearly visible, so let us write it

in a more explicit form. We assume that IV is even. The approximation results can be expressed
as

U (\/§ )2m+1 ( (ﬁ’HNLSt) . _2( évP»—>NLSt) .
[q — W](Q(t)) = ' ( ) ( ‘ e ¢ 2 +2))0§m§M

U ((\/§€)Qm+1((c(ﬁ>n—>NLSt)2m+l+2(c(ﬁ3»—>NLSt)2m+2)) o
0<m<

O(e2)  as long as [(VeT)cSPNSE <1 [(V,T)cSP=NSE] > 0
0 forall T e RN (Ve T)eCPNLSE] = 0

for the NLS hierarchy,
U, ((ﬁ€)2m+1((c(ﬁ’>—>GPt)2m+l _ Q(C(;PHGPt)2m+2))

U_ ((\/55)2m+1((ca°»—>GPt)2m+l+2(c(ﬁi’»—>GPt)2m+2)>

[q — W](q(CNLS»—)GPt)) — 0<m<M

0<m<M
O(g?) as long as [(VtT)caD'_’GPt] S1 7[(VtT)ca°'_’GPt] >0
0 forall TeRN! (Ve T)eCP=CPt = 0

for the GP hierarchy, and

Us ((((V2e)2™H (topgn — 2t2m+2))ogm§M

NLS—GPyyy _
lq — W](q(c t)) = U ((ﬂg)Qerl (t2m+1 + 2t2m+2))0§m§M
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O(e?) aslongas [(VeT)t] <1, [(V¢T)t] >0
0 forall T e RN J(VeT)t] =0

for the GP hierarchy.

4.1.8. EXAMPLES

We use the above formulations to give explicit approximation results along one-dimensional
time-rays in RV for the cases N =0,...,7.

Example 4.1.13 ((NLSy) = (GPg) = (GAE’O) = “phase rotation”). Take
N=0 M=-1 T = (2(v2¢) o).

Then

0+ Wlal®) = o> WHaeS5P0) = g WP = () foratito e &

Here we use the convention R = R? = {0}.

Example 4.1.14 ((NLS;) = (GP;) = (GP;) = “transport”). Take
N=1 M=0 T = (0,V2¢ty) .
Then

Uy (V2ety)

g = W](q(®) = [g = W)(a("S7PE) = [g > W(g("5t)) = (U_mgtl)

) forallt; e R .

Example 4.1.15 ((NLS,) = NLS and (GP,) = (GP3) = GP). Take

N=2 M=0 T = (0,0,2V2¢ty) .
Then
e wha) = (R ) + 06 as ongas o] £ =7
s Wha(es>o0) = () 40 as ongas ) 5
> Wia(@ = Pe) = (G 106 s tong asul 57

In fact, we have [q — W](q(t)) = [¢ — W](q(c">7CPt)) = [¢ — W](q(cNLSHGNPt)). This is a
consequence of the fact that the difference between these flows for ¢ is one of phase rotation,
which does not show up in the variable W.

This result corresponds to [25, Theorem 2], i. e. it is an approximation of GP by two transport
equations. As discussed above, it is known from [28, 27] that in the subsequent order KdV =
(KdV;) shows up as the approximating equation. It is natural to conjecture that this may be
generalized for the cases N > 3, i. e. to characterize the effect of the terms O(g?) up to O(g?).
Remark 4.1.9 above provides some evidence towards this.

Example 4.1.16 ((NLS;) = mKdV, (GP3), and (GPs)). Take
N=3 M =1 T = (0,0,0, (V2¢)3t3).
Then

U+(\/§SC$HNL51§3, (V2¢)3t3)

la = Wla(t) = (U(\/ﬁ&tcfgh"\”‘sts, (\/§E)St3)

) +0(?)  aslongas |t3] <e™?
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Uy (v2ec{h 7 SPts, (v2e)ts)
U (V2ec§h Pty (v/22)ts)
+(0

(g s W(g(SPe)) = ( ol

[q — W](q(cNLSHGPt)) = ( > + 0(52) as long as |t3| < g3

:E\\f g ;) +0(e?) aslongas |t3] Se?

This is the first new result that Theorem 4.1.12 yields. Here mKdV and renormalized versions
of mKdV are approximated by two transport equations in leading order, and then by two KdV
equations at next-to-leading order. Observe that for the NLS and GP hierarchies the timescale
is €73, which is better than the expected e~'. This is because the approximation of transport
equations by transport equations has zero error.

Example 4.1.17 ((NLS4) = “4-th order NLS”, (GP,) = (@4) = “4-th order GP”). Take
N =4 M =1 T = (0,0,0,0,2(v2¢)3t4) .
Then

Uy (— 2f€cSPHNLSt4,—2(\@a)3t4)
U,(Q\fch’P'_’NLStLL,2(\/55)3154)
[q — W](q(cN"S7CPt)) = (UJ(?(’);?%?Z;D +0(e?) aslongas |ty Se 3

Uy (07 _2(\/55)3754)
U- (07 2(\@5)3t4)

For the NLS hierarchy the case n = 2 “dominates”, leading to the shorter timescale e~1. For
the GP hierarchy the dynamics are cleanly separated, leading to a better timescale. Remark
4.1.9 suggests that studying (5€|54) in a “co—(ealsg)—moving” frame allows us to see, on a longer
timescale, the dynamics of (KdV3) in one component of our solution W.

) +0(e%) aslongas |ty Set

lg = W(q(t)) = <

[q — W](q(cNLSHa)t)) = ( > +0(e?) aslongas |ty Se7?

Example 4.1.18 ((NLS5) = “5-th order mKdV”, (GPs), and (éTDE))) Take
N=5 M=2 T = (0,0,0,0,0, (v/2)%5) .
Then

UJF(\fEC%PﬁNLS 5, (\/§E>3C%HNLSt5, (\/55)5%)
7(\[€C§-}7P>—>NLSt5, (ﬂe)ch’EHNLSt5’ (\/§€)5t5)

+0(e?) aslongas |t5| Se?

U+(f€C?PHGPt5, (ﬁﬁ)BCGPHGPt5, (\/56)5t5)
(\[EC?PHGPQ, (\/23 3C§?—>6Pt5, (\/55)5755)

lg = W](q(t)) = (

[q = W](q(cN>7CPt)) = (

O(e?) aslongas |ts| <e”

)

(0, ,(\/56)5755))
( [Ag) (\/55)5t5)

)

as long as |t5| e

[qHW]( ( NLS»—)GPt)) < +
O(e?

Here (KdV3) shows up for the first time. Note that once again the approximation of transport
equations by transport equations has no error, yielding the better-than-expected timescale ¢ =2 for
the NLS and GP hierarchies.

Example 4.1.19 ((NLSg) = “6-th order NLS”, (GPg) = (GAISG) = “6-th order GP”). Take
N =6 M=2 T = (0,0,0,0,0,0,2(v2¢)°t) .
Then

U+(_2fgc(53'—>NLSt67_ 2(v2e)%¢ éVPHNLstG’_ (f€)5t6)>

l[q = Wl(q(t)) = ( (2\[€CGP¢—>NLS (\[E)3CE%HNLS (\f&t)‘r)t(;)
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O(e?) aslongas |tg| Se!

o e <f>

O(?) aslong as |tg| e

[q > W](a(VS5Pt)) = ( o ((()0?6,_22(%{;223))

+0(e?)  aslongas |tg| e
Example 4.1.20 ((NLS;) = “7-th order mKdV”, (GP7), and (GP;)). Take

N=7 M=3 T = (0,0,0,0,0,0,0, (v2¢)t7) .

Then

[q— W](q(t

U (V2ee§2 NSty (v/2e)3e§ NSty (v2e)PeSh NSty (V2e) )
U_(\/>€C%7I;HNLSt7, (\/§€)L°>(:g7l>7»—>NLSt77 (\/56)503?_)'\“‘5257, (\/56)7157)

(¢?) aslongas |t;| Se?

O

<U+ fchPHGPt77 (\[6)3CGPHGP (\/55)%??@»6%77 (\/55)71?7))
O

o)

+

)
g W](g(eMs=Pe)) = (V2 x
U (\[ECGPHGPM,(\[E)S _’P’_}Gpt%(\/55)5cg"37'_’cpt77(ﬁ5)7t7)
)

+0(e?)  aslong as |t7| <e?
NLS.s P U+ (0,0,0, (v2¢)7t7)
t
[q = W](q(c U_(0,0,0, (v2¢)7t7)
+0(e?) aslongas |t7| e’

At this point we stop because all the edge cases have been exhibited and the pattern continues as
expected.

4.1.9. NOTATIONS AND DEFINITIONS

We use N = {n € Z : n > 0} but note that in some cases where we write n € N, and when the
intended interpretation is clear from the context, n = 0 will be an inadmissible value.

We often write A < C(things)B to indicate that there exists a constant, depending only on the
given parameters, for which the estimate holds. Such constants may change from one line to the
next without being given a new name.

Whenever we consider a function space such as H?® without explicit domain, the domain is
implicitly assumed to be R. The target space may be R, C, or corresponding spaces of vectors or
matrices, and must be determined from context.

We denote by t = (to,...,tn), T = (To,...,Tn),0=(0,...,0) € RN*! certain vectors of times.
For matrices ¢ € CVTUX(NFD we denote the entry in the n-th row and m-th column by c,, »,.
The only exception is the matrix of Jost solutions &% = (&1%|®l%).

We define the Pauli matrices

(1 0 (0 1
03*0_1 0'1—10.

For real numbers z,y € R, we define A y = min{z,y} and = V y = max{z,y}, as well as the
Japanese bracket (z) = v2? + 1 and the floor and ceiling functions || = max{n € Z : n < z}
and [z] = min{n € Z : n > z}.

For functions f : R — C" we use the following convention for the Fourier transform:

Fle) = —— e f(x) dx
f(£)—m/R f(z)d
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We extend the Fourier transform to the tempered distributions &’(R; C™) as usual.

We denote by Q; =i~ 1{z € C: Rz > 0,Imz > 0}, j € {1,2,3,4} the four open quadrants of the
complex plane.
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4.2. DEFINITION AND APPROXIMATION OF THE HAMILTONIANS
GP KdV
H:°" BY &
4.2.1. LAX PAIRS

Formally, a function ¢ : R> — C is a solution to GP if and only if the time-dependent operators
0,  —iq
Lo = ("%
( iq  —i0y

2q0, +q, —207+q7—1

and

solve the so-called Lax equation
atLGP _ [PGP,LGP} )
Here L®P is called the Lax operator of GP and (L®P, PP) the Lax pair. Setting LN'S = L and

200, +7q, —202+qq

yields a Lax pair for NLS. A direct consequence of the Lax pair formalism is that eigenvalues of
the Lax operator are conserved quantities. A deeper consequence is that the potential ¢ can be
reconstructed from the scattering data associated to the Lax operator LF, and this scattering
data undergoes a linear evolution in time. As such, one can formally linearize NLS or GP by
conjugating the flow with the direct and inverse scattering transforms. This is called the inverse
scattering transform (IST) method, and it is the reason why NLS and GP are considered to be
completely integrable PDEs. Note that understanding the mapping properties of the IST on
standard function spaces is non-trivial, especially for nonzero boundary conditions such as in the
case of GP. For NLS and GP the scattering data is obtained from the Zakharov-Shabat scattering
problem, which is given as the cases T € {NLS, GP} in Definition 4.2.1 below. Since the IST
method is not the focus of this work, we shall merely highlight here the seminal papers [2, 189]
and refer to the recent review [155] regarding the development of the IST method, with a focus
on GP. We emphasize the connection to Section 3.2, where the theory that we use here is set up,
with matching notation, and more background on complete integrability and the IST method is
given.
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We shall now give Lax pairs for hGP, eGP and KdV. Set ¢ = ae’” and § = 4(p — Z). In [134]
X. Liao and M. Plum note that the explicit unitary matrix

1 [e? ef 1 1 /et e— 0
yields the unitary equivalence
LGP — M—thGPM

where

hep _ (—w-—+1 10y

Together with

pheP _ —2(Bw_ +wy), — (Bw_ +wy —2)9, 2i0% — %(Zﬁ:%
2i02 — § L) —Lw_ 4 3wy), — (w_ + 3wy +2)0,

this forms a Lax pair for the hydrodynamic formulation hGP of GP.
By rescaling, we can construct from (L"P, P"®P) the Lax pair

6P — —2W_ +1 ’L'\@E(?X
T\ iv2e0x —2Wy -1

and
PGP ~ 5 BSWo + Wy )x — (3°W_ + W,y — 2)v/2e0x
PGP peGP eGP 4ie22 — o2 (EWL =W )xx
PeGP _ 1,1 1,2 where 1,2 — X e2Wi—e2W_+2
PSP psSP PSP 4ic202 — je2 EWL—SW_)xx
’ ' P57GP X e2Wy—e2W_+2
2,2 £

(2W_ +3e*W, ) x — (2W_ + 322W, + 2)v/2e0x

V2

for eGP. Lastly, we recall the well-known Lax pair
LKV — —0% +U PRV — 493 +3Ux +6Udx

for KdV. For the sake of uniformity we treat the scattering problem for KdV as a first-order
system, i. e. we use instead of LX4V the Lax operator

LKdV _ —({9%( +U 0
“\ ux -0 +U)

We are interested in these Lax pairs because the conservation of the spectral data of the Lax
operator implies the existence of infinitely many conserved quantities. More specifically, we shall
construct in the subsequent section the Hamiltonians HN-S, HCP HNCP 3(=CP and £X4V from the
transmission coeflicients associated to each scattering problem.

