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ABSTRACT. We rigorously derive multi-pulse interaction laws for the
semi-strong interactions in a family of singularly-perturbed and weakly-
damped reaction-diffusion systems in one space dimension. Most sig-
nificantly, we show the existence of a manifold of quasi-steady N-pulse
solutions and identify a “normal-hyperbolicity” condition which bal-
ances the asymptotic weakness of the linear damping against the alge-
braic evolution rate of the multi-pulses. Our main result is the adiabatic
stability of the manifolds subject to this normal hyperbolicity condi-
tion. More specifically, the spectrum of the linearization about a fixed
N-pulse configuration contains an essential spectrum that is asymptot-
ically close to the origin, as well as semi-strong eigenvalues which move
at leading order as the pulse positions evolve. We characterize the semi-
strong eigenvalues in terms of the spectrum of an explicit N X N matrix,
and rigorously bound the error between the N-pulse manifold and the
evolution of the full system, in a polynomially weighted space, so long
as the semi-strong spectrum remains strictly in the left-half complex
plane, and the essential spectrum is not too close to the origin.

1. INTRODUCTION

It is not uncommon that evolutionary partial differential equations have finite di-
mensional submanifolds which are approximately invariant, and robustly stable,
in the sense that initial data which starts close to the submanifold remains close.
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For these proximal orbits, the full dynamics typically can be reduced to a finite di-
mensional system, often with nontrivial dynamics of its own. Asymptotic analysis
is adept at constructing such manifolds; determining the stability of the subman-
ifold is more problematic, as the natural object which arises in the linear stability
theory may have non-trivial time dependence. The road from a time-dependent
linear operator to the properties of its semi-group is long and hard. A tractable
subcase arises when the flow on the submanifold is slow in comparison to the
exponential rates which characterize the decay of proximal orbits towards the sub-
manifold; in this case we say the submanifold is normally hyperbolic. It is natural
to investigate the case in which the normal hyperbolicity is lost due to a decrease
in the exponential decay rates towards the submanifold. We address this question
within the context of semi-strong multi-pulse interactions in a weakly-damped
reaction diffusion system.

The study of pulse interaction in diffusive systems has a long history; in
particular, the activator-inhibitor systems modeled by the Gierer-Meinhardt [27]
and the Gray-Scott [31] equations have spawned a substantial literature. These
reaction-diffusion systems are comprised of two chemicals which feed an autocat-
alytic reaction that drives pattern formation. Our analysis is particularly motivated
by the Gray-Scott model

U = Uxy + A(1 = U) = UV?Z,

(1.1)
Vi = DVyx — BV + UV?,
where U and V' denote the concentrations of the chemical species. The semi-
strong regime of the Gray-Scott equations, presented in [12, 13, 15], occurs when
the U component experiences strong diffusion, but is weakly damped and strongly
forced. In particular, there is a (non-trivial) balance which maintains the two
components at an O (1) level within the spatial domain where the slowly diffus-
ing component is present. This leads to a rich stability structure in which the
localized species manifest a long-range interaction through the delocalized species.
This simple system affords an ideal arena for the study of reductions of infinite di-
mensional dynamical systems to finite dimensional subsystems. This paper studies
a generalization of the rescaled system. This generalization maintains the afore-
mentioned balance while enjoying a variable rate of linear damping and a homo-

geneous polynomial nonlinearity in U = (U, V)T,

Up = € 2Uyx — %uU — e 1UMV2 + g%/2p,

(1.2 Vi =Vyy =V +UV*2, ]’::f(U),

where ®i1, 621 = 0 and H > 0, x > 0, p = 0, x12 > 1, and oy > 1. For
0 < € < 1, the system affords a natural competition between long-range (U) and
short-range (V) interactions. Such competitions are widespread in physical set-
tings, arising, for example, from the balance between entropic and electrostatic
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interactions in ionic solutions which drive morphology generation in solvated
charged polymers [11,18,25,20].

We address the existence, dynamics, and particularly the adiabatic stability of
N-pulses in the semi-strong interaction regime. This regime features pulse-like
structures in the localized species (V) whose positions, amplitudes, and overall sta-
bility couple to the effective mean-field they generate via the delocalized species
(U). The novelty of our study lies in the asymptotic approach of the essential
spectrum to the origin, characterized by the weak linear-damping rate, €, which
may lead to a loss of normal hyperbolicity (adiabaticity) as the slow decay associ-
ated with the essential spectrum competes with the perturbations generated by the
pulse evolution.

For fixed N € N, we rigorously derive the existence and adiabatic stability
of semi-strong N-pulse configurations. This study requires a careful analysis of
the linearization about the N-pulse configurations, including resolvent and semi-
group estimates as well as a characterization of the point spectrum. Generalizing
prior results [12, 14, 38], we show that there is a set of point spectra, the semi-
strong spectrum, which evolve at leading order in conjunction with the localized
pulse configuration, and can be characterized in terms of the eigenvalues of an
explicit N X N matrix. Extending these results, we rigorously show that so long
as the finite-rank spectrum remains uniformly within the left-half plane and the
linear damping is stronger than a critical value, then the N-pulses generate an adi-
abatically stable manifold which affords a leading-order description of the pulse
interactions. A key element of the analysis is the development of semi-group esti-
mates via a renormalization group (RG) approach, corresponding to the evolving
pulse configurations. This result requires a form of normal hyperbolicity for the
manifold of semi-strong N-pulses, balancing the flow on the manifold against the
weak linear decay (see Theorem 1.4 and following discussion).

There is a developed literature on the stability of viscous shocks and traveling
waves for which the essential spectrum touches the origin (see [24,37,45, 46,53,
54] and references therein). We emphasize two important distinctions between
our results and these two bodies of work. For the nonlinear conservation laws
(37,53, 54], the stability estimates do not “close” in the following sense: initial
perturbations are considered in a space, LY(R) for example, which is not con-
trolled by the estimates at later times—the decay is in a norm which does not
control the initial perturbation. As a consequence, the process cannot be iter-
ated; one cannot restart the perturbation analysis at a later time in the flow. For
the traveling waves under essential bifurcation [24, 45, 46], the solution oscillates
temporally in a neighborhood of a fixed structure: the system is controlled by
a single, temporally fixed linearized operator, thereby avoiding the issue of com-
petition between decay rates and secular forcing arising from a time-dependent
linearization. Neither family of results extends trivially to encompass the semi-
strong interactions, in which the underlying structure (i.e., the N-pulse positions
and amplitudes) evolves at leading order, generating concomitant changes in the
associated linearized operators. In the setting of (1.2), one is faced either with
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developing semi-group estimates on a time-dependent family of operators, as in
[47], or in the approach we follow here, namely, taking the linearized operators to
be piece-wise constant in time with a renormalization of the flow at each jump in
the linearization. This later, iterative approach requires estimates on the decay in
the same norm used to control the initial perturbations.

1.1. Prior results on semi-strong interactions. The semi-strong interac-
tion regime is intermediate between the weak interaction regime and the strong
interaction regime. In the weak regime, the pulses are localized in each compo-
nent, which returns to its equilibrium value between adjacent pulses. The mutual
interaction of localized structures is exponentially weak in the pulse separation
distance, and consequently there is no leading order influence of pulse location on
the shape or the stability of the pulses. The weak interaction regime has been well
studied in reaction-diffusion systems (see [19, 20, 43, 44]). The strong interaction
regime arises when the pulses are sufficiently proximal that the values of their lo-
calized components do not return to equilibrium values between the pulses. This
leads to self-replication, collision, annihilation, and other strongly non-adiabatic
behaviors. There has been little theoretical investigation of the strong interaction
regime, which is typically investigated using numerical techniques. In the semi-
strong regime, the pulses have both localized and delocalized components, with
the delocalized components varying slowly over the support of the localized com-
ponents. This regime has been studied both formally [12, 16, 38] and rigorously
(17,33].

These previous works have largely focused on the Gierer-Meinhardt and the
Gray-Scott models. In [38], a formal study of the N-pulse semi-strong interaction
regime for the generalized Gierer-Meinhardt model was presented. In particular,
expressions for the semi-strong spectrum and the ordinary differential equations
for the dynamics of N-pulse configurations were derived. In [16], a general system
that includes both the Gierer-Meinhardt and the Gray-Scott model was studied.
The semi-strong two-pulse interaction was investigated, where formal results for
the asymptotic stability were determined in particular regimes, along with ordi-
nary differential equations governing the dynamics of pulse positions. The exten-
sion of these results to the N-pulse was also discussed. However, the derivation of
conditions under which the N-pulse manifold is adiabatically attractive under the
full flow of the PDE is outside the scope of the prior work.

In [17], the 2-pulse semi-strong interaction regime was rigorously studied for
the regularized Gierer-Meinhardt model, which has a strong linear damping rate,
extending the renormalization group approach developed in [43] to obtain appro-
priate semi-group estimates on families of weakly time-dependent linear operators.
In [33], the renormalization group approach was used to establish the adiabatic
stability of 2-, 3-, and 4-pulse configurations within the semi-strong interaction
regime for a three-component system, with two inhibitor components and one
strongly-linearly-damped activator component. The renormalization group tech-
niques have also been used to study quasi-steady manifolds in noisy systems [32]
and coupled dispersive-diffusive systems [42].
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The homogeneous nonlinearity considered in (1.2) is characterized by the
quantity

(13) 0 .= 11 — %1201

0(22—1.

In particular, the admissibility conditions typically require 8 < 0 (see Remark 1.3).
The scaled Gray-Scott system (in [12, 13, 15]) corresponds to 6 = —1; however,
its linear damping rate (x = %) exceeds the critical value (x = %) permitted
by Theorem 1.4. This suggests that the evolution of its N-pulse solutions may
not be describable by an N-dimensional system parameterized solely by the pulse
locations. It may be necessary to include the impact of the essential spectrum—
which may manifest itself as a long, low shelf (asymptotically small in L% but large
in L") which surrounds the pulse region. A detailed description of this supercritical
regime is an intriguing open problem that is outside the scope of this work.