4.2.2. JOST SOLUTIONS AND THEIR ASYMPTOTIC EXPANSION

The Jost solutions for each scattering problem depend on a complex parameter A € C. We prefer
to use for GP and hGP the alternative variable z = v/ A2 — 1, and for eGP and KdV the variable
k= \/%5. Due to the multivaluedness of the relation A\ <> z, it is common to consider pairs

(\z) € C? as lying on a Riemann surface. Since we also consider the additional parameter k, we
define

K={(\zk) eC®: N —22=1and z = V2¢k}. (4.2.1)
We decompose K into two sheets K = K, UK_ where

Ky ={(\zk)eK: A€ C\((—o0,—1]U[1,00)),£Imz > 0} .
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By an abuse of notation, we may write A € Ky, z € Ki, or k € Ky to mean (A, z,k) € Kg.
Similarly, for functions f with domain Ky we write f(\) = f(z) = f(k) = f()\, 2, k).

In order to give a uniform treatment of all the scattering problems under consideration, we define
Eqgns = {NLS, GP, hGP, eGP, KdV}

and write T € Eqns when we wish for T to refer to any of the equations under consideration. Using
this notation, we shall characterize all five scattering problems under consideration using a single
set, of variables:

(q,0,2,\,\) ,T=NLS
(¢:q+,2,A,2) =GP
(qT,quT,)\T,zT)Z (w,0,2,\,2) ,T=hGP.
(W,0,X,\, k) ,T=¢eGP
(U,0,X, k% k) ,1=KdV

In the following we always take j € {1,2} and set 3 =1 and 75 = —1.

Definition 4.2.1 (Jost solutions of ). Given a potential ¢' with lim, ,4. ¢' = ql, we define

the Jost solution @;’i as the solution to the scattering problem

ol RxKe,, — C?
Lt q);’i(a:T 2Tty = At @;’i(xT,zT;qT) (4.2.2)
t xtizf )
lim <I>T’ (zf, 27 q)e® i = E;[i(zT) (4.2.3)

r—Fo0
We define in addition the modified Jost solutions as \I/;L-’i = @;’i 2'iz'7; The eigenvalue problem
(4.2.2) is equivalent to
oTE (ot o) = ATt ot gty dTE(t ot gt
0,1 @ (27, 275¢") = A2, 275 ¢") @7 (a7, 275 ¢") (4.2.4)
Oyt \I/;[’i(a:T7zT;qT) = (AT(27, 2% ¢") +izTy;) \I/;r-’i(xT,zT;qT) (4.2.5)

The matrices Af (21, 21; ¢1), BT (21) € C**? are defined in the following table:

T AT ETE
—i\ q 10
(7 5) (01)
—i\ g g i(z—A)
GP (q i/\) (i()\—z) [
hGP 0 —i( A+ 1+wy) G [ A—z+1 —A+z-1\[e% 0
—iA—1+w_) 0 Va\-A+z2+1 -A+241)\ 0 e =
el 0 —SCE WOV, (A V2hk+1 A+ V2ek—1) (= 0
%( ) 0 V2\ A +v2k+1 = A+v2k+1 0 e 0+

0 1 1 1
av (v 12 0) (in )

Here 04 = (4 — %) where e?* = g,. We also define AT+ (27;¢") = lim,+ 4, AT(2T, 27; 7).
Observe that ET* is indeed a solution to (4.2.5) at 2T = +oo0.

Our choice of normalization for these eigenvalue problems yields the identity

GP,+ _ hGP,+ X <GP, 4
¢ (2, 2) = M(2)®; (x,2) = (\[E)@ (X, k). (4.2.6)

4.2.3. TRANSMISSION COEFFICIENTS AND THEIR ASYMPTOTIC EXPANSION
We recall Definition 3.2.4.
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Definition 4.2.2. Let D CC,d € Nand 1 <p < cc.

(i) We say that a function f = f(z) € C*°(D; Cd) has an asymptotic expansion in powers
of 2iz at infinity on D if there exist (fy,)nen C C? such that

S
. . N _ n _
VYN eN |lllm (2iz) <f(z) ;:0 (212)n> 0.

Z|—00
We call f,, the expansion coefficients of f and note that they are unique. If f and g
have such an expansion then 2izf and fg do as well. If g(z) # 0 for |z| sufficiently large,
then fg—! also has such an expansion.
(ii) We say that a function f = f(z,2) € C®(R xD;C?%) has an LP-smooth asymptotic

expansion in powers of 2iz at infinity on D if there exist (f,)nen C (C° N LP)(R;C%)
such that

N

(2i2)" (a’;ﬂx, 9-% W)

VE,NeN lim L
— (2iz)

|z| =00

=0.
LE(R)

In this case J, f has such an expansion as well. If g has such an L°°-smooth expansion and
inf,er |g(z, 2)| > 0 for |2| sufficiently large, then fg~! also has an LP-smooth asymptotic
expansion. If p =1 then ffooo f(x, z) dx has an asymptotic expansion in powers of 2iz at
infinity on D with expansion coefficients [~ f,(z) dz.

When f has an asymptotic expansion of some kind with expansion coeflicients (f,,)nen, we write

— fa
U nz:% (2iz)"

We collect now a number of results on the Jost solutions which are known in the literature,
although rarely arranged in this form. For the rest of the section we focus only on K, .

Lemma 4.2.3. Let ¢t € C(R) with ¢t — ¢, € S(Ry).
(i) The Jost solutions @;’i exist and are smooth in xt and analytic in 2t up to a finite set of
choices for zT.

(ii) There exists a constant c(q") > 0 such that ITm 2T > ¢(q") implies

the limits lim Wi (2,20, lim  OhT(af, 27) exist (4.2.7)
zt—o00 zt——00
lim 0,0l (zf,2) = lim 9, 0Ll ) =0 (4.2.8)
T —o00 zt——oco
3 3 Eh= (st
sup [Wh~ (2, 21) — ET (zT)‘ < w (4.2.9)
sTer c(qh)|z1|
7,4+t
ottt NI ]
sup‘\ll (x",2") = EJ" (2 )‘<7 (4.2.10)
steRl ? c(qh)|=]
(iii) Define on Ky N{Imz" > ¢, £Tm A > 0} the quantities
0, gh- 0, pht
ot = *T 11 5 — _ % 3’2 (4.2.11)
L2 vy
\Iﬁﬁ \I/T,Jr
rf=—22 M= 2 (4.2.12)
vy vy,

They are bounded and have L -smooth asymptotic expansions in powers of 2iz" at infinity.
The densities ot and &1 are in addition integrable, and their asymptotic expansions are also
L'-smooth.
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Proof. Let us first discuss the case of GP. Here (i) and (ii) can be proven by the well-known method
of writing the boundary value problem as a Volterra integral equation and using a Neumann
series ansatz. For a demonstration we refer to [64, Proposition 3], and also the theory in [71,
Chapter 1]. We refer also to Section 3.2 for a treatment of these matters with a different approach,
and specifically Lemma 3.2.5 as a reference for (iii). These same methods are strictly easier to
apply for NLS and KdV because the potential under consideration has zero boundary data and
the structure of the scattering problem is similar. For more information on the direct scattering
theory of KdV we refer to [1]. Using (4.2.6), the cases hGP and eGP can be obtained directly from

GP. O
If Imz! = 0 then &5~ = (&1~ &)™) and &1+ = (&1, /") are two fundamental solution
matrices to (4.2.4), hence there exist af(z'; ¢),bf(27; ¢7) € C such that

o) (af, 21 = ol (s g @] (2, 21) + b1 (T; o) @] F (2T, 2T (4.2.13)

We call af(z; ¢") the transmission coefficient of + with potential ¢'. It satisfies

_ ,— + s + ,— ,+ = ,+
g det(@]|0f) @[y @by —@f, el Wiy Wiy - Wi vl (4.2.14)
= +  Hhtaht ot ghtght bt o
det BY o TalT — ol <I>;1 vltwly - oli el

Using this formula, we extend a'(z') analytically to 2 € K| up to a finite set of points. Since
the determinant is multiplicative, and due to (4.2.6), we have

a®P(z;q) = a"°P(z;w) = a*P(k; W) .

Note that
1 ,T=NLS
2z(A —2) ,T =GP
det BT = { —22(\ — 2) .t =hGP .
—2v2ek(\ — \/2¢k) 1 =¢eGP
2ik ,T=KdV

Using (4.2.5) to substitute @15 in (4.2.14) and taking the limit x — oo, or, respectively, by
substituting @;1 and taking the limit x — —oo, we find that

hm \IJT’ = aTBT hm \115'2" = aTBT
where
1 = NLS
. Q+ T =GP
_i_ _ ’ _ _ —_—
K (AbF iz —talTER e = hen
2,2 2,2 1,221 e? 7(1—1—)\ V2ek) 1 =¢eGP
1 = KdV
1 . =NLS
det BT~ _ T=6P
3} = et “de (142N .t =hGP |
©OBl (A i) Al Bl v
, , , ) e~ 7(1+\f6k A) ,1=¢eGP
ik = KdV
On the other hand, (4.2.3) implies
1 . =NLS
Q— T =GP
lim \IJTle ﬁ(lJr)\*Z) ,T=hGP

zt——o0

L(1+A—+2ek) ,t=eGP
1 = KdV.

&\
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1 .t =NLS
q. ,T=GP
Jim v =Bl ={ e H(l+2-)) . =hGP
e 51+ V2ek—)) f=eGP
ik T =KdV.