N G S|

Pj-1 pj Pj+1

FIGURE 1.1. A typical N-pulse configuration for the coupled
system (1.2). The V component is localized at the pulse positions
pj. The U component has an approximately constant value, g,
on the narrow pulse intervals, and is slowly varying in between
the pulses, reaching its equilibrium value of O (e 02y a5 x —
+o00,

1.2. Presentation of the main results. Our first result is the existence of the
sem1 strong N-pulse configurations parameterized by the localized pulse positions,
= (p1,..., pN)T € RM. In general, a manifold formed by the graph of a
functlon ¢ = ®(p) is invariant under a flow Uy = F(U) on a Banach space X if
and only if

(1.4) (I —115) F(®(F)) =0

where 7115 is the projection onto the tangent plane of the manifold at . Indeed,
the classic manifold formed by the translates of a traveling wave solution is invari-
ant precisely because its wave-shape satisfies the so-called traveling wave ODE

cPy = F(®), forwave speed c.



1814 T. BELLSKY, A. DOELMAN, T. KAPER ¢ K. PROMISLOW

The manifold is parameterized by the translates M := {®(- — p) | p € R} of D,
and the projection off of the tangent plane of M has ®y in its kernel. In cases
not arising from a natural symmetry of the flow, such as translation or rotation,
construction of an invariant manifold is a non-trivial endeavor (see, e.g., [5]).

We do not perform this calculation; rather, we construct a manifold with an
approximately invariant manifold with boundary. More specifically, we construct a
manifold for which the left-hand side of (1.4) is sufficiently small in an appropriate
norm, and which has a thin, forward invariant neighborhood which attracts the
flow from a thicker neighborhood—at least up to the times that the flow hits the
boundary of the manifold. In Theorem 2.1, we reduce this construction to the
solution of an N X N system of nonlinear equations which connects the positions
of the localized pulses p to the amplitudes of the delocalized component at the
pulse position q; = U(p;) fori = 1,...,N. The family of solutions § = G (¢)
gives rise to the semi-strong N-pulse configuration

¢1(X;ﬁ))

(1.5) d(x;p) = (@z(x;ﬁ)

defined in (2.8). In Proposition 4.3, we characterize the spectrum of the lin-
earization Ly of (1.2) about ®, showing that the point spectrum consists of N
eigenvalues localized near the origin together with the semi-strong spectrum, de-
noted 0 (¢ ), which can move at leading order as the pulse positions g evolve.
Moreover, the locations of the semi-strong spectrum are determined by the eigen-
values of an N X N matrix N, defined in (4.19). This motivates the following
definition.

Definition 1.1. Fix € > 0. An open, connected set X C RN is an admissible
family of N-pulses if b, C,€ > 0 and v € (0, i) exist such that the following hold:

(1) Forall p € X, the semi-strong spectrum o (p ) lies to the left of the
contour C C C, of the form

(1.6) C=C,uC_uUC(Cy,
where
Cy={-e" +is|s€l-b,bl}, C.={-ev=ib+se* s |se[-,0]}

(see Figure 1.2).
(2) ForallA € Cand p € X,

-1
1.7) |(I+NA)‘IISC<1+ﬁ> ,

where kj := &/A + €¥ is a scaled distance of A to the branch point of
the essential spectrum of £;.

(3) K c Ky, where
(1.8) XKp:={peRV|Ap;:=pi;1—pi=L|lne|fori=1,...,N—1}.
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FIGURE 1.2. The contour C introduced in (1.6). The essen-
tial spectrum of the linearization L; about an N-pulse solution
(see (4.1)) extends from (—oo, —ue*] (orange line), while the
point spectrum consists of N broken translational eigenvalues
near the origin (orange X), with associated spectral projection
1T, together with a collection of semi-strong spectrum (orange
o) which move at leading order as the pulse configuration evolves.
For an admissible pulse configuration, the semi-strong spectrum
lies to the left of the contour C.

With each admissible family of pulse configurations K C RN, we associate
the N-pulse manifold

(1.9) M:={®(;p) | p e X},

Our first result is that a non-trivial portion of the semi-strong N-pulse interaction
regime is admissible if the corresponding single-pulse is linearly stable.

Proposition 1.2 (Admissibility). Consider the system (1.2). Let the associated
single-pulse solution defined by (2.8) be linearly stable; that is, excepr for a simple
translational eigenvalue at the origin, the point spectrum of the linearization about
a single-pulse lies to the left of a contour Cy p for some v,b > 0. Then, for every
N € Ny, there exists €9 > O such that, for all 5 > O sufficiently large and for all
0 < € < &, the portion of the semi-strong domain satisfying

(1.10) K:i={peRN|Ap; =512 fori=1,...,N -1}

is admissible.
Remark 1.3. The single-pulse can be linearly stable only if 6 < 0. For 0 > 0,

the linearization about the single pulse has a real eigenvalue which lies between
the origin and the ground-state eigenvalue Ag > 0 of the operator Lo defined in
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(4.22). However, there are semi-strong two-pulse regimes which are admissible,
even when the underlying one-pulse is not linearly stable (see [12]). The restric-
tion on ¢ in (1.10) specifically precludes the oscillatory instabilities which can
arise through pulse-pulse interactions (see [13] and Theorem 1 and Figure 3.1 of
[17] for examples of semi-strong spectra crossing into the right-half complex plane
as the pulses become too close). Pulses of this type typically have complex spectra;
an examination of real eigenvalues is thus not sufficient for stability.

The pulse dynamics are driven by the projection of the residual F(®) onto
the N-dimensional space associated with the broken translational eigenvalues clus-
tered within O(€") of the origin, where €” measures the strength of the tail-tail
interaction of the localized pulse component, and the value of ¥ can be taken arbi-
trarily large by increasing € in Ky. The spectral projection onto the translational
eigenvalues 175 (see (4.32)) induces the complementary spectral space

(1.11) X;={U:Ullx < 0, ;U = 0},

where the X-norm, defined in (1.25), is locally polynomially weighted about the
position of each pulse. Our main result is the adiabatic stability of the admissible
semi-strong N-pulse manifolds in this norm, so long as the asymptotic damping
is not too weak.

Theorem 1.4 (Adiabatic stability). Consider the system (1.2) with 6 + 0
satisfying the normal hyperbolicity condition & € [0,3). Let K be an admissible
domain of pulse configurations, and fix v € [0,u). Then, the associated N-pulse
manifold M is adiabatically stable in the norm || - | x, up to O (€'=%). That is, there
exists Mo, do, €0 > O such that, for all € < ey and any initial data Uy := (Uy, Vo) T

of the form
(1.12) Up = ®(x;7) + Wo(x),

with dist(p,0K) > do and |Woll < Moe¥|Ingl™1, the solution of (1.2) can be
uniquely decomposed for t € [0, Ty] as

(1.13) U(x,1) = 2(x; p(1)) + W(x, 1),
where p € K is a smooth function of t, the remainder W (-, t) € X1) satisfies
(1.14) IW (D) lx = M= [Wollx + &' 7%,

and the time Ty for the pulse configuration p = p(t) ro hir 0K satisfies Tp =
Modoe™t. Moreover, during this time interval the pulse configuration evolves at lead-
ing order according to

op

= QAP + O£ lW @), WD),

(1.15)
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where Q(p) = diag(q(p)) is the diagonal matrix of amplitudes, and the anti-
symmetric matrix A is given by

oy G+l e—s“o‘/z\/mpk—pj\ k> j!

X221 Po " Po k=1
o + 1 7112 =
22 llpollz: _e— YA pk-Psl k< 7,

(1.16) (Al =

in terms of P and the pulse profile g of (2.4) through the total mass of its powers (see
(1.29)).

Remark 1.5. Since the matrix A has negative entries above the diagonal,
and positive below, the pulses generically repel each other, with the right- and
left-most pulses moving right and left, respectively. Moreover, if the pulse config-
uration enters the weak regime, then the inter-pulse separations are monotonically
increasing, and the time T}, is infinite.

Remark 1.6. The error from the || WII% term may initially dominate the pulse
motion if | Wyl x is initially O (¢%). However, aftera t ~ O (¢~%) transient, during
which the pulses move a negligible O (&%) distance, this term becomes higher
order. After this transient, the error bound on the pulse evolution (1.15) is sharp
when the pulses are uniformly in the semi-strong regime, that is, when each pulse
separation satisfies age~1**/2) < Ap; < a;e-1*%/2) However, if one or more
pulse separations become large, and some pulses enter into a weak regime, then
the leading-order pulse evolution is still given by the first term on the right-hand
side of (1.15). A proof of this requires the decomposition (6.1) to be built upon a
linearization about the more accurate pulse ansatz ® + ®.. Thus, we must analyze
the linearization about ® to construct ®. (see (6.4)), and then linearize about
® + . to perform the RG iteration. For brevity of presentation, we have forgone
these technicalities.

The paper is organized as follows. In Section 2, we present the existence of the
semi-strong N-pulses, whose graphs form the semi-strong N-pulse manifolds. In
particular, we uniformly bound the components of § both from above and, away
from zero, from below. In Section 3, we develop estimates on the resolvent of a
key linear operator and on the residual, obtained by evaluating the right-hand side
of (1.2) at a semi-strong N-pulse ®. In Section 4 we characterize the spectrum of
the linearization L;J ) about an admissible N-pulse, and in Section 5 we develop
resolvent and semi-group estimates on the full operator. In Section 6, we use the
renormalization group approach to develop nonlinear estimates on the full system
and obtain the adiabatic stability results. Section 7 presents technical estimates
used in Section 6. We conclude with a discussion which motivates a more general
relation between the normal hyperbolicity and adiabatic stability.

1.3. Notation. We fix the number N € N, of localized pulses and the
minimal pulse separation parameter £ > 0 defined in (1.8). For each fixed pulse
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position p € K, we define the following norm:
(1.17) ”f”WE” =[1Ef Nl + lIox fllLt,

where & is a smooth, positive, mass-one function with support within (—/4,£/4).
We also define its P translates

(1.18) §j=8x~-pj).

The ng’l norm controls L®, since, for any x,y € R,

(1.19) lux)| < lu(y)l + J{R lu'(z)ldz,

and multiplying this inequality by the mass-one function £(y), and integrating
over  yields

(1.20) luCo) | < llu'llp + J{R 18Uy dy = lully.

For each B > 0 and pulse configuration g € K, we introduce the locally weighted
space Lé,ﬁ, defined through the partition of unity

(1.21) x; )},

which is subordinate to the cover {(sj—1 + 1,55 —1) | j = 1,...,N} with s; =
(pj+1—pj)/2,for j = {1,...,N—1} while s = —o0 and sy = o0; see Figure 1.3.
The space is defined through the corresponding norm

N

(1.22) 11y, = DA+ 1x = pylH)x; £,
Jj=1

which controls long-wavelength terms uniformly in each x ; window. In particular,
we have the estimate

(1.23) Ix;flwie < ClLf s

where the hat denotes the Fourier transform and W* is the classical Sobolev
norm.

We define the windowing {f; = X, f }?’:1 of a function f with respect to the
pulse configuration p. This affords the decomposition

N N
(1.24) F=3fi=>fx;
j=1 j=1
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Xj-1 Xj Xj+1

RSN

pPi-1  Sj-1 pj Sj Pj+1

FIGURE 1.3. The localized component of the pulse solution as-
sociated with the partition of unity x;

The main results are stated over the Banach space X defined by the norm
(1.25) IFllx = ||f1||W§1‘1 + L2l
for F = (f1, f2)T where y = max{&1, ®21}, and

(1.26) A 1B = 11 AR

The Hy,, norm controls the usual H! norm and affords the nonlinear estimate
(3.15) required to control the nonlinearity X (as in (7.8)) for the case o1, = 2.

For G € L2(R)*¥*! with components [Glij = gij € L*>(R), we denote the
tensor operator ®G : L2(R) — RK*!, which acts on h € L?(R) by component-
wise inner product,

(1.27) [®G - h]ij = (gij, h)12.

If F € L2(R)/*k, then the tensor product F ® G is a finite rank map that takes
hel?(R)to F®G-h e L2(R)/*m through the usual matrix multiplication of F
with ®G - h. In particular, for each p € K, we define the associated windowing
tensor

(128) ®XT:®(X1!"'!XN)!

where {xj}ﬁtl is the partition of unity associated with g/, and the superscript
T denotes transposition. The windowing tensor reproduces the masses of the

windowings of f, in vector form, ® X1 - f = (fi,..., fn), where we denote the
mass of h € L'(R) by

(1.29) h:= LR h(x)dx.
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Combining the windowing tensor with the vector function

(1.30) ET = (&1,...,EN),

where the {Ej}]}]:l are defined in (1.18), yields the windowing tensor product
£ ® X, which is a rank N map from L2(R) to L?(R) defined by

N N
(1.31) ET@xX - f=2(Xjp hEix) =Y Figix).
j=1 Jj=1

The windowing tensor product replaces f with a sum of N compactly supported
functions, centered at the pulse positions g with the same mass in each window
as f. Indeed, we have the equality

oxT - (f-E@xT-f)=0.

For vectors ¢ € RN and B € R, we introduce the component-wise exponential

(1.32) qf = dUal?, ... lanI1P)T.

2. CONSTRUCTION OF THE SEMI-STRONG N-PULSE MANIFOLDS

The localized component of the pulse, Qg (see (2.4)), decays exponentially at an
O(1) rate. Subsequently, we take the pulse-pulse separation distance € > 0 in Ky
(recall (1.8)), so large that the localized tail-tail interaction (Pz((lﬂj - pjr1)/2) ~
@2(£]2) ~O0(e") forsomer = r(#) ~Inf = 2.

With each vector of amplitudes § € RY we will associate a semi-strong N-
pulse configuration ¢ = (d)l(x;ﬁ,ci),(bz(x;ﬁ,d))T (see Figure 1.1). Moreover,
we slave the vector § to the positions p of the localized pulses via the mean-field
equations

2.1) aj = ®1(pj)

for j = 1,...,N. The construction begins with the localized fast-pulse @}, the
unique solution of the equilibrium equation

X1 22

(2.2) ®j - @jt+a;"e;” =0,

which is homoclinic to the origin and symmetric about x = p;. The existence
of @; for &z, > 1 is immediate as the equation has a first integral. A simple
re-scaling shows that @ ; can be written in the from

=01/ (02— 1)

(2.3) j(x;pj,a5) =4, Po(x —pj),
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where @ is the unique homoclinic solution to

(2.4) 0= - @o+ @2,

which is even about x = 0. The second component of ® is the sum of the local-
ized pulses &, = Z]Jyzl @;(x;P,q). The first component of ® is the mean field
generated by the localized pulses, obtained by solving the first equation of (1.2)
at equilibrium with U replaced in the nonlinearity by the local constant value g;
when acting on @;. The result is a linear equation for ®;,

N
(2.5) €72 0xx®) — %y — 7' Y g @ +e¥%p = 0.

j=1
Introducing the operator associated with the essential spectrum,

(2.6) LS = —e202 + %,

with inverse denoted L, we rewrite (2.5) as
o N
2.7) L, (<I>1 7’ s"‘/zﬁ) =—&' > a" o,
j=1
and define the N-pulse configurations

(2.8) Sx, ) = [Cbl(x,v,q)}

q)Z(X,ﬁic_i)

N
2P _ 17— o &
e L E Lll(zlqj”(pj”(x)>
Jj=

N
> @ji(x)
=1

For A € C, we introduce the Green’s function G (x) associated with L§, + A,
which enjoys the property

(2.9) (L8 + A)71f = (Gy * f)(x).

From the Fourier transformation, we determine the explicit formula

52
(2.10) Gr(x) 1= —e Fkalxl
ka
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where kj was introduced in Definition 1.1. A central role is played by the scaled
two-point correlation matrix Gy (A) of the Green’s function (2.10)

(2.11) [Gn (5, A)]ij := e Ralpimpil,

where p € XK for some minimal pulse separation € > 0. The unscaled version of
the two-point correlation matrix is denoted

2
(2.12) Gn(p,A) = ,i—AgN(ﬁ,m.

The following theorem shows the existence of solutions to the mean-field
equation.

Theorem 2.1 (Existence of N-pulse configurations). Fix the pulse separa-
tion £ > 0 and N € N.. There exists a unique function § = q(p) for which
®(x,p,q4 (P)) solves the mean-field equation (2.1). Moreover, the solution takes the
form d = Go(P) + €'"¥N2G,(P), and is uniformly bounded, component-wise from
above and away from zero. In particular, 4y solves

e P
(2.13) 0 (7,040 = 51 - %24,
N Ggn(p,0)g, 7 do

and 4 admits the expansion

1/6
(2.14) zi(ﬁ)=< pmg]@l(ﬁ,mf) +0(e4%),
VH®q

where the exponential is component-wise with 0 defined in (1.3).

Proof. An application of (2.9) with A = 0 to the first component of (2.8)
evaluated at x = py yields the equation

N
(2.15) qak =€7“/2§—571<G0* > a @) (po),
j=1

where, for A = 0, the Green’s function takes the form
gl-a/2

VO

The system of equations in (2.15) may be written in the vector form

(2.16) Go(x) = e VA,

(2.17) = s—“/zgf—s‘“/zR(ﬁ,E)cI““,
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where R € RV*N has entries
(2.18) R = €271 (Go % @) (pr).

Substituting for Gy from (2.16), for @; from (2.3), and recalling definition (1.3)
of 0, we obtain

(219) R]k _ ?qje o1 J[Re—glﬂx/Z\/ﬂ\y—VH(pg(lz (y _ 19]) dy,

from which we see that R has an O(1) limit as & tends to zero. For j # k,
the exponential decay of Q¢ permits us to Taylor expand the exponential about
y=pj:

e €T VAIp-Y | — o= Alpr-pjl
1 2 _cl+ax/2 . 2 2
— oy T e T TVHIPE R (y — pi) + O (27 y — piI?),

where ojx = sign(prx — pj). Substituting this into (2.19) and evaluating the
leading-order integral, we have the expansion

(220) R]k — qu A1 0(12e—51+o(/2f|pk p] Yy 0(52+0<)

where the O (€!7%/2) terms are zero due to parity, and where we are applying the
total mass notation f o J f(s)ds. For the case j = k, we consider the Taylor
R

expansion of the exponential for ¥ < p;j and for y > pj. The O(y — p;j) terms
do not integrate to zero, and we obtain

1 O0—0t1 X2 1 2
(2.21) Rjj=——q; @i +0(?),
/— J

Thus, using both (2.20) and (2.21), we see that equation (2.17) can be written as

X12

(2.22) €42 — (q)o

Gy (P,0) + eT2R (B, e) | 49 + —1
N,
where Ry € RV*N is uniformly bounded for || < & and smooth in p. Rescaling
P = €'7%25 then removes the £ dependence of the exponentials, and the existence
of the solution to (2.13) of the form (2.14) follows from the implicit function
theorem and the invertibility of Gy (7, A); indeed,

N-1
(2.23) det Gn(F,A) = [] (1 — e 2kaPini=pi)),

i=1
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which is non-zero. Moreover, the inverse of Gy is tri-diagonal, and can be con-
structed explicitly (see [38] for details). The positivity and uniform bounds on
q for p in the semi-strong regime follow, and the existence of the solution 4 to
(2.22) then follows from a perturbation off of gp. O

3. BOUNDS AND RESIDUAL ESTIMATES ON SEMI-STRONG N-PULSES

Fix a set K of semi-strong N-pulse solutions as constructed in Theorem 2.1, with
minimal pulse separation distance ¢ > 0. For all p € X, in Subsection 3.1 we
establish estimates on (L$, + A)~! f in various norms, in Subsection 3.2 we obtain
bounds on the norms of the semi-strong N-pulses ® (¢ ), in Subsection 3.3 we
establish a result allowing for subsequent reduction of a finite rank operator, and
in Subsection 3.4 we establish estimates on the residual F(®(p)).