Due to (4.2.9)-(4.2.10), there exists for sufficiently large Imz > ¢ = ¢(¢) a branch log' of the
logarithm, only depending on ql, for which log(\IJJ{’; (BI)*I) and log(\Ilg’_;(ﬂg)*l) are continuously
differentiable in =T on all of R. Specifically, writing log,,, for the principal logarithm, we choose

log,,, (w) .1 € {NLS,KdV}
log'(w) = { log,,, (weil#+=%-)) —log  (e!#+=%-)) =GP VweC.
log,,, (we(#+=¢=)) —log,, (e%(#+=¥=))  { € {hGP,cGP}
Then
0 +=NLS
(o — —GP
loghat — zl(cp ox) T = / ol dat = / ohdal. (4.2.15)

3(p— —p4) ,T€{hGP,cGP} R R
0 4= KdV

We are interested in the asymptotic expansions
> ot (21 gt i (2t
Fegt ot gty o S Inl5e") ”x’q 4.2.16
O'(QL',qu) HZ_O (2’LZT)n 7 7(] z:: ( . ( . )

By (iii) from Lemma 4.2.3 these expansions indeed exist, and the expansion coefficients are bounded
and integrable in z'. Furthermore, the asymptotic expansion of o is L'-smooth, meaning that
we can take the integral and thereby obtain an asymptotic expansion in powers of 2iz' for the
transmission coefficient of the form

0 .t =NLS
logtat — 4 (= —ws) T=CP Zf ol dzt Zf )

- —¢y) T€{hGP, eGP} & (2iz) zm no 2

0 T = KdV

For the cases 7 € {GP,hGP,cGP} clarification is necessary, as the expansion coefficients both in
(4.2.16) and (4.2.17) are not the same on all of K. Instead, they depend on the sign of Im A, or
alternatively a choice of bijection A\ ++ (z, k). We shall choose the expansion coefficients so that
(4.2.16)—(4.2.17) hold true for Im A > 0.

Using these expansion coefficients, we define for { # KdV the Hamiltonians

0 .+ =NLS
-\ n 1 t=eGP
Hi(q") = —(—i)" ((V2e) (D)) == }/O—L+1(xT;qT)de+]l{n=—l} o_ —pr ,T=GP :
* £=—¢+ i {hGP,zGP}
(4.2.18)

and for t = KdV the energies
EXRNV() = (-1)™ /Raggig(x; U)dX. (4.2.19)

We do not define conserved quantities corresponding to the even orders because they vanish (see
Lemma 4.2.6 below). These Hamiltonians act as expansion coefficients for the logarithm of the
transmission coefficient. Specifically, for (), z, k) € K, NQ; we have as Im z — oo the asymptotic
expansions

loga'(z ~ i Z gz v+ € {NLS, GP,hGP,cGP}
—1
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0 KdV
lOg aKdV(k; U) ~i Z gn (U)

. (2k)2n+3
In particular
M (q) = HOP (w) = HSP (W) . (4.2.20)

Note that we can reformulate (4.1.3) as

HSP(q) A 2t= 1SR (g)
1 ~ z
Oga (Z q Z% 2n+1 +ZZ 'r;) (22)2n ’

which gives an alternative view on the definition of the GP hierarchy and its relation to the GP
hierarchy.

As mentioned above, for the cases T € {GP,hGP, eGP} these expansion coefficients are specific to
our choice Im A > 0. A crucial property of the Hamiltonians ], is that they are pairwise Poisson
commuting. This is a well-known result and it implies that each Hamiltonian is a conserved
quantity for every Hamiltonian flow.

Lemma 4.2.4. Let t € Eqns and ¢' € C™(R) with q" — ql € S(Ry). Below, we write HXdV =
EXV . For all nym >0 and 2], 25 € Ky with Tm 2], Tm 2 > ¢(¢") we have

(1], HE, (¢ =0 {logaf(2]),logaf(2))}(¢") = 0.

The Poisson brackets {...,... M are given in Appendir 4.B.

Proof. For NLS, GP and KdV, which are all part of the AKNS hierarchy, we refer to [118, Theorem
B.7]. Specifically for GP we note also a different proof given in [71, II1.§2]. With (4.2.20), we can
derive from the case GP the cases hGP and ¢GP. O

4.2.4. RECURRENCE RELATIONS FOR THE DENSITIES OF THE HAMILTONIANS
From (4.2.5) we derive Riccati equations for o and o with € {NLS, GP}:

9,5 = (2i\) NS 4 q; NS — (oNS)2 4 g7 (4.2.21)
— 9,5 = (2iA)FNLS — 9o sNis GNSY2 4 gg (4.2.22)
q
GP i) —
0,0% = (2i2)0% — (6P 1 g7 — 1 + qmw (4.2.23)
=GP | () _
—0,5%P = (2i2)5%F — (FF)2 +q7—1— qf“qM (4.2.24)

They were first derived in [189]. For t € {hGP,eGP} we prefer to work with the systems for the
pairs of variables (o, ") and (¢7,7"), which are specifically

( )
0,0"P = (2i2)0"P — (6"°F)2 —w_wy —w_(14+ ) +wy(l —N\) —i(wy),r"F ( )
—0,5"P = (2i2)7"F — (G"P)? —w_wy —w_(1+X) +wy (1 —\) —i(w_),7°F (4.2.27)
D™ =i (1 4+ A+ w ) (") +i(1 =X —w_) ( )

( )

—0,7°F = i(1 —)\—w_)(FhGP)Q +i(1+ A+ wy) 4.2.29
1
Ox 0P = (2ik) 0P — (6°P)? + 5( EEW_Wy — W_(1+N) + Wye(1-)) — z‘ﬁg(w+)xr€GP)
(4.2.30)
1
—Ox 5P = (2ik)5°P — (5°5P)2 4 5( S2W_W, — W (14N) + Wi (1-\) — iv2e(W_ ) x NEGP)
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OxrF = %(5—2(1 + ) + W) (reo7)? + %(5_2(1 —A)-Wo) (4.2.32)
—Ox7°CP = %(5*2(1 — ) = W) ()2 + \%(5*2(1 +A)+ W), (4.2.33)

The case KdV is distinct in that we consider a single equation for %4V, but also the system
(GRAV 7KV,

Ox oKV = (2ik)"V _ (oKVYZ |y (4.2.34)

—0x "V = (2ik)KY — (GKN)? 4 U + UKV (4.2.35)
1

—Ox TRV = (U + 4(2ik)2) (FIV)2 1. (4.2.36)

These equations prescribe recurrence relations for the expansion coefficients ¢f. In order to
avoid an abuse of notation, we shall use bold variables o, GT, rf, ?T, and so on to denote the
formal power series corresponding to each function. By substituting the formal power series
NS V> oGP and 67 into the Riccati equations (4.2.21)-(4.2.24), we can derive recurrence

relations for the expansion coefficients oS, GNLS| 58P and 56P. For the case NLS this yields

n
NLS _ NLS . — NLS _ NLS 9z _NLS NLS _NLS
og - =0 oy =—qq Opi1 = 0goy = — —0, ~ + E Ok O0p_% -
k=0

GP

Due to the presence of A on the right-hand side of (4.2.23), the recurrence relation for ;> is

awkward, so we use instead the relation
oSz, ) = 0P (2, 2) +i(\ — 2),

which is proven by using it to substitute oN- in (4.2.21) and observing that this yields (4.2.23).
We can then derive the expansion coefficients o$F from o)"> and vice versa. We assume now that
A,z € Q1. Then we can write z = v/ A2 — 1 and A\ = /22 + 1 using the principal square root, and

obtain the relations

. m— 1 m— i m — 1 _
=3 (0o tog ot =3 (1) + e,

m—k m—k
k=0 k=0
(4.2.37)
m m—1 . m m — 1 .
= (M)t o =3 (MRl . (2

k=0 k=0

Here C), are the Catalan numbers. They can be defined either by the recurrence relation they
solve, or by their generating function:

> 1-vV1-4X
Y XCp = . (4.2.39)
n=0

Co=1 Cu1 =) CkCho
P 2X

If A\ & Q) or z ¢ Q; then the relations (4.2.37)—(4.2.38) may need to be corrected by sign changes.

Defining ¢*(z) = q¢(—x), we can observe that oN">(x, \; q) and E'NLS(—J:, \; @%) both solve (4.2.21),
and 0P (x, z; q) and &GP(—J:, 2;G) both solve (4.2.23). A consequence of the recurrence relations

discussed above is that oN-> and 08" consist of monomials whose total number of derivatives has
the opposite parity of n. Then (0¥¢*)(x) = (—1)*(0Fq)(—x) together with (4.2.17) yields

/Ul(x,z;q) dz = (—1)"+1/aL(x,z;q) da (4.2.40)

for ¥ € {NLS, GP}, implying that the functionals HNLS HOP HNCP and HECP are real-valued. We
assume again that A\, k € Q; are in the first quadrant of the complex plane in order to have an
explicit expansion

_ e =1
o V2 ,n
A=V1+2e2k2 = Z (QZCZ)” where ¢, = \/§ia)n %(é) ,m>0o0dd . (4.2.41)

n=-—1

(
0 ,else
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Then we can derive from (4.2.30)—(4.2.33) the recurrence relations

oGP = %(W+ + W) (4.2.42)
eGP _ C-1 y 5, & 1 eGP
0'1 76X(W++W—)+T(W++W—) +§W_W++ §(W_ —W+) \[GXW+T
(4.2.43)
1 1€
oSS = Ox oS + ZafG"kozGP gen(Wo + W)+ ﬁaxwﬂff". (4.2.44)
and
5P =1 (4.2.45)
e i€ 2
Ti = _ﬁ <W+ — W, + €2> (4246)
1Cp 1€ 1 "
reSh = OxrseP + Ve \[< Wy — >k20 it (4.2.47)

. n
eGP eGP _ 1C-1 eGP eGP
g g Cn—mVm—kTk _\fTE Tnp1—k"k -
m=0 k=0 € k=1

In the same way recurrence relations can be derived for ge¢P, 766P  hGP GhGP "hGP “and 7#hCP,
which we omit here for brevity.

Lastly, we derive from (4.2.34)—(4.2.36) the recurrence relations

n

oKV — AN =y oK = D0V + 3 VoK (12.48)
k=0
and
~KdV __ ~KdV __ ~KdV __ ~KdV ~KdV KdV ~1<dV
oo =0 o =-U Opa1 = — Jrg
as well as
1 n
~KdV ~KdV __ ~KdV __ ~KdV ~KdV~KdV ~KdV=KdV
ro - =0 rio =2 Tyl = —OxTy E Ty — T TS k-
k=2

Note that something subtle has happened in (4.2.45): the equation (4.2.30) only implies (r57)? = 1

so we need to use the additional information

GP,—

eGP _ EiQ i (k) im 1+ \fé—k /\

el E5SP (k) T koo 1 fsk+)\
On the other hand, we have rEGP = —1. These statements are true only in the case Im A > 0,
which we have assumed by COHSIdeI‘lng the asymptotic expansion for A, k € Q;. On other regions
of K4, where instead Im A < 0 while of course Im k£ > 0, we have ’I“SGP =—1, rEGP = 1. In addition
we must also replace ¢, by —c,, hence the expansion coefficients change significantly. This is
relevant for the following lemma, which uses the operators Evy and Ody defined in (4.1.14).

Lemma 4.2.5. For \,k € Q; we have the following asymptotic expansions in powers of 2ik at
nfinity:

iIm 058P dX

PG (4.2.49)

R dX
Ev, [log a*°F (k Z —fR 26 22;::1 Ody[log a*®F (k Z fR
1
n=0
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Proof. Due to (4.2.40), the real and imaginary parts on the right-hand side are superfluous. Define
now W4 (X) = Wi (—X). An analysis of (4.2.30)—(4.2.33) reveals that

TEGP(Xv (_Aa k)a (W+7 W—)) = ’FEGP( X7 ()‘7 k)v (_WEa _W—?-))

" P (X (A R); (W, W) = 5P (=X, (A R); (- WE, = WE))

Observe that (W, W_) — (fWE, fWi) corresponds to ¢ — ¢f. Then one can proceed as in the
proof of (4.2.40) to obtain

[ FE X R (W, W) X = (1) [ a2 (ks (W W) X
R R

which yields the claimed expansions. O

4.2.5. PROOFS OF THEOREM 4.1.1 AND COROLLARY 4.1.5

Let us emphasize that these recurrence relations are convenient for the explicit computation
of the expansion coefficients, but difficult to work with in proofs by induction. Instead, it is
preferable to work with their generating functions, which solve the Riccati equations derived
above, as operations on these generating functions elegantly represent complicated steps of a proof
by induction. As an example, consider the following lemma.