3.1. Linear estimates. We recall L§; and kj introduced in (2.6) and Defi-
nition 1.1, respectively. For each p € K, we have the partition of unity {x 1}1};1
given in (1.21) and the weighted-windowed norm L}’ﬁ defined in (1.22).

Lemma 3.1. There exists C > 0 such that, for any f € L'(R) or f € ng’l([R),
and for any A € C\ (—oo, —e*), the following estimates hold:

. -, o2 ||f||W11
(3.1) (LS +A) f||W§1y1 < Re(k) mln{”f”L Tl [
(3.2) (LS + A) 7 flle + | Re(ka) (LS, +A) "L fll
€2
< Cm”f”p
(3.3) 10x (LS + A) L)l + [ Re(ka) | 110x (L) + A) L f) I
<C&|flw,

where Re(-) denotes the real part. Moreover, for all p € XK, f € L{,ﬁ([R), and
A € C\ (=00, —&Xu), we have the small-mass estimates

2
G4 ILH+ D Sl = Cs 0K 1+ Hal 1Fl ),
(3.5 IS + Nl < Ce (|k 10X f1+1fly )

The small-mass estimates are useful in Section 6 when we examine the differ-
ence of two linear operators whose difference is large, but where the difference has
small mass in each window.
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Proof: We introduce g(x) := (L§; + A)~1f = (Ga * f)(x) where the Green’s
function Gy is given in (2.10). From the identity g’ = G), * f and L”-convolution
estimates [36], we have the bounds

2

Re(ka )”f“L‘
1€gllLr < 1€l 1(Ga * f)(xX) e < [IGAllz [ f ]I <

19"l < IGy Il L f Il < ©

Ik |||f||L1

for € defined in (1.18). These two estimates establish the L! bound in (3.1). For
the WEI ' bound, we first observe that
2

! _ ! 7 E
g I = 1(Ga * f) Ol < NGl 1L e < 6'7”()\| Re(Ky) ||f||W§1,1.

Combining this with the estimate

2

1Egllr < 1N 1 (Ga * f) )= < 1GAllp L f e < Cmﬂfﬂwgl,
we obtain (3.1).

To establish (3.2), we observe that

2
(B.6)  llgl= = 11(Ga * f)(X)|le= < [IGalle=[lfllrr < Cm”f“ﬁ
82
B.7) gl = I(Ga * f) ()l < [IGallp L f 1l < lelfllp-

The bounds (3.3) follow from similar estimates applied to g’ = G} * f.
For the small-mass estimates, we window f through its partition of unity, as
in (1.24), so that

(3.8) gj = Ga * fj

satisfies g = >.j g;. From the definition (1.22) of the windowed norm, we sce
||f||L%ﬁ =2 ||fj||L§j- We decompose each f into a smooth, localized term and

a massless part
(3.9) fi=Fi&+ ¥}

for yj € WLI(R) and &; defined in (1.18). Clearly, for any f, we have || fllp1 <
”f”Lij' Next, we examine

171l = | [3tx = p)] Iyl ax
< | 1= poyjlax = | 1= pis - FiEnlax,
<C(Ifilly, + 1 || 16— poEjlax) < Clly,.
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We decompose gj = gj1 +djo0where gj1 = fiGya*xEjand gj0 = Ga kY=
G) * ¥;. Estimating g1 using (2.9) and (3.1), we have

2

- E -
(3.10) ||gj,1||W§hl = fillGa *EJ'HWEH <Cos———fillEjlln < mfj-

R(k)

The function G has a jump at x = 0, so that G} =[G} ] + €280, where [G} ] is
the point-wise second derivative of G and dy is the delta function at x = 0. This
yields the estimate

! rr |
(3.11) Igjoller < (TG Tl + )yl < C Re (k ) 2||f]||L

Using (3.3), we find
(3.12)  l&gjollr < 1€l IGY * ¥jllee < CIGA I Iyl < CEZ||fj||L§’j-

Summing over j, we have (3.4). The inequality (3.5) follows using (3.3) and (3.2),
respectively. O

3.2. Bounds on ®(p). The following lemma establishes bounds on the N-
pulse solutions over each admissible set.

Lemma 3.2. Let K denote a family of N-pulse configurations, as constructed
in Theorem 2.1. Then, for all 1, B2 > 0, there exists a constant C > 0 such that,
VpeXKandk=1,...,N

(3.13) [0yl + e+ ||y — g~/2P

+ 10y, @1l < Ce~%/2,
Ll

—+(p/
a Pk kHl

+ 1@ = % GPHeB - < Ce,

(3.14)  [10x®1 Iz + 19y, P1llL~ + /2

where X = X (-, P ) is the partition of unity subordinate to p defined in (1.21). More-
over, for all B > 0 and allv e Lk’ 7 there exists C > 0 such that

(3.15) I(@F =X d"vllw = Cellvllyy .

Proof- To establish the bounds on the first two terms in (3.13), we apply (3.2)
(with A = 0) to (2.7), and recall that the 4 are uniformly O(1). For the final term
of (3.13), we take 0, of (2.7) to obtain

G101 001 = (S o) - Tantal o S
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Inverting LY, and applying (3.3) with A = 0 to the first term on the right-hand
side, and (3.2) together with the bound on 0,,g; to the second term, establishes
the result. The first estimate in (3.14) follows from applying (3.3) to the derivative
of (2.7) at A = 0. The smooth dependence of § on p and the change of variables
p = pelt®2 imply that 18q;/0pk| = O(g'*%/?), from which the second and
third estimates of (3.14) follow. The final estimate of (3.14) follows from the O (&)
L®-bound on 0,®;, the fact that (<I>§31 -X- dﬁl)(pj) = 0, and the exponential
decay of ®, away from x = p;. The estimate (3.15) follows from the bound

o - df

o J ) |
X11+|X—pj|5 <Cs¢

L

3.3. Finite-rank reduction lemma. The following lemma is a key tool in
identifying the finite-rank reduction of the singularly scaled operator L§; + A by
describing its structure.

Lemma 3.3. For each pulse separation parameter £ > 0, there exists C > 0 such
that, for all A € C\ (—oo, —e*u) and p € Ky, the following holds:

(3.17) 15, + M) f, @ - (@X - HTGn B, A @)X - gl < szllfllgﬁ gl

in terms of the unscaled two-point correlation matrix (2.12), for all f,g € Li,ﬁ’
defined in (1.22).

Proof. Windowing f and g as in (1.24), we find

N
(3.18) (L5 + 07 = D> (L + )7 fi, g9
i,j=1

N
= ﬂGA(y—x)fi(y)gj(x)dydx.
i,j=1

For any p € K, the Green’s function G admits the Taylor expansion about p; —
pj:

(3.19) GrA(y —x) = Ga(pi — pj) + Gy () (¥ —pi) — (x —pj)),

for some s = s(x,y) € R. Substituting the Taylor expansion for G, into (3.18),
we observe that

N
320 Y jjcmi—pnfi(y)gj(x)dydx= (e%- TGN e -9,
i,j=1

while |Gy llz= < Cée2. Finally, recalling the definition (1.22) of the windowed
norm, we obtain (3.17). O



1828 T. BELLSKY, A. DOELMAN, T. KAPER ¢ K. PROMISLOW

3.4. Residual estimates. Recalling that F denotes the right-hand side of
(1.2), the residual F(®) then takes the form

A F1(@)) (72020 — eXud; — e 1D D)2 + £%/2p

and enjoys the following properties.

Proposition 3.4. Let K be a family of N-pulse configurations as constructed in
Section 2 with minimal pulse separation L. Then, there exists v = v ({), which grows
at an O(1) exponential rate in € such that, for all p € K, the residual satisfies the
Jollowing asymprotic formula:

N
f ) 571 Z (‘Df(“ _ 61?(11)(]?;(12 + O(ET)
1 _ Jj=1
(3.22) (*Tz(q))) - al X1 X1 22 ' ’
S (o =a) o5 + 0
j=1

Jforv = v () > 0 large. Moreover, there exists C > 0, independent of € and p € Ky,
such that the following estimate holds:

(3:23)  e(lF (@I + IVpF1(@) ) + 1 Fa(@)llr2 + IV F2 (@)1 < Ce.

Proof: We first examine F>(®) in the L2 norm. Using (2.2) to eliminate the
dominant terms, we find

M=z
2
T3
[
M
|
=R

(3.24) 1F2@) e < [l ((

1 j=1

e
Jj=

Z o
i

2’

The first term is dominated by tail-tail interactions between the localized pulses
@ ;. Since these pulses decay at an O (1) rate, and since &tz; > 1, we have @ ;@i =
O(¢g") for j # k in any polynomially weighted norm where v = v (£) grows
exponentially in pulse separation €. It follows from the L* bound (3.13) on ®;
that this term is O(€"), where ¥ can be made as large as desired. It is the second
term which is dominant, which, from the last estimate of (3.14), is O (¢).