Lemma 4.2.6. For ollU € S(R;R) andn >0

[ asemax —o.
R

Proof. We decompose aX?V = E 4 O into the even and odd orders of the formal power series.
Then (4.2.34) implies
Ox = (2ik)E — 2EO.
In particular
Ox (2ik — 20) x 1 .
= =— = ——(log(2ik — 20
2ik — 20 2ik — 20 g los (2t Dx

Since the right-hand side is a formal power series where each coefficient is a derivative of a
polynomial in U and its derivatives, its integral vanishes. O

This is essentially a proof by induction, but all the work of the induction step is hidden in the
calculus of formal power series. In order to transform it into an actual proof by induction one
needs to compare the coefficients at each order, which yields recurrence relations. The calculations
with generating functions then represent the inductive step for these recurrence relations. We
generally skip the base case, which sometimes also falls out of the generating function calculations,
but otherwise can always be checked manually.

Using the generating-function approach, we prove our approximation result for the densities of
the Hamiltonians. In the following one should understand k € i R to be sufficiently large so that
AeiR.

Lemma 4.2.7. Define Wi(X) =Wy (—X). We assume that k € iR for the definition of the real

and imaginary part of formal power series in the variable 2ik. Let A be a purely imaginary formal
2

power series in the variable 2ik which satisfies X> =1 — %(Qik)z, Then

Re [ sGP](X ks W) — ZlA Hl[O'EGP](X,k‘; W) = a'KdV(X,kJ; —-W_)+ 0(52) (4.2.50)
Re[o=*F)(X, k; W) + le Im[o=P)(X, k; W) = &V (=X, k; WE) + O(e?) (4.2.51)
R ) - LE kW) =SV W) F O (425

Rel&“)(X, kW) + =5 Im[5"F)(X, k) = oK (- X, ks WE) + O(?) (4.2.53)
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n n

and
Re :\%rEGP: (X, k; W) — % Im :\’grfGP: (X, k; W) = 0(£?)
Re :\i/girfGP: (X kW) + I :\’21«5@": (X, kW) = TV (X, kW) + O(e?)
Re :j/%?f@": (X, ks W) — % Im :\%’FGP: (X, ks W) =T*Y(X, k; —W_) + O(e?)
Re :%?EGP: (X, k; W) + % Im :\%FEGP: (X, k; W) = 0(?).

Proof. We define

1 1
1 = Re[o=°F] + Y Im[o=CF] v = Re[o*°P] — Y Im[o=CF]
~ ~ ~ ~ 1 ~
i = Re[6°%F] + % Im[5°F] U = Re[6°°F] — 51 Canal
i€ 1 1€ i€ 1 1€
=R sGP:| + =1 |: rEGP:l _ Re{ rsGP:| - 1 |: rsGP:|
a=me| e |+ m| S V- R e IV
~ €GP 1 1€ eGP = 1€ eGP 1 1€ eGP
- o —R B
s me ||| A me ] - ] 5

From (4.2.32)—(4.2.33) we derive the system

2
aX—W+a2+(2ik)2<€;W+(a_ﬂ> - a+ﬁ)<a_ﬁ> 1o Sw—o

2 2 2 2
2 _ 2 _ 2
By — (Wi +2e2)B% + (2ik)2<€2W+<a . ﬂ) - ﬂ(a2)> - %W_ —0
2 ~_ 2 2 ~ _ 2 2
ax+(w_252)a2(2ik)2(52vv_<0‘2ﬂ> a(O‘QB)) +%W+:O

o\ 2 N s~
§X+W_&2(2ik)2(€22w_<a; ) <a;5><a;ﬁ>)+1+iw+o.

This implies
a,B=0() a, B =0(?) (4.2.54)

by induction. More precisely, we have
1
ox — (W+ + 4(2ik)2) o’ +1=0(?)
~ 1,9\ 32 9
—Bx — | —W_ +1(22k) B +1=0(%).

As a result, the claimed approximations for r¢” and 7°°P hold. On the other hand, we obtain
from (4.2.30)—(4.2.31) the system

2

2 -v\? W_W.
oy — (20k)p + p? — Z(Qik)z(HQV> ~ Wyt 0 Wia =0
2 2
- W_W.
VX—(2ik)1/+u2—€2(2ik)2<N2 ") +W_ +¢2 5 L L OxW,B=0
2 ~ ~N\ 2
_ I - W_W. N
—/J,X—(Qik)u—&—uz—a(Qik)Z('u;/) W42 4+ oxW_a=0
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2 ~ ~\ 2
_ o - W_W. .
Dy — (2ik)+ P — 52(2%)2(“2’0 YW+ L oW B =

2

Again with induction, we find that

px — (2ik)p+ p? — Wy + (W+) = 0(e?)
vx — (2ik)v + v + W_ = O(e?)

—fix — (2ik)f+ @° — Wy = O(e?)

)

—Ux — ik + D+ W_ + (W_)xB = 0(?).

eGP

This concludes the proof of the approximations for o and 7°°F. O

Proof of Theorem 4.1.1. We assume again a setting where \, k € Q;. From the definition (4.2.18)
and the fact that the Hamiltonians are real, we obtain

HEGP( ): (—1)"“(\@8)2”“/Reagﬁil(X;W) dx
R
HESP (W) = (1) (v/2e)*" / Tm 055P (X W) dX
R

Now combining (4.1.3) with (4.2.19) and Lemma 4.2.7 yields (4.1.9). Note that oXV(+£W,) is a
polynomial in U and its derlvatlves with an even number of derivatives present in each monomial.
Therefore [, ok (FX; iWi )dX = [ oRV(X; W) dX.

The main work is done, but we would like to gain a precise understanding of the number of
derivatives present in P,, and prove (4.1.12). Below we prove results about H°F, which then

directly imply the claims about H®P. For k¥ € N and a polynomial P in W,, W_, and their
derivatives, we define m; P to be the sum of all monomials in P whose total number of derivatives
is k. In the following we identify such polynomials P up to formal integration by parts, as the
claims of Theorem 4.1.1 concern only integrals fR PdX.

We set now T = eGP in order to simplify the notation. From (4.2.42)—(4.2.44) we derive
Real =0

g2 1
Reoi = —g(W+ — W7)2 + §(W7 — W+)

ReajH_l =dxReo] + z:(ReoJf kReo}; - Imol klmo};) i6XVV+ Im ]

k=0 - - \/5

and
Imo) = L(VV.;.—!—VV)
0 2\[
Imol = 9 —W_
1= 2\/‘ X( )
1
Imcrn+1 = dx Imo] +22Rean klm0k+ Imcn(W_+W+)+73XW+ReT
k=0
as well as

ImT(T) =0

2
Imr{ = _;§<W+ -W_+ 52>

€ 1
Imr;fLJrl =dx Imr| + 7 (—W+ - 62) E (Rer! _, Rerl —Imr! _ Tmr])
k=0

m01

\fe ZZImcn m2Rerm kImr,C Vo Z2Rern+l kImrk

m=0 k=0
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We do not write out the recurrence relation for Rer! since it plays no significant role. The
first fact that we read from these recurrence relations is that Re oy, 41 and Im ol are sums of
monomials with an even number of derivatives, while all monomials in Re U;n and Im O';n 41 have
an odd number of derivatives. Studying the recurrence relation for Imr explicitly, we see that

Wkrjl=0forallk2n—1and

2
71'011117’1r = \;5<W+ - W_ + 62)

7, Im er_l = Oxmp—11Im TIL ,
from which we deduce for all n > 1 that

3

V2

Similarly, we find that m; Im a}; =0 for all Kk > n and

Tp—1 Im rIL =

2
ot (W+ -W_ + 52> :

g
Imo, = —— (W, +W_
mo Im o 2\/5(+ )
&
Imo| = ——0x (W, — W_
T Im oy 2\/§X( + )

Tp+1 Im O’L+1 = m,0x Im UIL ,
which implies

 met = 4 TzAWE W) =0
" kW~ W) n>1

Lastly, we have 7 Re O’L =0 for £k > n and

2
) Rea{ = —%(W+ — W7)2 =+

n

€
T Re O'L_H = Oxm,_1 Re 0}: — Z(ﬂ'k Ima};)(ﬂn_k Im alfk) - —

= V2

W-—-Wwy)

N =

8Xw+71'n_1 Im 7“,2:

n—1
= Oxmn_1 Reat = S" S _ 9k (W, - W_)—"_on k(W — W_
XTp—10e0, ;2\/§X(+ )2\/§X(+ )

(Wy +W_) (W, —W,)+i2axw+i

+— = _oy
V2 2v2 V2 V2

2 n—1
= Ox7p_1 Reo] + % ( =Y ok (Wy - Wo)ay (W — W)
k=1

2
oyt <W+ -W_ + 52)

+2(Wy + W_)O% (Wy — W) +40x W 9% Y (W, — W))

+ 1{n:1}6xw+ .

This implies
2
[ manReoh, o dx = (0" [ @ v, - W) ax,
R R

from which we obtain (4.1.12). So far we have shown that Re O’;n+1 has up to 2n derivatives
present in each monomial. Via repeated integration by parts, we can reduce the number of
derivatives on the factor which has the most, and thereby ensure that each monomial in P5, has
no more than n derivatives on any factor. For Im o}, we observe that the terms m, Im o3, with
the most derivatives vanish under integration by parts, so we obtain at most n — 1 derivatives on
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any factor in Po, 1. As a result of these elaborations, we also know that P, has at most L%J
derivatives in each monomial.

It remains to prove the absence of constant or linear monomials in P,, and Q,,. This follows by
direct computation for n € {—1,0}. For n > 1 we shall obtain it from the absence of constant or

linear monomials in ’HEGP and €59V which for the energies EXYY follows directly from (4.2.48). If
P is a polynomial as above, we denote by 7o P its constant part and by 71 P its linear part. First,
we note that (4.2.42)—(4.2.44) directly imply 7oo], = 0. Since 74710], vanishes under integration
by parts for all k£ > 1, it suffices to determine mo7y0),. Here (4.2.42)—(4.2.44) imply

c_ 1 Cn
ToT108 = 71(W+ +W_) moTi01 = §(W, -Wy) 7T()T10'jl+1 = ?(W+ +Wo).

Since ¢,, = 0 for even n it remains to prove the claim for the odd Hamiltonians
1
5P (W / Z (n _2 )4” (1) (V22 Im oS (X W) dX
Here we have

n 71 n 7; 1
ToT1 Z <n 2 >4"m(1)m( 2¢)?" Im 057 = Z (n _Qm)4nm(1)m(\/§€)2m2 Imcop1 (W4 + W2)
m=0

1= Wi+ W_
{ 0}2\/>( + )

Proof of Corollary 4.1.5. Define for n € N the energies
En U) = ngV
@ =3 (})eo.

According to [122, Theorem 9.1] there exists 0 € (0,1) such that for every n € N the smallness
condition ||U||g-: < ¢ implies

|E™(U) = U |}a] < U2 U1 -

We calculate

£ 1) = (7)(@,3)—21—3(%;??2( ) F 2H55F, ()

2
(l) (EKdV( )+ %/ Porro FPop dX>
R

g2 g2
(7) (8w + 10 07 = Wl + 5 [ Qus ¥ Paa ax )

7117

l

0

[
M:

l

~ g2 2 [ (n
=E" (W) + gHaX(W+ —WO)||%. + E/RZ (l>(Q2l+2 F Poiy1)dX
=0

Il
=

2
3
= Wl + 10 (W — W)l
n 2 e — (n
W) = [Wele + 5 [ 3 () Quia ¥ Paia) X
=0

An analysis of the recurrence relations (4.2.42)—(4.2.44), (4.2.45)—(4.2.47) reveals that the poly-
nomials Q5 and Py for 0 <1 < n have degree less than or equal to n + 3, and at most n
derivatives on a single factor. Furthermore, the total number of derivatives in any monomial is
strictly less than n + 1, and we know from Theorem 4.1.1 that they contain no constant or linear
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monomials. For n > 1 this allows us to combine the Cauchy—Schwarz inequality and the Sobolev
embedding H! «— L to estimate

n
/R S (Quiya F Pors1) dX| < CIW (2 (14 W )"+
=0

By a similar analysis of £K4Y we find in particular that HfLGNP(W) <ooif We HLE O

4.3. APPROXIMATION OF SOLUTIONS TO THE £GP HIERARCHY BY
SOLUTIONS TO THE KdV HIERARCHY

4.3.1. Proor orF PROPOSITION 4.1.10

Proposition 4.1.10 is an assembly of known results. Most importantly, [104, Theorem 1.1] by
C. E. Kenig and D. Pilod states local well-posedness of (KdV,,). For any initial data, the local
solution to the n-th flow (KdV,,) can be globalized by the standard argument of combining a
blow-up alternative with the existence of conserved energies that control the Sobolev norm of
the solution. Then the solution to the N-truncated KdV hierarchy is constructed by using this
well-posedness result to move for a time ¢y along the flow of (KdVy), then for a time ¢; along
the flow of (KdV;), and so on. Due to the commutativity of the flows, this is independent of the
choice of ordering. The commutativity of the flows is a well-known result which can be proven,
for example, by proceeding as in Section 3.4, using the weighted Sobolev spaces H* N H s1 Then
by density the commutativity of the flows on H® follows.

It remains to use certain conserved quantities to prove the uniform bound (4.1.17). While the
energies £X4V are of course conserved, they do not have the desired coercivity property. A first
result controlling the Sobolev norm of the solution by certain combinations of £X4V in the periodic
case was given in [133, Theorem 3.1] by P. D. Lax. We shall use the recent results [115, Theorem
1.1] by R. Killip, M. Vigan, and X. Zhang, and [122, Theorem 9.1] by H. Koch and D. Tataru.
The former result is only stated for Schwartz solutions, but the continuity of the local flow maps
on Sobolev spaces allows us to approximate.

Proof of Proposition 4.1.10. Since the low regularity conserved quantities used in [115, Theorem
1.1] are conserved for every flow in the KdV hierarchy, we know that

sup [[U(T) -1 < C(L+ |Uol3-)10oll -1,
TeRN+L

so it suffices to prove for every T' > 0 that

sup [|U(T) o < C(s') sup (14 [U(T)[|550)1Uoll g -

|T|<T |T|<T

To show this we use [122, Theorem 9.1], which provides a smallness constant § € (0,1) and for
every s’ > —1 a functional E* : H* — R such that ||U| g1 < § implies

|E*(U) = IU 7.

< c(SNUNa- U117, -

Crucially, the functionals E*" are conserved along every flow of the KdV hierarchy. In particular, if

1
sup ||[U(T)||g-1 <09 =min< §, —— 7,
s [T < b { 26(8,)}

then

IU(T) 3. < ES(U(T) + () |U(T) || |U(T) 3.0 < B (U(T)) + %IIU(T)II?{M :

2
7
which implies

oy IU(T) 3. < 2B (Vo) < 2(I100lI3,.0 + (") |Toll -2 1T0l13,.0) < 3I1Toll3;. -
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We therefore assume sup <7 [|[U(T)|| -1 > do and use the scaling invariance of the KdV hierarchy
to regain the required smallness. Specifically, we define u(T, X) = w?U(QT,wX) where
w= % € (0,1) and © € RVFUDXNHD with Q. = 1y }wQ"H
- ) n,m — n=m N
Sup|ti<t ||U(T)Hi1—1

By the representation (4.3.1) below, u is still a solution to the KdV hierarchy in the sense of this
theorem. It satisfies

w ~
sup [lu(T)[|3-+ = sup /ﬁ\U(QT@FdESw sup [[U(T)||3-1 = 65 -
jQT|<T joT|<TJr 5z +§ IT|<T

The above reasoning now implies

sup [u(T)[[3. < 3[lu(0)3.
QT|<T

which after scaling yields

sup ||U(T)||2 L <3w2s ||U0||2 o
|T|I<T

4.3.2. PROOF OF PROPOSITION 4.1.11

Lemma 4.3.1 (Continuity argument). For every Cy > 0 and h € N there exists some dg, &9, Cy >
0 such that the following holds. Let r* € (0,00) U {oo} and consider two functions gy €
C([0,7);[0,00)) that satisfy for some € € (0,&0) and all r € [0,r*)
194(r) = g2(0)] < Colg(r) + g=(0)) (g4 (r) + - (r))?

+E2C0o(g4(r) + g—(r) + 94(0) + g—(0)) (1 + g1 (r) + g—(r) + g+ (0) + g (0))"**.

Then g4 (0) + g—(0) < &0 implies

39+(0) ,9+(0) >

395(0) ,g+(0) 8 +8C1(9+(0) +9-(0)

g+(r) < {

for all r € [0,r*).

Proof. Set E = 22C1(g+(0) + g—(0)). We prove by contradiction, so we assume that the estimate
fails before r*. More specifically, we may assume without loss of generality that the estimate for
g+ becomes saturated at some time r € (0,7*), and holds for both g, and g_ on the interval
(0,r4). This means either g4 (r;) = 3¢9+ (0) + E and g4 (0) > 0, or g4(r4) = 39—(0) + E and
g+(0) = 0, and furthermore for all » € (0,74) we have g+ (r) < 3g+(0) + E if g+ (0) > 0, and
g+(r) < 39+(0) + E if g+ (0) = 0. In the case g;(0) > 0 this implies
29+(0) + B < Co(8¢:(0) + E)(6g4(0) + 69 (0) + 2E)*
+&2Co(8g+(0) + 89-(0) + 2B)(1 + 89+ (0) + 8- (0) + 2E)" ",

which leads to a contradiction if §y and &j are sufficiently small and g4 (0) + ¢g—(0) < d. The next
case is g4 (0) =0 and ¢g_(0) > 0. Here we have

9+(r) < Cogy (r) (g (r) + g—(r))?
+82Co(g4(r) + g-(r) + 9-(0))(1 + g4 (r) + g—(r) + g—(0))"**.

and max{g4(r),g—(r)} <3g_(0) + E for all r € (0,74). In particular
39-(0)+ B = g4.(r4) = lim g:(r) < Co(39-(0) + E)(69-(0) + 2E)*

+ 22C(89_(0) 4+ E)(1 + 8g_(0) + E)h T,
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which again leads to a contradiction for sufficiently small §; and €. The final case is g4 (0) =
g—(0) = 0, where

g+(r) < Coga(r)(g+(r) + g-(r))?
+ 2200 (g4 (r) + g— () (L + g1 (r) + g—(r))"*.

If either g4 or g_ are ever positive on [0,7*), then they assume arbitrarily small values for some
€ (0,7*), which is not compatible with the estimate when §p and £y are sufficiently small. [

We can now prove the proposition.

Proof of Proposition 4.1.11. This proposition is Corollary 3.1.7 with the addition of (iv), which we
now prove. A lower bound for the distance to vacuum using the energy is given, for example, in
[26, Lemma 1] and Lemma 2.1.2. Then continuity and boundedness of W in H*~! follow from the

local bilipschitz property of the Madelung transform g — ((1 + %)2, w4 +w_) established

in Corollary 2.1.7 and Lemma 2.2.4 together with ¢q € C’(RN+1; X?). For a detailed proof of the
fact that (eGP,,) is solved in the sense of distributions in the case n = 2, we refer to Section 2.3.
The cases n > 3 are analogous.

In fact the solutions are strong in the sense that T}, — W (cN-S~¢6PT) ¢ Cl(Hs_QL%J ~2) satisfies

(Eé\lsn) in that space. We obtain this by transferring the differentiability of the solutions from
(iii) of Proposition 4.1.11 through the Madelung transform. Away from vacuum, this boils down
to combining product estimates and the boundedness of certain smooth nonlinear mappings on
Sobolev spaces, which can be performed as in Chapter 2. Note that the highest order of derivative

appearing in (Eéan) is 2L%J + 1.

It remains to prove (4.1.23), so we let h € {1,...,s — 2}. Here we use Corollary 4.1.5. In order to
obtain an estimate for |W4| g» from this bound we need smallness of |Wy||z-1. We shall obtain
smallness for ||| gr+1 globally in time by slightly relaxing our scaling. Specifically, we define ’i‘,
)Ai;, and W in analogy to T, X, and W, with ¢ replaced by

&= cmax{1,5 5 |W(0)|[}1 )

for some 6 = §(h) > 0 to be chosen later. Then W has the same properties as described above,
except ¢ is replaced by €. Since

88 - Bt (9) vt - (&) - (3 w(n. 29
we have for some constant C' = C(h) > 0
e () I e <T@ < (2) W)

in particular ||W(O)H%,,+1 < 0. By Corollary 4.1.5 there exists a choice of § and C' = C(h) > 0 so
that [|W]2,_, < 44 implies

2
8 —_— — —_— —
ESPE W) — W0 — S 10x Wy = W)l | < CIWl3pn W[l

EXCIW [0 (1 + (W] ) F1

We use this to estimate

B 2 .
’IIWi(T)?IMZ|3x(W+—W)(T)fqh — [WL(0) I3 — ||3x(W+—W )(0) 7

< C(IWa (D)3 W (D1 + ||Wi<o>||%{h||m<o>||w)

22 (IW (D)3 (1 + W (D))" 4 W (O30 (1 + 1 (0) 1))
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as long as ||W(O)||%,,17 HW(T)H%,I < 40. Define

. 2
s2lr) = sup (W2 + Glox (¥ - WD )
{IT|<r}

r* =inf{r > 0:g4(r) + g_(r) > 46}
and note that g4 is continuous.

By choosing € < g¢ for some appropriate g9 = €o(d, |W(0)|| gn+1), we can ensure that £ € (g, 1).
Then the above inequality implies for € [0,7*) that for some Cy = Cy(h) we have

192 (1) — 94 (0)] < Coga(r) + g2(0)) (g4 (r) + g—(r))*
+82Co(g4(r) + g (1) + 94(0) + g—(0)) (L + g1 (r) + g (r) + 94-(0) + g—(0))"*.

By Lemma 4.3.1 there exists some dg = do(h) > 0, &g = €p(h) > 0, and C; = C1(h) > 0 such that
9+(0) + g—(0) < §p and € < €y imply

39+(0) ,9+(0) >

3g+(0) ,94(0) 8 +&C1(94(0) + 9-(0))

gx(r) < {

for all r € [0,7*). Since g+(0) < ||ﬁ//(0)||%,h+1 we can obtain ¢4 (0) + ¢g—(0) < min{dg, d} and also
€ < & from an appropriately small choice of g9 = eg(h, d, do, ||IW(0)| gn+1). Then the estimate
just proved implies g4 (r) + g—(r) < 46, so r* = co.

If g1+ (0) = 0 then (WJF - W_)(O) is constant in X, hence W, (0) = W_(0). Therefore g+(0) =0
implies W(0) = 0, which is a trivial case. If g4(0) > 0 then we finally obtain (4.1.23). O

4.3.3. PROOF OF THEOREM 4.1.12

We are now ready to give the proof of our main result. To simplify the notation, we set

¢ — cNLS—eGP

Proof of Theorem 4.1.12. Let T € RNV T and recall that T = (To, ..., Tn). We shall use an energy
inequality with Gronwall’s lemma. Note, however, that we do not wish to apply Gronwall’s lemma
several times, i. e. for each flow in the hierarchy, as this would require reusing solutions obtained
by our well-posedness theory as initial data and lead to worse estimates. Instead, we shall apply
Gronwall’s lemma only once.