To examine the L! norm of F (®), we use (2.7) to rewrite the first component

of F(®), and apply the triangle inequality

Il

N
(3.25) IF @)l < &' 3 @ - g
Jj=1 N o N
e o (Y op) - Y @)
j=1 Jj=1

L
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The second term is dominated by the tail-tail interaction and is O (¢"), while the
first term is O (1) by (3.14). The asymptotic formula (3.22) follows by identifying
the leading order terms.

The estimates on the V5 terms follow from the bounds of (3.14), which show
that || V;®1 |1~ is of the same order as || (®; — q;) ;. O

4. THE LINEARIZATION AND ITS SPECTRUM

The linearization of F about ®(-, p) is the linear operator L; defined by

e -1 &11—1 5 X2 -1 04 &2—1
—L11 — & 0(11(131” (pzl —& 0(12@1”@21

(41) L 01 —1 4 o 0 —1
0(21(131 2 (13222 a)zc - 1 + 0(22¢>121¢>222

=,

A direct study of these operators is complicated by the spatially varying potentials.
In what follows, we show that the singular nature of the term L{, allows us to
approximate the spatially varying terms with finite-rank operators. In this vein,
we introduce the reduced linearization

= _(-L{; © 1 (Ju Jiz
(4.2) Lﬁ:(]ZI i22>_€ <0 0)’

where J11 and J; are finite rank operators

o€’ ® (@5ef 1Y),

xRET @ (@5 y),

(4.3) Ju
(4.4) Ji2

and the operators on the second row are

N
(4.5) In=02-1+0n> @i ' (x-pj),
j=1
N
(4.0) Jo1 = o1 > 4?217109;(22-
j=1

The difference between L and i,g is large, but the difference has zero mass in each
p-window, and hence is strongly controlled by the singular structure of L;{. The
essential spectra of L; and iﬁ coincide:

(47) O-ess(Lﬁ) = O-ess(iﬁ) =B:= {_E_Zkz - E(xl,l | k e [R}

Although we do not pursue this issue, the point spectra of the two operators are
also asymptotically close.
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4.1. The point spectrum. Modulo the finite-rank perturbations, the opera-
tor L is lower triangular. This reduced structure affords a precise characterization
of its point spectrum, up to the analysis of an explicit N x N matrix. So long as the
pulse-pulse separation distance £ > 0 in Ky renders the local tail-tail interactions
higher order, then the point spectrum is controlled by the slowly varying compo-
nent U. Estimates on the resolvent of L1; are given in Lemma 3.1. The following
lemma gives bounds on the resolvent of L.

Lemma 4.1. Fix a contour C of type (1.6) and € > 0. Then, for all B > 0, there
exists C > 0 such that

(4.8) 1L = 2 Fllgy, < ClLF Ny s

Jor all X on and to the right of C and for all p € XK.

Proof. The Green’s function G»; for Lyp—A decays at an O (1) exponential rate
uniformly for A to the right of C, since A is an O(1) distance from the essential
spectrum of L»,. The rate is also uniform in g, since the N -pulses { j}?’zl decay
exponentially outside O(1) intervals. Introducing § = G2, * f, we may decom-
poseitas g = . g, where gj = G2 * X;f. From classic convolution estimates,
we have

11+ 1x = pI19)gjll < ClGalp I+ x = pil)x;f i < Cllf iy -

The derivation of the L? bound on g’ is similar. O

Using the bounds on the resolvents of the diagonal elements of iﬁ, we estab-
lish the following result.

Proposition 4.2. Fix the pulse-pulse separation distance £ > 0 so large that the
localized tail-tail interaction is O (€") for v = v (£) = 2. Then, there exists vo > 0
such that, for all p € XK,

(4.9) 0p(Ly) N {Re(A) > —vo} = 09(F) U 0(p),

where 0o(P ) consists of N semi-simple O (€") eigenvalues which are in o (Lyy), and
the semi-strong spectrum is comprised, up to multiplicity, of the solutions ro

(4.10) Os(p) = {A | det(I + Na(p)) = 0},

where the N X N matrix Ny (P) is given in (4.19). The eigenspace associated with
0y s contained, up to O ("), within the space

(4.11) V = span{(0, ) 7T,..., (0, T}
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Proof- The eigenvalue problem for L takes the form

(4.12) —(L + Y = U + Jit),
(4.13) (L =AY, = - I V.

Assume that A is outside of the essential spectrum, B, and the point spectrum of
Ly;. Then, we may invert Ly, — A in the second equation and eliminate ¥, from
the first equation. Inverting L{; + A, we arrive at the scalar equation

(4.14) ¥ = —e ML + ) U = JiaLae - D)7 Y.

Recalling (4.3)—(4.4), we rewrite the right-hand side in terms of a single, finite-
rank operator,

(4.15) ¥ = - WL + ) e T Y,

where the left and right components of the tensor product are

(4.16) J1 =&,
(4.17) Jr = (0 @52 0% ™ — @812 (Lyy — A) 1 5 M) X,

The eigenfunctions outside of oy (L,,) reside inside an N-dimensional space. To
resolve (4.15), we act on it with ® J:

(4.18) J - Yi=-¢c'®) (L +N) U e - V.
Introducing the matrix
(4.19) M) =¢e'e ] - (L5 + N7,

we see that the search for semi-strong point spectrum reduces to solving the matrix
equation

(4.20) T+Nyy)eJ, ¥ =0.
IfA ¢ oy (Ly,) and I + Ny is invertible, then ®J, - ¥; = 0. This, combined

with (4.15), implies ¥; = 0, and from (4.13), we see that ¥, = 0. Conversely, if
for some U € CN we have (I + Ny)U = 0, then

(4.21) Y=g (L VY
(Lo =)@y + 271 o
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is an eigenvector ofiﬁ. Thatis, A € C\ (BU0Ty (Ly,)) isan eigenvalue ofiﬁ ifand
only if I + Ny is singular. The statement on multiplicity follows by considering
perturbations of L; which break any non-simple eigenvalues into collections of
simple spectra and standard results on continuity of eigenvalues.

To address the point spectrum of iﬁ arising from L7, we first recall the defin-
ing equation (2.4) for the localized pulse @q. It is natural to introduce the lin-
earization of (2.4),

(4.22) Lo=232 -1+ anei® !,

about @g. This Sturm-Liouville operator has a simple kernel, spanned by @y, and
a single positive eigenvalue A corresponding to a non-zero ground state eigen-
function o > 0. The remainder of the spectrum of Ly is contained within
(=00, =2vg] for some vy > 0. The classical result [1] states that, up to multi-
plicity, 0 (L22) consists of N copies of o (Lo) shifted by at most O(&") (recall
¥ = 2), with the eigenfunctions consisting of linear combinations of p translates
of the corresponding eigenfunction of Ly.

Assume that A € oy (Lyy) \ B; if the equation (4.13) is solvable, then the
process follows the steps outlined above, and returns us to the semi-strong eigen-
value condition. The novelty lies in the possibility that (4.13) has a nontrivial
solution with ¥; = 0, which from (4.12) requires that J1,%¥, = 0. A standard
implicit function argument shows that this is possible for the set of eigenvalues
Oy := {2\1k}1,z]:1 of Ly, clustered near zero (the translational eigenvalue of Ly),
since the corresponding eigenfunctions are locally odd about each p. The corre-
sponding eigenspace is denoted V. For the eigenvalues {?\(),k}],z]:1 of Ly, clustered
near the ground-state (Ag > 0) of Lo, then

N
(4.23) Yok = > brjpo(x — pj) + O("),
=1

and, using the positivity of (o and x, the N X N linear system J1,¥ox = 0 yields
only the trivial solution for the coefficients byj. The rest of the spectrum of Ly
is to the left of —2vy, and so standard results on the spectrum of well-separated
pulses [1] imply that the remainder of the spectrum of Ly, lies on the real axis, to
the left of —vy. O

We now find an explicit representation for the matrix Na, and we show
that the semi-strong spectrum is partially characterized through the meromorphic
function

(4.24) R(A) := ((Lo — D) @i, @i e,

which is analytic except for poles at some of the eigenvalues of Ly. A similar
function was introduced in [14, 17].
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Proposition 4.3. The matrix Ny takes the form

_EQ) ~ L 10-1

where E(A) = 119" — x12001R(A), the scaled two-point correlation function Gn
is defined in (2.11), and Q = diag(q) is the diagonal matrix of amplitudes.

Proof. The reduction of formula (4.19) for the semi-strong matrix Ny re-
quires the inversion of two second-order operators. The first inversion, for L§; +A,
is accomplished by (3.17). The second is the inversion of (L, — A). This we
achieve via the non-local eigenvalue (NLEP) machinery developed in [12]. For
functions that are exponentially localized around the pulse positions p € K, the
NLEP analysis inverts Ly, — A in a windowed manner using translates of the op-
erator Lo:

Loj := 92 — 1 + @™ (x = py).
In particular, since the potential J»; is comprised of N-pulses localized about the
positions p, the last estimate of (3.14) yields

N
(Lop =) @8 = gy > gt/ Dr o - )" o (x — pr) + O ("),
k=1

.. 1,1 , . .
where the errorisin L;* for 7 > 2. Using the same estimate, we may rewrite the
k’th component of J, defined in (4.17), as

Jrk = @ X (01 9§ (x — pr) — 2001 @ ! (x — pr)E(x — pr)) + O(e"),

where the function 2(A) := (Lo — A) "o > decays exponentially at a rate propor-

tional to the distance of A to Oegs(L22). Turning to (4.19), we address the ij entry
of N3,

[Nadij = e "((LS + A) " i, Jrj) 12

= 1gd7 (LS + A 718, o @f (x — pj))

X2~

— &) (LS +A) T oo T (x - pE(x - pj)) 2+ O (e).