Continuous path from 0 to T. Let n € {0,...,N} and define m = m(n) = |2531]| €
{-1,...,M} where M = [¥1]. In order to simplify the argument below we assume that
|Tol, ..., |Tn| > 0. The degenerate cases only require minor modifications. Define 7, = |Tp| +-- -+
|T,,| as well as 7_; = 0 and set

0 , T € [OaTnfl)
(T, = %Tn T € [Tne1,Tn) -
T, T € [Tn,00)

Then (T7),¢[0,00) is a continuous path with T = 0 and (T7),, = T, if 7 > 7,,. In particular
T™ = T. We use Theorem 4.1.8 to write

TNNAT d

W(cT™) = W(0) + /O @W(CTT/) ar’

Tn AT d

N
=W(0) + sign (T}, / —  W(cTT)dr
(0) r;) (Th) AT (cT7)

N T AT _(_1\nl 0 c 7’ ,
(o) + 3 sign(T) / ( (—1)" 0x gy €™ (W (T >>>+52RH(TT)dT,_

Tn—1/A\T 7%8)( 5(_%/_)€7§dv(*w_(CTT/))

n=0
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Similarly, we can write
() v [ (T
0) + Tésign(Tn) /TT:T d(TdT/)n <Z+EEJ:$::§> dr'
oy sty [ (T o

Energy estimate. Define

- (A8 - (47F) e

Since W(0) = U(0) and Ry = R; = 0, we know that V(T") = 0 for 7 € [0, 71]. We therefore have

Tn AT

N ’
)= Yosin(5) [ (Ful) - SR

n—1/N\T

by [TV NG (E VLT 4 V(T - T )
"=\ o sy (EY (W (o) — v (17)) - e e | T E )

In particular, for all h € {0,..., [55Y

N
h )2 = sign
/R (PVTT) X = 3 ST /

For notational convenience, let us define for a set of functions F' in the variable X and parameters
K, L € N the sets

|} we have

Tn AT

/ 200 V(T™ )l (F (') — 2R, (T7 ) dX dr’.

n—1 AT JR

o -1y Y > Tokss b e e

k=01=(l1,...,.ls)ENF f=(f1,....fx)EF* J=1

<L
Studying the recurrence relations (4.2.42)—(4.2.44), (4.2.45)—(4.2.47), as we do in the proof of
Theorem 4.1.1 at the end of Section 4.2, reveals that ﬁ”ﬂfﬁp( ) e O"th 2% J(W+, W_). A

similar analysis of (4.2.48) yields s-EKV(U) € O™+12™(U). Then

. n+2,2| % |+1 n+2,2| % |+1
Rn c On+2’2|~§J+1(W+7W,) + < . (W+7W*) + o = (W‘F?W*) )
1+ 5(Wy-Wo) 1+ SWy —Wo))?

We use Sobolev embedding H! «— L> and the H"-algebra property for h > 1 as well as [20,
Theorem 2.87] to find a constant C(n, h,d) > 0 such that

IR < C(n,h,5)(l + ||W||Z(t:1-1+h> .
Then

[ VO R QX < sy (IV [+ OV, B3P (14 [WIEEL))
R

We are able to include the indicator function because Rg = R; = 0. A more detailed analysis of
(4.2.48) yields the representation

m+1 k
78 @gﬁv =(-pmEtu+ Y. Y MJevu (4.3.1)
k=2 |=(ly,...,l)ENF Jj=1
|1]4+2k=2m+3
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with coefficients ¢ € C. Then

O sy (O W £ V) — V(1)
m+1 k i—1 k

= (=D tve+ Y Y A kv [ ok Ewe) [ ovEwe £ vh).
k=2 I=(l,,.. lp)eNk  i=1 j=1 j=it1

[1|<2m—1

Using integration by parts and 8?”11@ € H'(R), we find that
1
/ VLo VL dX = /(—1)maX <2(a;g+hvi)2> dX =0.
R R

Similarly, using repeated integration by parts and the Sobolev embedding H' < L*°, we estimate

m+1 k i—1 k
>y ck»lz/a;zvia} auve [T ovxws) [ 0% (+Uy) | dx
k=2 1=(l1,..lp)eNt  i=1"R j=1 j=it+l
ll|<2m—1
h m+1 k i—1 k
<cmyN > Z/(a;(vi)ZHagg(iWi) [T &% =Us)dx
r=0 k=2 |=(l1,...,I)eNF i=1 R J=1 j=i+1

|<2m—1+42(h—7)
m+1 k

h k
com$ foaras ¥ STl + Wi
r=0

k=2 i=(ly,...,ly)eNF i=1j=1
[l|<2m—142(h—r) J#i

h
<Oy [ OV AX (Lt | (W U s
r=0 R

Gronwall’s lemma for linear systems. In summary, for all l € {0,...,h} and 7 € [0, 7n] we
have

+ h
/(8§(V(TT))2 dX <1753 C(N, b, 6) (al—i—/ ZH;,T/(B;(V(TT )2 dXdT/> :
R 0 —o R

where we consider the real numbers

a = (v —m)e*(1+ \|W||2Lf:;fN+l+L)
T X
Hyr =1, (1 + [[(W,U))] ]Lvion(Mer-))
T X

as the entries of a vector a € R and a matrix H € RPHDX04D) - Gronwall’s lemma for linear
systems (see [45, Theorem]) yields

sup /(8§(V(TT))2 dx <cC l—l—/ COn—=DH g 47 |a
TG[O,TN] R 0

_ C(eC(TNfrl)Ha)h

h

for some constant C' = C(N, h,§) > 0. It remains to estimate (e“("~~7)Hq),  We define some
notation for the part H of H which does not lie on the diagonal:

0=t = (14 | 0V.0)l1 % )

Hyp =1o<r<iygi—r where g; =1+ (W, U)”i/[ooH?(MJrj) :
T X



4.A. APPROXIMATION OF THE PERTURBATION DETERMINANT a°%F BY oV 161

Then since H and H — H commute, we have

=~ ~—71) (1+ (W, U) | M,
(T gy, | < [T gy, D (IO ane)

Next, we estimate for [ > 1

~ h—r—1
‘(Hl)hﬂ"| = Z 9j0—j1 - - 95115 < ( 1—1 )gél’l“

h=jo>-->ji=r

and then
- — (v —71)! = = (= 1) s
ey, =52 P T ftay, = 3 T S 0 < (4 Dan1+ (e = m)an)'
=0 : 1=0 : r=0

This yields
(€ a), | < & (ry = )1+ Wy ) (14 (v = ) IOV D)2 csran)

oo gy N+1+h oo
LT HX LT HX

x exp(Clr = 1) (14 | (W, U) |2 ) )

4.A. APPENDIX: APPROXIMATION OF THE PERTURBATION
DETERMINANT af¢P BY oV

4.A.1. DEFINITIONS

Let n € {1,2}. We use the convention of identifying functions f € L?(R;C") with the operator of
multiplication by f. We write (L(L?(R;C™)), || - ||z2—12) for the space of bounded linear operators
on L?(R;C™) equipped with the operator norm, and say that an operator A € L(L?(R;C")) is
Hilbert-Schmidt if there exists a kernel K € L?(R x R; C"*™) such that

Af(X) = / K(X,Y)f(Y)dy.
R
In this case we define the Hilbert-Schmidt norm as
4l = [ IKCevPaxar.
R2

We say that an operator A € L(L*(R;C")) is trace-class if A = A3 A, for two Hilbert-Schmidt
operators Ay and Ay. Writing K7 and K5 for their kernels, we define the trace

#r[A] = tr[A; Ag] = /]R /]R K1 (X, V) Ks(Y, X)]|dX dY .

In particular
IAllfis = tr[A"A].

If the trace tr[K] of the kernel K of A is continuous, then
tr[A] = /tr[K(X,X)] dx.
R

The following lemma collects some results regarding the trace and the Hilbert-Schmidt norm.
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Lemma 4.A.1 ([115, Lemmas 1.4, 1.5]). Let A, A, : L*(R;C") — L*(R;C"),1<j<[,2<[€eN
be linear operators with finite Hilbert-Schmidt norm. Then

[AllL2—z2 < [ Allus (4.A.1)

[tr[Ar ... A]| < ||A1llms - - || Aillas - (4.A.2)

If A= A(s) € C}(R;HS) with sup,ep |A(s)|lus < §, then there exists an open interval I 30 on
which the series

SIS

=2

is absolutely convergent and defines a function o € C1(I;C) with derivative

i 5) 10, A(s))] . (4.A.3)

=2

We have the bound

2
sup a(s)| < 3 sup | A(s)lfs -
sel sel

Recall from (4.2.1) the spectral parameters (), z, k) € K C C* which satisfy 22 = (v/2ek)? = A2 —
We assume for the rest of this section that z,k € iRy are large and choose A = v/1 + 222k2 as
the principal square root. We define

k 1— )2
: 77€R+ 2

V2ei i A=

For notational convenience, we use the k-dependent Sobolev norms

1= I
i = ([ gl FOPa€) " < mind s, e

2
Iz = [ S ifra) <o

Here the Fourier transform is defined by

D 1 —ix
f(f)z\/T—ﬂ/Re Ef(ﬂc)dﬂ’?

We assume W = (W, ,W_) € L*(R;R?) or W € S(R;R?) depending on the context. We are
interested in the Lax operators

2 .
<GP (—E2W_+1 V20
L= (w) = < iV2edx —e2Wy —1

KR =

N

LEV(EWL) = 0% £+ .

<GP _ 1 iv2edx KdV _ _
L o (ix/Q&@X —1 L 6X
and their resolvents
GP LEGP(W) A\ KdVv Kdv
o) - (A2 RAVEIW) = (LV(£We) + 52
-1
R(E)GP _ (LEG;_ )\) RKdV (LKdV Tk )—1 .

Define
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and note that L=°P (W) = L§SP + &2W and LKV (£ W, ) = LK £ W... In the following, we often
drop the dependence of the Lax operators and resolvents on W and (£W4) from our notation.

With
A [
’ ( At jﬁx)
[ ) A=l
IX T3

we can write
5% = REVU = URKY = \[Rivu [REY

Next, we use the Green’s functions

1 1
KdV _ —1[ pKdv b ax
Gy = 7\/%.7: [Ro ’aX:iJ = 2/{6
A+1 i .
(=GP — 1 F-1 RsGP‘ _ ie"Q'X‘ _ add —%/@&gn(X)
0 V2r O lox=ie 2K —%Ii sign(X) %
to define the kernels
KEV(X,Y) = GeV(X - Y) KEP(X,Y) =GP (X —Y).

Then KXV € L°(R x R) and K5°F € (L°°(R x R))2*? are the integral kernels of R4 and R5°P
respectively. In order to give a formula for the Green’s function G¥¢P, for which K°°P(XY) =

G*°P(X,Y) is the kernel of R°®F, we use the Jost solutions @jGP’i, their boundary data F<CP-+,

and the transmission coefficient a*®P. Their definitions may be found in Section 4.2. For simplicity,
we suppress the dependence of these scattering quantities on & from our notation in the following
lemma.

Lemma 4.A.2. The Green’s function G of the operator

LEGP _ B (W_ P eS| #5)( )

€
2 zxfax —W+ _ 241

2

defined by the property that (%)GEGP(X, Y)=0600(X —Y), is given by

GP,— GP, GP,— GP,
_¢i,GlP (X)(I)gélp +(Y) (Pi&;lp (X)¢;7G2P +(Y) X>Y
) = 1 S OBLT ) T 08T () |
’ iV2 @R (k) det BSCP 1 (@591 () 25 F(X)RI3T(Y))
7@EGP,+(X)®SGP,7(Y) @8GP,+(X)®EGP7*(Y) ’
2,2 1,1 2,2 1,2

Proof. For every Y € Rand X € R\{Y} each column of G°®F(X,Y’) is a solution to the scattering
problem (%)GEGP(X ,Y) = 0. Furthermore, the jump condition

lim G*°P(X,Y) — lim G°°F(X,Y)
X\Y XY

eGP, 4+ £eGP,— eGP,— xeGP,+ eGP,— xeGP,+ eGP, 4+ £eGP,—
- ST et St Al SO S S St SR [0
. GP GP,+ eGP, + eGP, — Y AL ) + eGP, — 5eGP 4 _ PHE + HeGP,—

iv/2 a*CP (k) det E¢ ‘1)2,2 (1)1,1 ‘1)1,2 (1’2,1 ‘1’1,2 ‘bz,z ‘1’2,2 (1’1,2

_ & (0 1)
W2\l 0
holds, which implies that (%)GEGP(X, Y) = 0p(X —Y) in the sense of distributions. O

An analogous representation for the Green’s function of LKV exists, but is not necessary for our
purposes.
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4.A.2. APPROXIMATION OF PERTURBATION DETERMINANTS

In this section we develop the theory of perturbation determinants of the Lax operators L¢P and
LYV following in structure the seminal papers [91, 114, 115] which concern LX4V and LN'S. These
techniques have recently been used effectively to construct low-regularity conserved quantities and
prove well-posedness of various completely integrable PDEs (see also [38, 112]). Our contribution
is a proof that an analogue of the approximation property observed in Theorem 4.1.1 and Lemma
4.2.7 also holds for the perturbation determinants. This is the content of Lemma 4.A.6 below.
The perturbation determinants in question are the quantities

LEGP Y -1 LEGP W) =\
logaEGP(k;W) _ O[EGP(K}; W) —tr[RSGPW] _ —10gdet<< 0 - ) ( . )
IS IS

log a¥V (k; £ W) = ofV (k; Wy ) — tr[REYV (£ W4 )] = — log det((Lng + Kz)il(LKdV(:I:Wi) +K

Here the formulation on the right-hand side should only be understood in a formal sense. This
can be rigorously defined via the absolutely convergent series

(=1
l

_1)1
l

tr[(RESPW)]

NE

P (k; W) — tr[RECP W] =

N
Il
-

tr[(RE™ (EW2))'],

M

oKV (ke £WL) — tr[REY (W)

~

1

which is the content of Lemma 4.A.4 below. Subsequently, in Lemma 4.A.5, we prove the
correspondence between these series and the transmission coefficient that we have stated above.
We shall use the smallness of certain Hilbert-Schmidt norms to conclude the absolute convergence
of these series as geometric series.

Lemma 4.A.3. We explicitly compute the following Hilbert-Schmidt norms:

RX4VYY, [ RKaV :*HWiH - (4.A.4)
H 0 0 HS
2
: 1
“,/Rgdvzaxwi\/z%gdv :*HWjEn?Li (4.A.5)
HS
2 2
A1) A—1]71
KdV KdV — 2
NERNE 5 W+ P W @A)
2 2
HW I7: + 5 HW+IIL2~ (4.A.7)

Proof. For (4.A.4), we refer to [1157 Proposition 2.1]. We shall reduce (4.A.5) and (4.A.6) to
applications of (4.A.4). Towards this, we decompose

o]

= e |/ REV WU\ [ RSV [REVUW, | R{}dv}
i Atl ic A+1 ic

— tr RKdV w_ i W% 6X ROKdV % w_ ?alX Wy
I W, 50x W+ HOXW_ AWy

)\+1RKdV>\;1

1€

+tr[ROKdVW+\f8XRKdV 7%
‘)\+1 ?

=|— +

5 RngW_ /Rgdv
HS
g RKVIY KdV ? e
- 0 718)( RO +
2 HS

= tr|REVW_ W_} + tr [Rgde_a RKdVaXW_}

V2 V2
aXWJ +tr [R’gd\’vmA 5 RKdVA W+]

ROKdV W+ / R(P)(dv

2

2 2

A—1/
2

HS

- RKVW, idx \/ R

HS

).
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It remains to compute

2
RKdViaX W:I: RKdV
|Vrsaniney ]

which can be written, using the kernels

2
H RENVWLi0x/REV| = tr[REVWLiox REViox W],

HS

REVIV, i f(X) = / ;ﬁ =XV (e sign(X — Y)W (V) + Oy W (V) F(V) dY

REMi0x W (X) = [ SEem Y isign(X =Y )WL (V) (Y)Y
as
tr[REV WL idx RKYVidx W]

://%e—N\X—Yl(HSign(X_Y)Wi(Y)—s-ayWi(Y))e_“'Y_X'msign(Y—X)Wi(X)dXdY
R JR 2K
1
:// e XY LWL (X)W (V) dX dY
R JR 2K
1
+//4726—2KIX—Y|HSign(X_Y)Wi(X)ayWi(Y)dXdY
R JR 2K
1
:/ / Lz IR WL (WL (Y) dX dY
R JR 2K
1
_//@e—%IX—Yl(%?_2,{50()(_Y))Wi(X)Wi(Y)dXdY
RJR
L onx—v|. 2 / 1 2
_ = X)W (Y)dX dY + 2k [ — |[We(X)[2dX.
/R/R‘lfize KW (X)W (Y)dX dY + 2k R4&2|Wi( )7 d
We already know from (4.A.4) that
—2 X-Y| 2 2
/ / L€ YR (OWL(Y) dX Y = w2,

which finishes the proof. O

As a consequence of this lemma we have \/REVW/REV, \/REVUW/REN € L(L*(R;C?)). In
the following, we sometimes use the operators REYYW and R§°PW instead for the sake of clarity
in formal calculations, but always in a context where eventually a trace or Hilbert-Schmidt norm
is taken, returning us to the well-behaved versions of these operators.

Lemma 4.A.4. Lete € (0,1). For all0 < k < % such that
2¢e
1 1 1 1
= _ —[Wl7: <=
Lz, < Yjws, < o

the series

M uiatvs) = 3 S R W)

SGP (. T — — (1) £GP
o (kW) Z tr[(Rg™ W)']

are absolutely convergent and satisfy

3 1
§\aKdV(H;iWi)| < *HWiHiI—l

2 2 2

A1) 1 9 ec 1 9 es 1 9
—\Wxll5 -1 + = =—||[W- ——||W .
W2+ S W + S5 W2

—W_
LA

3 g
0Pl <)

‘)\1
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Moreover, the resolvent

LEGP Y -1
RCP = (52) € L(L*(R;C?))

is represented by the series

) [eS) l
REGP _ Z(_I)Z(RSGPW)IRSGP _ Z(_l)l\/ROKdV (\/ROKdVUW\/Rng> \/Rngu’ (4.A.8)
1=0 1=0
which is absolutely convergent with respect to the operator norm || - |2 2.

Proof. This follows from Lemma 4.A.1 together with the Hilbert-Schmidt norms computed in
Lemma 4.A.3. O

We have adapted the method of proof of the following lemma from [116, Theorem 2.6]. We refer
to the paragraph above this theorem for some context on the history of this argument, and other
approaches to proving that the perturbation determinant equals the logarithm of the transmission
coefficient.

Lemma 4.A.5. Assume the setting of Lemma 4.A.4, and in addition that W € S(R'R2) S0

3

that we are in a setting where we have defined the transmission coefficients a*®(k; W) and
akdV(k; £Wy) (see (4.2.14)). We have

1 (1 A
aCP (k; W) — log a*®F (k; W) = tr[RESPW] = o / Wy = W) = S(Wy + W )dX  (4.4.9)
R
and similarly
XN (k; W) — log a®V (k; £Wy) = tr[REN (£ W1)] = 2i / +WpdX. (4.A.10)
K JRr

Proof. We compute

tr[RESPW] = tr

A+l P
(5 )

A+1 A—1
_ {Rgd"*(w_)] +tr {Rgdvz(m)]

2
A+1 1 A—-1 [ 1
_ AL exex) AL [ exex)
> [ 2 (~W-(X) dX + = /R%e (— W4 (X)) dX
T2k Jyp20 T T T

and
1
tr[REVY (£ W) = — / +WidX.
2/{ R

For (4.A.10) we refer to [114, Proposition 2.4], so it remains to prove (4.A.9).

By explicitly computing the Jost solution \I/flp"_ (X;0), which is constant, we find that log a*¢P (k; 0) =
0, which matches a*%F (k;0) = 0. Tt therefore suffices to prove for any W,V € S(R;R?) with

V= (Vy, Vo) V= (2)/_ _?/+)

that the following limits exist and are identical:

i eGP /1. _ i eGP/ .. eGP
e log o (k; W + sV) = P s=0(a (k; W+ sV) — tr[RE™ (W + sV)]) .
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Set ®=CP = (B~ B T). We start with the formal calculation

d LECP(W 4+ sV) = X\ op+
0= 2 S_O< 4 =P (s W+ sV)>
LFP(W)—x d
= Vot (kW) + 7(52 ) = SzoéjGP’i(k; W +sV),

which implies

d

ds

O@EGP(X,k;W+sV) = / G=°P(X,Y)(—V(Y))®CP (Y, k; W) dY .
5= R

For the derivative of the transmission coefficient this yields

d

el 1 eGP /..

Tl o8 (k; W+ sV)

_d 1 det P (X, k; W 4 sV)
~ dsls=o0 det E=6P-+ (k)

=tr [@EGP(X,k; W)—1AGEcP(X,Y)(—V(Y))¢EGP(K kW) dY]

= /R tr[@°CP (Y, ks W) @°CF (X, ks W) LGP (X, Y) (- V(Y))] Y

= /Rtr[<]l{x<y} _thly GP(X')Y) + Lix>y) Xh@Y GEGP(X/7y)> (—V(Y))} Qv

= /]R GiF (X, X)V_(X) + G55 (X, X))V, (X)dX .
Here we have used that Gfﬁp and G;GQP are continuous. Since the Green’s function is bounded
and V is Schwartz, the integrals are absolutely convergent and the derivative actually exists. On

the other hand, we know from Lemma 4.A.1 that a®F (xk; W + sV) is continuously differentiable.
Specifically (4.A.3) yields

LI aeP (o 4 51) = SO (=1)! ex{(RESPW) 1 RGPV

=2
= tr[(R5%" — R*F)V]

- / [(G°P — GESP)(X, X)(—V)(X)] dX
R

dsls=0

= /(GEGP — G )11 (X, X)Vo(X) + (G5F = G5)2,2(X, XV (X) dX .
R

Here we have used that G=°F and G§°P have continuous diagonal parts. The proof is finished with
the additional observation that

d

— 25l PIRST OV 4 sV) =/(GSGP)l,l(X»X)V—(X)+(G6GP)2,2(X,X)V+(X)dX~
S 1s=0 R

O

Recall from (4.1.14) the definition of the operators Evy and Od,. In the following, we suppress
the dependence of various quantities on A from the notation, but for the application of these
operators this dependence is of course relevant.

Lemma 4.A.6. Let W = (W, W_) € S(R;R?), ¢ € (0,1), and 0 < k < ﬁ with A € (0,1).

Assume that

11 , 1
maX{H7 HB}HW”LQ S % .



168 4. LONG-WAVE KDV HIERARCHY APPROXIMATION OF THE NLS HIERARCHY WITH NZBC

Then the series a*%P (k; W) and oKV (k; £ W) converge. Furthermore, we have
1
Evy [tr[RESPW]] 1 0da [tr[RESPW]] = tr[REN (£W)] (4.A.11)
1
Evy [a=%F (1; W)] F b\ Ody [a*P (ks W)] = oV (k; (£W4)) + E(k; W) (4.A.12)
with
g2 5
[E(s; W)l < 8—[IWz- .

Proof. Combining (4.A.9) and (4.A.10) directly yields (4.A.11). To prove (4.A.12) we need to
understand

Evy [tr[(RESPW)]] %OdA [tr[(R5EPW)!] .