To invert L§; + A, we apply (3.17) to find

[NAlij

=e'q0 e X - (a1 @g(x — )G ® X - &
—e'a) @ X - (o @f T (x — ppE(x - p))GN @ X - &+ O(e).

Recalling the scaled, two-point correlation matrix Gy (from (2.11)) and the mero-
morphic function R introduced in (4.24), we may represent N as in (4.25). O
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We are now in a position to prove the admissibility proposition stated in the
Introduction.

Proof of Proposition 1.2. Denote the eigenvalues of Ny by {u;N) A p )}yzl.

The semi-strong spectrum is precisely the set of A for which u;-N) (A,p) = -1 for
some j = 1,...,N. For the case of a single pulse, N = 1, the matrix N} is a scalar,
and
(4.26) @A) = ZEMad ! + 0o,

A

where we have introduced the constant

1/0
P
@M

corresponding to the amplitude of a single pulse. Recalling the operator (4.22)
and the pulse equation (2.4), we find the identity

22

(4.27) Lo@o = @y — Qo+ @~ + (a2 — 1 @p™” = (22 — D) @g 2,
which permits us to evaluate the meromorphic function R at A = 0:

(plez
(4.28) R(0) = (Ly'@e™, @i Hp = ———,
o —1

X12

In particular, E(0) = 0@y = 0 if & # 0. Moreover, for |A| sufficiently far

from the essential spectrum, R (A) tends to zero so that E(A) — o2, while

|ka| grows, so that uﬁl)(ﬂ\), given in (4.26), tends to zero in this limit. As a
consequence, the assumption that the one-pulse is spectrally stable implies there

exists v € (0, ) and b > 0 sufficiently large such that u{" is uniformly bounded
away from —1 on the contour Cy . Moreover, since E(0) # 0 and E varies at an
O(1) rate in A away from its poles, there exists C' > 0 such that

-1
(4.29) (1 + 1V (a)! sc<1+i) ,
[kal

forall A € C.

Consider an N-pulse and a set K of pulse positions satisfying (1.10) for some
6 > 0. Fix a contour C for which (4.29) holds, and consider A on and to the right
of the contour. If, in addition, A is sufficiently far from the branch point —&*u
so that |A + eXu| > &7, then Re(ka)Ap; = CeY~%/2 Indeed, for these A, the
definition (2.11) and the formula (2.14) yield the estimate

(4.30) GNA,P)QYT = ad  Inew + 0571 exp[ -8V ~V2]),
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and from (4.25) we see that the matrix N}, is approximately diagonal with eigen-
values u;N) (p,A) = /Jﬁl) (A)+0(57Y) for j = 1,...,N. It is here that we require &

sufficiently large, independent of ¢, so that none of the eigenvalues u;N) attains the
value —1 for A on this set. This restriction on the strength of the semi-strong in-
teraction precludes the point spectrum crossing the imaginary axis away from the
origin, thereby inducing oscillatory instabilities, as is known to happen [13, 15]
for N-pulse configurations with pulses that are too close.

On the other hand, if |A + e*u| < &Y, then E(A) is close to E(0), and is
uniformly bounded away from zero. Moreover, one can show from an inductive

proof that

N-1 N-1

dCtGN = 1_[ (1 _e_zk/\AVi) > C l_[ |kA|AP1
i=1

——rL > o§N,
! 1 T+ [kalap;

since A is close to the branch point, and Ap; > §&¢~1#%/2)_ Similarly, Q is diago-

nal, with positive entries that are uniformly bounded away from zero and infinity,
and thus the determinant of Q%! is bounded away from zero. Moreover, the
eigenvalues of G NQ9 ! are uniformly bounded from above, while we have shown
that their product is uniformly bounded from below in modulus; it follows that
each eigenvalue is uniformly bounded from below in modulus. We combine these
facts into the estimate on the eigenvalues of Na:

431 (N) zci > 1,
(4.31) i1 = O

for j =1,...,N for all A satisfying |A + €*u| < & which are on and to the right
of C. Combining the two types of estimates, we see that each u;-N) is uniformly
bounded away from —1 for all A on and to the right of C and for all p € X.
Moreover, the matrix I + 2N} is uniformly invertible on these sets; in particular, it
satisfies (1.7), which establishes the admissibility of K.

We note that, since @ and ¥y, the ground state eigenfunction of Lo, are both
positive functions, it follows that E(A) — —o as A — A¢ from the right along the
real axis, where A is the ground-state eigenvalue. In particular, if E(0) > 0, then
it must be that u;l) (A) attains the value —1 on (0,Aq) C R, and hence there is a
semi-strong eigenvalue on that segment. Thus, the assumption that the one-pulse
is linearly stable requires that 0 < 0. -

4.2. The spectral projection and adjoint eigenfunction asymptotics. It is
essential to our analysis that we control the projection onto the N-dimensional

eigenspace of L associated with the eigenvalues 07 that are algebraically close to
the origin. The spectral projection takes the form

(432) Tt U = Z J \I/j,
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where V := {\Ilj}y ,and VT = {‘I’;}JJy , are bi-orthogonal bases for the eigen-

spaces of L and its adjoint, respectively. The complementary projection is given

by
(4.33) fi; U = U — m;U.

The basis elements of "V satisfy the expansion (4.11); in the lemma below, we
develop asymptotic expansions for the elements of V1.

Lemma 4.4. Letr X be a collection of admissible pulse configurations. Then, there
exists C > 0, independent of € > 0 and p € K, such that the basis elements of the
adjoint eigenspace V1 satisfy

(4.34) I ko + €720~ @l < O,
fork=1,...,N.
Proof. The adjoint operator is given by

B _Le t 0

(4.35) pro| T ) e Jl; ,
0 L22 J12 0

where
(4.36) Jh = anxTesreei ' e g,

(4.37) Jih = X "oy e @ &

For the algebraically small eigenvalues A € 0y, the operator L, is almost singular
with kernel approximately spanned by {@}}}_,. This permits us to normalize the
second component of the k’th basis elements as

(4.38) V1= e L TLY = @ + e Ll Y

where 72, is the projection off of the small eigenspace of the self-adjoint operator
L. Using this form for ‘I’zJr x> and proceeding as in Proposition 4.3, we solve for
the first component of the adjoint eigenvector

(4.39) Y = U+ e LT U+ N e g L g,
where we have introduced J lJr =J1= gand

(4.40) Jhi= (@520 ™! — 0a a1 L) e @52 T )X,
Then, the N X N matrix N, OJr is given by

(4.41) NS =e o gl LiEIiT.
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It remains to bound the second term in (4.38) and the entire right-hand side
of (4.39). We first address the latter, where, employing the bound (3.4), we find

(4.42) ||Lfffz1(P;<||Wé,1 <C(el®X - Jn@yl + Ez||]21<P,'<||L}ﬁ),
with
(4.43) J1®y = 01a  @pZ ) + O(e"),

Due to even-odd parity, this term has algebraically small mass, and we deduce that
(4.44) |® X - Ju@yl =0().

On the other hand, J21 @} decays exponentially away from x = pi, and hence
Il J219y IIL} = O(1). As a consequence of these two facts, we find that

(4.45) ||Lfffz1(P;<||WE1v1 < C€.

However, J; is uniformly bounded in L' since the small eigenspace of Ly; is pro-
jected away by 772,. Using (3.1), we deduce that

(4.46) e 'L ;ang,l <CIJtT I < C.

Finally, the matrix I + .’NJ = (I + Ng)' is boundedly invertible, since X is ad-
missible. Taking the ng ! norm of (4.39), we conclude that

(4.47) Ny < Ce2.

The remainder of (4.34) follows by applying the estimates above to (4.38). O

5. RESOLVENT AND SEMI-GROUP ESTIMATES

In this section, we generate resolvent and semi-group estimates for the reduced

operator L;, where we have chosen an admissible class K of semi-strong N-pulses
with associated contour C C C, as defined in (1.6).

Lemma 5.1. For A € C, any fixed F = (f1, )T € L2(R), and A € C, denoting
the action of the resolvent 0fI: onF by (L—-A)"'F =(g1,92)7, then

(5.1) g1 =L+ T A+ NP e Ty (L +A) N = DKF
and
(5.2) gr= Lo — )N - Jaugn),

where Ji, Jr, and Ny are defined in (4.16), (4.17), and (4.19), respectively, and
(5.3) KF = fi— e 'Jnnlyn - )7 fo
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Proof We recall the form (4.2) of L, and write the resolvent problem as

(L-M(g1,907 = (f1, )T

For A € C, the operator Ly, — A is invertible. Solving for g, and following the
derivation of (4.15), we rewrite the first equation as

5.4) (L + Mg + € L @ Jy - g1 = —KF.

We invert L§; + A, and then project with the finite-rank operator ® J, to obtain
the matrix system

55) @Jr-gi+e @)y (L + N[ @ Jr - g1 = —®Jr - (L], + A)'KF.
Recalling the matrix ) from (4.19), we may re-write this expression as
(5.6) T+N)®Jr-g1=—0Jr- (LS +A)'KF.

Since A ¢ 0y, we may invert I + N} to solve for ®J, - gi. Substituting this
expression into (5.5), and isolating g1, we establish the closed-form expression

(5.1). O

5.1. Resolvent estimates. Let K be an admissible set of N-pulse configu-

rations, T be the projection onto the small-eigenvalue eigenspace oy of iﬁ (see
(4.32)), and 75 denote the complementary projection. We recall the norm || - [Ix
introduced in (1.25), and the subspace X;; corresponding to the range of 77;.

Proposition 5.2. There exists C > 0 such that, for all X in C, F € Xy, and
P € XK, we have the following resolvent estimates for L:

5.7)  IL-2)7'Flx<C Re (k )(5||f1||L1 + 20 ),

e~ -1 L 1,1 1
(5.8)  I(L-2A) F”XSORe(k)\)(Ik |||f1||W +||f2||L )

If, in addition, the coarse-grained projection of f\ is small, then we have the enhanced
residual estimate

5.9 IL-A2)'Flx=C R(k )((8|®X fil + & 1Al + Ll )

Proof. Using the notation (L —A)7'F = (51) , we apply the ng’l norm to g
2

as represented in (5.1), and use the estimate (3.1) to obtain

(5.10) gy _CR . )||JZT(I+M)*1 ® Jy - (L% + A)'KF|Ip
2

" O Retkn)

IKFllLt.



Adiabatic Stability Under Semi-Strong Interactions 1839

Since XK is admissible, we have the estimate (1.7) on I + N, for A € C.
Together with the uniform bound on || Jill;1 = &, we have

-1
(5.11) T+ Nl sC<1+W> .

Contained within ®J, is (L2 — A)~!, which is uniformly invertible from L? to
H! for A € C, since F € Xj. Together with (3.2), these observations afford the
estimates

(5.12) | ® Jy - (L§; + ) 7'KF| < 1 Jrllz, (LS, + A) 7 'KF |
2

< C—=—I|KF|
|k|” et

Combining (5.11), (5.12), and (5.10) we find

2

&
(5.13) ||g1||W§1,1 <C Re(kx )||KF||L1
Estimating the right-hand side, we have that
(5.14) IKFllp < 1Al + & 2L = )7 fallp.

Furthermore,

IJ12(La2 = D)7 fallp < Wi2llzz (Lo = )7L fallzz < Cllfallre,

which leads to the bound

(5.15) lgillyrr = Cpog (Ellfiller + 1Lf2012).

R(k)

Taking the H ; norm of both sides of (5.2), and applying (4.8), we obtain the
bound

(5.16) g2, = (L2 = D)7 (f2 = gD Iy,
< C(IIfzIIL}yyp‘ + ||J21g1||L}yyﬁ)
< Cllfallgy, + 1grlly)-
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Combining (5.15) and (5.16), we obtain (5.7). To obtain (5.8), we take the
ng ! norm of both sides of (5.1), and then split the right-hand side into two parts:

||g1||WE1,l <@+ e g+ Ny e gy - (LS + A)flllwzm
+ ||(Lel + A)_IKFHWM

<C

Re (k )IIJl I+ N '@ - (LS +A)'KFlp

+ (LS, + A)‘IKFIIWg,l,

where we applied (3.1) to obtain the second line of the inequality. We then address
the first factor of the first term on the right-hand side:

(5.17) | ® Jy - (LS) + A)'KF| < 1l (LS, + A) 7 KF |
< (LT, + D) KF .

Recalling both (5.11) and (5.16), while using (3.1) to bound the KF term on the
right-hand side of (5.17), we find (5.8). For the estimate (5.9), the bound on

the f> component is as before; so, without loss of generality, we consider the case
= (f1,0)T. Taking the ng’l norm of (5.1), we have

||gl||W§1,1 < C(E_1||(L‘f1 + /\)_IJZTHWEM @ Jpr - (L + M) L1
FIES + 27 filly).
Using (3.5) and the uniform L! bound on J;, we obtain
@ Jr - (LS + D)7 Al < Il S + M) 7 fills

(W' @X- fil+¢ ||f1||Lip‘) :

From (3.1), we have the bound

2

LS+ 0 gy = O )IIJL I = Crage
Finally, applying (3.4) to the remaining term, we get
€2
||(L‘121+?\)_1f1||W§1,1SC<R(k )|®X f1|+8 ||f1||L )

Combining these estimates, we have (5.9). O
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5.2. Semi-group estimates. Let K be an admissible set of N-pulse positions
with respect to the contour C. For fixed p € K, the bounds on the point and
essential spectrum of iﬁ, together with the resolvent estimates of Proposition 5.2,
show that the operator is sectorial; and, from a classical result [35], we can generate
the semi-group S;(t) from the Laplace transform of the resolvent of L;. Except
for the N point spectrum eigenvalues 0y, the spectrum of L lies entirely on the
left-hand side of C, and the semi-group S; associated with L is given by the
contour integral

i R T S VP I
(5.18) Sp(t)F—zT”,Le (A— Ly 'FdA

for all F € X;. The following estimates hold on the semi-group.
Proposition 5.3. For anyty > 0, there exists C > 0 such that, forallp € Ky,

F € X5, and t = to, the semi-group satisfies
(5.19) IS(E)Fllx < Ce =™ (el fullL, + 20l ),
(5.20) IS()Fllx < Ce = (|In¢| Lttty + ILf2lly )

<Ce &V Ine| ||F| x.

If, in addition, the coarse-grained projection of fi is small, then we have the improved
estimate

(5.21) IS()FIIx < Ce =™ (el @ X - fil + 1fillr, + fallpy )-

Proof. Applying each of the resolvent estimates (5.7), (5.8), (5.9) from Propo-
sition 5.2 to (5.18), and using the integral bounds (5.22), we find (5.19), (5.20),
and (5.21), respectively. |

The following lemma affords estimates of the integral of the resolvent over the
contour C.

Lemma 5.4. Fix p1,p2 > 0, tg > 0, and let the contour C be as in (1.6); then,
there exists C > 0 such that, for all t > to, we have

(5.22) j o] A
¢ | Re(ka)|Pr]ka|P2
1 1fp1 + py < 2,
< Ce &Vtg=m+r) L [n ¢ if p1 + p2 =2,

e~ (@Dpr1+r2=2) if py + py > 2.
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Proof. Estimates on the angled parts C= are straightforward because of the
exponential decay in eM. The concern is for the vertical part, C, where for A =
—&%y 4+ is, we have

C_e(e2%v2 + sH)14 < |kal + | Re(kn)| < Cse(e2¥v2 + s2)1/4)

for some constants C+ > 0. Applying these estimates to (5.22), we have

|e)\t| b ds
J dA < Ce‘fa‘”ts‘(’”l*"’z)J )
¢ | Re(ka) [P |kalP? 0 (52 4 g2ay2)(pi+p2)/4

For p1+p2 < 2, the integral is uniformly bounded, even if f = 0. For p; +p; = 2,
we rescale s by €%, and bound the resulting integral. O

Remark 5.5. The semi-group estimates are derived for t > ty. Short-time es-
timates can be derived, which scale like t 71/2 as t — 0. This integrable singularity
has no impact on the analysis which follows, and we omit it.

6. NONLINEAR ADIABATIC STABILITY BY RENORMALIZATION GROUP

Our primary result is that, in an || - ||x neighborhood of each admissible N-pulse
manifold K, we may decompose solutions U= U,V)T of (1.2) as

6.1) U =d; + W*(x,1),

where the N-pulse configuration g = p(t) is dynamic in time, and the remainder
W* = (Wi, W;)T can be uniformly controlled in the || - |[x norm. In particular,
we prove the adiabatic stability result (1.14) and derive the limiting pulse dynam-
ics (1.15). The pulse profiles ® are only approximate equilibria. Inserting the
decomposition (6.1) into (1.2), and Taylor expanding F about ®, yields

6.2) Wi+ V0 -p = F(®) +L;W* + X(WH),

where the linear operator L; was introduced in (4.1), and the nonlinearity X =
(X1, X)Tis X(W*) := F(® + W*) — F(®) — L;W*.

The renormalization group procedure starts by freezing the reference pulse
configuration g = Py in X, where py is as constructed in Proposition 6.1. The
semi-group estimates of Proposition 5.3 require a linear operator with a frozen
pulse configuration, so that we replace L; not merely with its reduced lineariza-
tion, but with its reduced linearization at a frozen pulse configuration, L,. More-
over, we separate the remainder W* into two parts, W* = W + ®.(-, P, Po),
where the correction term ®., which serves to adjust the shape of the pulse profile,
depends upon both the fast pulse configuration p = p(t) and the frozen reference
Po. More specifically, we have the decomposition

(6.3) U=a;+d:(p,p0) + W,
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where the correction term @, = (®¢,1,P.2)7 is chosen to cancel the parts of the
residual F (®) which do not contribute to the pulse dynamics:

(6.4) Oc (3P, P0) = —L; 75, F(@(59)).

Here, Ly, is the reduced operator defined in (4.2), and i, is the orthogonal
spectral projection off of its small eigenvalue eigenspace 0 (po) defined in (4.33).
The complementary part of the remainder, W = (Wj, wy) T, incorporates errors
that arise from the transient nature of the flow—parts which may not necessarily
be slaved to the pulse configurations.

The following proposition constructs a base point Py about which the local
coordinate system is developed.

Proposition 6.1. Let K be an admissible class of N-pulses. Then, there exist
O sufficiently small, My > 0, and a smooth function J : X — K such that, for all

Uo = (Uo, V)T satisfying
1To — (@(Fsx) + ®c (s, Px))lIx < 6,

where Wy 1= Uy — (D (Ps) + O (P, Px)), for some Py € Ks, we have that p =
Ps + J(Wy) satisfies

(6.5) Wo:=Uo— (2(F) +Dc(F,P)) € Xy,

Jfor Xp defined in (1.11). Moreover, if Wy := Uy — (®(Py) + e (Ps,P)) € Xp for
some p € Ks, then

(6.6) P = Pxl < MillWlix 1Ps — PI.

Proof: We may write Uy = ®(Psx) + Pc(Ps, Ps) + Wy and Uy = ®(p) +
& (p,pP) + Wo, and hence

(6.7) Wo = Wi + @(Px) + (P, P) — (P(P) + (P, P)).