Using the Pauli matrices
_ (1 0 V!
=0 -1 1=\1 o)

1
Ev\[R$EPW] = §R(’§dv(03 +iV2e0,0x)W

we write

OdA[RESPW] = %R{deAW.
Then
1 1
Ev, [tr[(RESW)]] F 1 0dx [tr[(R5CPW)1] = tr [EVA[(RSGPW)I} T3 OdA[(R5CP W)Y

For I € Nand w € {0,1,2} we define

One can show directly by induction that

Kdv o
Eviy[(RECPW)!] = Z H{R (03 + V2e0130x)W  ,w; =0

we {01}l i1 ROKdV)\W Jw; =1
1 R{}dvagw ,Wwy; = 0
= > 27'T[{ rREVaw wj =1
we{0,1,2}! j=1 ROKdV\/iE(J'l’L.a)(W yWj = 2

w even

and

Od,\[(RSGPW) ] _ Z H{RKdV o3+ fgglzax) W =

KdV _
ST | R Jwj =1
w odd

1 [REVNVosW NUES

= > 27 [[S REVaw W

wejo,(lif}l i=1 | REVV2e01i0x W wj =2
w O

Here the ordering of the product of possibly non-commuting operators does not matter, as long as
it is consistent for all w € {0,1}'. We shall fix as a convention that the first term in the product,
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i. e. the term with j = 1, is multiplied on the left, while the last term is multiplied on the right.
Then

KdV —
p 1 p F1) @ edd) L[ Bo®rosW ywj =0
Ev,[(R:C W)I]HFXOd,\[(RgG W= > Tl(x) 113 REvVaw wj=1
we{0,1,2} J=1 Rgdvﬁéfdliaxw yWj = 2
1 1% oaay ! RB(dVO.?)W ywj =0
—1
= > 2 (A) 111 REevVaw wj=1
we{0,1,2} J=1 Rgdv\/igo'liaxw ,Wj =2
Jjiw;=2
N Z 2_l(¥1>]1{wodd} ﬁ{ROKdVU3W Wi = 0
BV KdV _
we o} A i1 REVOW L wy =1
=I1+1I.

Using that the trace of off-diagonal matrices vanishes, we estimate

s L[ IVEBRENVosWREY|| o ,wj =0
<> > e [IEIIVEEYW VRS g wy = 1
=2 wef{0,1,2}! =1 ||V REVV2e01i0x W/ REY || g wj =2

[{j:w;=2}|>2 even

> C

=2

LWl w =0

Z > PtEen s [T WA ey =1

we{0,1,2}! j=1 ||WHL25 Wy = 9
[{j:w;=2}|>2 even z

Here we have used (4.A.2), (4.A.4), and (4.A.5). Noting that [|[W{|g-1 < ﬁ”WHLE and A <1,
we finish our estimate:

(

=2

wi= 7 1 W= 1, — wi=0}+|{w;=1 w;=2
gz ST el g b =t w7 = =0 gy =2

we{0,1,2}¢
[{j:wj=2}|>2 even

< Z”WHlLiTZ Z eHwi=2} (\/35) ~ 1w =0} = H{w;=1}| -3
1=2

we{0,1,2}
[{j:w;j=2}|>2 even

<262K225-5HW||L22* 5 Z( l ) (v2er)"2(Var)#!

n=2 j=0
n even
S 2 —1 2
w
< 95242 § :K—%ZHW”lL l3l\[ 31 H HL2
=2 S WL

In order to compute I, we decompose

{0,1} ={w e {0,1}' :w; = 0 and @ even} U {w € {0,1}' : w; = 1 and @ odd}
U{we {0,1}' :w; =0 and @ odd} U {w € {0,1}' : w; = 1 and @ even}

and observe that
wr— (0,wa, ... ,w;) wr— (Lwg,...,w;)

are bijections between the first two and last two sets. We may sum only over the sets on the left
and correspondingly adjust each term as follows:

!
Z 2L REWV (7, :FlWH RENVos W w; =0
e}t BEMAWw; =1
UJ1:0
w even
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n Z 9— ZRKdV(:F;\T?"i‘/\)WH{ KdV03W ywj =10

REVAW  w =1

we{0,1}
w1:0
w odd
— w w — :F]- w _l—1-w
= > 2o F DN TEREVWY 4 YT 2 l(03$11252n2)<)\>)\ ol IO RV
wefo,1}t wefo, 1}t
1=0 1=0
Eweven ;odd
*1 L oaay 1\ _
= (o3 F1)(REVosW)los Y 21<A> NoF +25%k2 (RN osW)loy 21( A)A“’Jf;
we{0,1} we{0,1}
w1=0 w1=0
w odd
=IIT+1IV.

The further treatment of 111 and IV is a matter of computation. We have

-1 -1
ITI = (03 T 1)(RKNosW) 27 los Z ( _1))\wZFU3Z( >>\“ 1

w odd

o3 F 1 kav lol—1 -1 2 9vi -1 5 o
= ——(R{NosW)'2" " o5 Y ) -2k F , (1 —2e2K2)7
2 =\ 2 = \2j+1

_ (03:F1)2(RKdVO_ W)Z—FO-B:FI(RKdVO' W)l2lfl§: o -1 F -1 ((1—282H2)j—1)
4 0 3 2 0“8 = S\ 25 2j + 1
=V+VI.
The most important term is V', because

=2 =2

1)! <(1 4;1)2 wr[(REV (W) + (=1%1)? tr[(RngWJr)l}) = XV (g £WL).

We calculate further

IV = =22 (R o) 271 > (l _ 1) Aot

/1l-1 j
KdV l 2 m
w)t2- E -2
= (Ry“ o3 ek’ par <2j+1) <m—1)

and

= -1 -1 = [j
— KdV _9.2,2\m
VI = (R{ 0’3W 03:Fl g <O’3< 2j)$(2j+1>) 1<m)( 2e*K7)

j= m=

— (R ) QZZ —2e%k mzo_ozo T3 (2 —5—1)(].)'

m=1

Then a binomial identity, which may be verified by a calculation with generating functions, yields

) 50 00 l ] -1 .7
_ (pKdV lo—l - )
IV + VI = (R§Va3W)'2 Z:l( 2e%k ;(” 3 (2j+1>(m)+(2j+1>(m—1>)

J
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l—1—m l—1—m
RKdV 2—1 _ 9.2 1 )2l—1-2m ol—2m
= ( Z 5 Fo3) m + 1
s 1Fo3/l—1—m Il—1—m
RKdV W l _9 2.2 7714 m .
73 mz::1 e 2 m + m—1

We find that

i (=1 tr[IV + V]

L
B (oo 2] ot (17)

tqu

m—1
=2 m=1
o0 o0 _ 1 _
— Z Z 252I€2 my- ’m( [(RKdV(:I:Wi))Z] (l m)
m
=2 m=1

+(tr[(REY (=W))!] + te[(REKVIV,)Y) ; (l :nl_lm)) ,

and finally

tr[IV + V]

1=2m

< e S 2 (W + (W)

2m 'm 2m 2
< I
22| W2, )
T 2R WG 1 - 267 W
25 W, |

1 =267 WF2 1 — 6= 3||W]| 2
kW2
T (L= R W|2)?

Finally, we estimate

1 . 1 1 1
_3 _3 —
(I=r2 W) 1=s72 (W~ (1=5)° 1- 5

4.B. APPENDIX: OVERVIEW OF HAMILTONIAN STRUCTURES

In this section we present concisely and formally the Hamiltonian structures of GP, hGP, eGP,
and KdV.

4.B.1. GP

We consider formally a manifold where we denote points by q = (¢,g) and tangent vectors by
p = (p,p) and r = (r,7). We define the Hamiltonian operator JF, the Riemannian metric g®”
and the symplectic form w®” by
o _ _t(1 0
T =73 (0 1)

1
97 (p,r) = 5 /(pFJrﬁT) dx
R
“§ o) = i [ (o7 = pr)da
R
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They satisfy
wet (p, J§TT) = 9§ (P, 1) .

GP
We define the gradient V§ with respect to the metric g°F as well as the functional derivative via

S (p, Ve H) = /Rp(é?l(q)ﬁ?i(q))de: d

H(gq + sp).

dsls=0

This implies

v = <0 2) (§H(q) 6”H(q)>T.

Then (GP,,) can be written as

T
. . +GP GP GP O 1 5HSP(Q) 6ng(q)
l@tnq = ZJq Vg H'n = (_1 0) ( 5(] ) 6@ .

The Poisson bracket is

(F.G)%(q) = /

R

<5}'5Q 5]-'59)
) s

4.B.2. hGP

We consider formally a manifold where we denote points by w = (w4, w_) and tangent vectors
by v = (uy,u_) and v = (vy,v_). We define the Hamiltonian operator J"®F  the Riemannian

metric ¢"°F and the symplectic form wh®P by
JhGP _ 1 —0za" ! +4a0; 1 0,a7! + 4ad;?
w 8\ —0,a ! —4ad; ! O,a7! — 4ad;?
1
"% (u, v) = / Ll —u ) (vs v a0, ()0 (0 o) da
R

hOP (0, v) = / a(vs —v2)0; (s +u) — aluy —u_)dy (vs + o) da.
R
They satisfy
W (u, J5 o) = git (u,v).

We define the gradient Vﬁ?cp with respect to the metric g"®" as well as the functional derivative
via

707-[(11) + sv).

T
0H(w) 5H(w)> dx:é

hGP gheP _
9w (0 Vi H) /]R dwy T dw_

(o0

This implies

1 < 4 - B,a-20, _4-azazam) <5H<w> 5H(w))T_

ghGP _t
Vo H=73\_4_05.4-29, 4-08,a20, " Swo

Then (hGP,,) can be written as

- - - - GP hGP T
_ 7hGP7g"P 7 /hGP _ } —0za '—a laz 0za '—a 18:3 &H?L (w) &Hn (w)
atnw =Jy Vi, HyT = 4 (_awa—l + a—laz aw(l_l + a—law dwy ’ dw_ .

The Poisson bracket is

1 —0ya !t —a1'0, Ora ' —a"'0 29
hGP _ - OF OF T T T T dw4
{‘Fvg} ('U}) - 4 \/R<6w+ éw_) (_axa—l +a—16$ awa—l + a_181> ( 6G dz.

dw_



4.B. OVERVIEW OF HAMILTONIAN STRUCTURES 173

4.B.3. GP

We consider formally a manifold where we denote points by W = (W, , W_) and tangent vectors
by U = (Uy,U_) and V = (V;,V_). We define the Hamiltonian operator J<°F the Riemannian
6P and the symplectic form w®CF by

JEGP _ —\/EEaXA_l + ﬁAa;(l \/igaXA_l + ﬁAa}l
8\ ~V2e0x AT — - ADY V2e0x AT — oAy

metric g

3

gt (U, V) = /R: Uy —U)Vy =V + FA2a (Uy + U0 (Vi + Vo) dX
WP (U, V) = % /A((V+ —VO)ox Uy +U-) — (Uy —U_)Ox (Vi + V) dX

They satisfy
EGP(U Jstv) — g‘E/‘EP((]7 V) .

eGP

eGP
We define the gradient VY, with respect to the metric g as well as the functional derivative

via

70H(W +sV).

. G SHW) oHW)\" . d
gt (V, v, H)_/R(w,v_)( S ) dX = —

This implies

4 1 ( 2 - 20x A2 0x  —2— 528XA28X> <5H(W) 5H(W)>T

V2e3\—2—e20x A720x 2 —cOx A 20x Wy ' SW_
Then (eGP,,) can be written as

_ dt EGP 9 eGP __
Or, W = dT, Vi KD ~ AT, 2¢2

Aty 1 [—0x AL — A19x Ox A1 — A19x )\ [ SHESP(W) SHESP(W)\ "
7axA71+A713X 8XA*1+A*18X 5W+ ’ oW_

The Poisson bracket is
1 —OxAT = AT0y Ox AT — Aoy (s
eGP _ SF 6F X x  Ox X
{]:,g} (W) - 262 /]R(6WJr 6W)<axA1+A13X aXA 1+A 18X)< dX.

4.B.4. KdV

We consider formally a manifold where we denote points by U and tangent vectors by F' and G.

We define the Hamiltonian operator JX4V the Riemannian metric g"¢V and the symplectic form
KdV

w by

TV = Sox
gkV(F,G) = / FGdX
R
1
wh® = 5 /RFa;G ~ Goy'FdX.
They satisfy
KdV(F JKdVG) _ ngV(F G)
We define the gradient V%Kdv with respect to the metric gKk9V as well as the functional derivative

via

KdV(F vg 6H(U)

d
X =— F).
d P S:OH(U+S )
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This implies

., SH(U)
g —
Vi H =

Then (KdV,,) can be written as

KAV Y okdv _ L SERN(U)
or, U =J5"V &£ = 28)(76[] .
The Poisson bracket is
1
{(F, gV U) = o0F aXig dx.

T2 g 0U 6
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