Since by (6.4), t5®.(p,P) = 0, the equation (6.5) is equivalent to solving the
nonlinear system

(6.8) Aj(ﬁ, Wy Px) = (W* +®(Ps) +Pc(Px,Px) —@(ﬁ),‘l’;(ﬁ))p =
Writing A = (Ay,...,AN)T, it is clear that A(Fx,0) = 0. In light of (3.13) and

(7.1), the function A is smooth in p, px and Wy. We examine the following
gradient:

(6.9) [Vl p=p. . w.=0)]ij = — <a<Ia>(p) ‘I’T( )) .
pl 12
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We evaluate the right-hand side using (3.13), (3.14), and (4.34), and obtain

(6.10) VA = —||@’|[},Q 2/ e2=D 4 O (¢),
p 0 L

ﬁ:ﬁ*|W*:

where Q is the diagonal matrix of § amplitudes, whose determinate is bounded
away from zero for p € K. The existence of ] verifying (6.5) follows from the
implicit function theorem. If, in addition, we have

Wy = UO —(P(Px) + P (P4, P)) € Xp,

then we may re-write (6.8) as

(®(F) + e (P, P) — (F), Y] () 12
= Wi, Y] ()2 = Wi, Y] () - ¥ (9))2 =2 B},

where the last equality follows from the assumption Wy € X;. We use (6.10) to
Taylor expand the left-hand side, obtaining the leading-order relation

1
-——
eIz

P—Ps = QZ‘XZI/(O(ZZ—l)E+O(|ﬁ_r)’*|2).

However, we readily see from Lemma 4.4 that |E| < Cl|W«llx |p — P, which
establishes (6.6). O

6.1. Projected equations. We emphasize that the pulse configuration p =
p(t) in ® = &(-, p(t)) is not frozen, but evolves freely with t. The separation of
the pulse configuration into fast and slow (frozen) variables requires the introduc-
tion of the secular operator AL := L — L, which induces a temporally growing
forcing term as g = p(t) evolves away from po. Eventually, the secular term
p(t) — Po grows too large, and the equations are re-projected, using Proposition
6.1 to update the frozen base-point gy to p1 and Wy € X, to Wi € Xp5,. In
the sequel, we show that the long-time evolution of both pulse configuration and
remainder is well described by the collection of initial data { i } 5o and {Wy}5_o-

As the first step in this process, we rewrite (6.2) as

(6.11) Wi+ (Vd + Vd.) - P = 105, F(®) + LW + AL(®c + W)
+ X (P + W),
(6.12) Wi(x,0) = Wy,

where pp and Wy € X5, are as determined in Proposition 6.1. Moreover, follow-
ing classical modulation theory, we choose the evolution of p = p(t) to enforce
the condition W € Xj;,. To extract the evolution of the pulse configuration, we
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N
j=v
L? orthogonal complement coincides with the kernel of 1r5,. Since 15,L5,W =
Z‘ﬁo M5, W = 0, we attain the fast pulse evolution

project (6.11) onto the small eigenvalue adjoint eigenspace {‘I’;r (-;P0)} whose

Mp = g(p; Po, W),

6.13
(6.13) p(to) = po,

where the N X N matrix M takes the form

e (92, 0% i (s
(6.14) Mij = <8pi + api,\yj(po))p,

and the forcing term g € RN is given by
(6.15) gj = (F(@(P)) + AL(Dc + W) + X (D + W), Y] (F0)) 12
= (F@+W*), ¥ (50) 2.

The evolution of the remainder W is obtained by applying the complementary
spectral projection 7Ty, to (6.11), which yields

Wi = R + L, W + Tr5,(AL(®c + W) + X (®c + W)),

(6.16) W(x.0) = Wo.

where we have introduced the temporal component of the residual
(6.17) R(ps Po) := ~Tt5, (Vy® + Vybe) - .
The central goal of the renormalization approach is to control the growth of

the remainder W and the secularity |p(t) — pol, in systems (6.13) and (6.16) in
terms of the quantities

(6.18) Tw (t) := sup eV~ |wW(s)llx,
to<s<t

(6.19) Ty(t) := sup |p(s) —pol.
to<s<t

6.2. Bounds on pulse dynamics. The following lemma verifies that the
matrix M is uniformly invertible.

Lemma 6.2. The matrix M defined in (6.14) has the following asymprotic form:

(620) M = —||(p6||i2Q*20<21/(0<2271) + O(Elfo(/Z)’

where Q is the diagonal matrix of amplitudes q.
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Proof. From (4.34), we see that ‘I’JJ.r is dominated by its second component,
which satisfies ‘I’zfj = (p} + O(e'"*/2). Similarly, from (3.14), we see that we
have 0®,/0p; = —(p} + O(g1*%/2), From (7.1), we have the bound IV ®ellx <
Cel=*/2 which shows that the contribution from this term is higher order. Re-
calling the scaling (2.3) yields (6.20). O

The lemma below establishes an upper bound on the rate of pulse motion.

Lemma 6.3. The pulse evolution, given by (6.13), satisfies the bound
6.21) 1P| <C(e+ (e + T UIW(S)Ix + € 7%2) + [[W(9)|[5 + 7).

Proof: From (6.20), the matrix M is boundedly invertible. We apply L' —
L> estimates to the first component of g and L? — L? estimates to the second
component,

622) 15| = CUF1@ + Wl 1]yl + 1 F2(@ + W) 2 1], 112,

for F(® + W*) = (F1(® + W*), Fo(® + W*))T defined in (6.15). From (4.34),
we have II‘I’JJ{1 Iz~ < C'e? while II‘I’JT,ZIILz = O(1). Combining these estimates with

(3.23), (7.5), (7.6), (7.8), and the bound |[W*|lx < C(|W| x + €!~%/2) afforded
by (7.1) yields (6.21). O

6.3. Decay of the remainder. The following proposition establishes uni-

form estimates on the decay of [W|lx over the duration At that the linearized
operator L = Ly, is fixed at po. It is convenient to introduce the decay factor

(6.23) B(AL) := e~€VAL

which bounds the action of the semi-group S, (At) on Xj,.
Proposition 6.4. Fix &y > O sufficiently small, and let the normal hyperbolicity

condition 0 < & < % hold.  There exist constants Cy,Cy > O such that, for all
0 < & < & and all initial data Wy € X5, satisfying

(8.4
(6.24) W (to) lx < C1——,
|ln €|
the solution W to (6.106) satisfies
(6.25) W (@)llx < C2(IIW (to) llx | In g]e 8"V (E-to) 4 gl-e)

Jorall t € [to, to + At] for any At for which the decay factor meets

(6.26) B(AL) = Cpe!~B/2x,
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In particular, we may choose At so that, ar t| := to + At, we have

(6.27) W (t)llx < Co(IIW (to) llx | Ing|e! 3%/2 4 glme),
(6.28) |7 (t1) — Pol < CalInelel ™,

Proof. Applying the variations of constants formula to (6.16), we have
(6.29)
Wi(x,t) =Sz, (t —to)Wo

t
+ J Sp, (t — $) (R + 115, (AL(®c + W) + X (Dc + W))) ds,
to

where Sy, is the semi-group generated by Ly,. Applying (3.13), (3.14), and (7.1)
to (6.17), we find that
(6.30) e lIRullp + [IRally =< Clp .

We take the X-norm of (6.29), and apply the semi-group estimate (5.19) to R and
(5.20) to Wy while using (7.11)—(7.13) and (7.1) on the remaining terms. Powers
of [[W|x appear from several terms, but the dominant contribution is from the
temporal residual |p | via (6.21), yielding

t .
631)  IW®)llx < c(e-f“v<t-t°>|1ne| W (o) 1y + j e E V)| | ds).
to

We evaluate (6.31) at t = t’, multiply by e#"V'~%) yse (6.21) to control v,
and bound [|[W(s)|lx < e VG-t Ty, (t) valid for t > s. Taking the sup over
t’ € (tg,t), we obtain

t [0
(6.32) Tw(t) <C|lne|Tw(ty) + CJ [ef vis=h) (g 4 g279)

to

+ (£ + T5(0) (T (1) + €172V 70)) 4 T (1)e €700 | ds.

Evaluating the integrals on the right-hand side, recalling the decay factor 8 from
(6.23), and keeping the dominant terms, we find

El—a
B
+ (e + T,;(t))(TW(t)At +

(6.33) Tw(t)sc(llnslTw(t0)+
5173a/2

B

where At := t — tg is the length of the renormalization interval. The following
lemma bounds Tj.

) + 6“"Tv2,,(t)>,
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Lemma 6.5. Fix K; then, for & < 2, there exists a constant Cy > 0 sufficiently
small but independent of €, and C > 0 such that, for all t > to for which

(6.34) Tw(t) < C1e% and At < Cye%/271,
we have
(6.35) Ts(t) < Co(At(e + %) + e Ty (t) + e *Tjf (1)).

Proof. From the definition (6.19) of Ty, we have the bound
to+At .
(6.36) T(t) < L 15 (s)] ds.

Using estimate (6.21), the bound [[W(s)||x < CTw (t)e €Vt isvalid for ty <
s < t, and integrating in s yields

(637)  Ty(t) < C(At(e+ &%) + €Ty (1)
+ Ty (1) (e Ty (1) + ALe'™%2) + e *T (1)),

Subject to the constraints (6.34), for C; sufhciently small, the T term on the
right-hand side of (6.37) may be absorbed into the left-hand term. Adjusting the

constant, we obtain (6.35).

We continue the estimation of Ty required to establish Proposition 6.4. In-
serting the bound (6.35) of Lemma 6.5 into (6.33), and collecting powers of Ty,
we find that

El—cx + (At)(€2*30(/2 + 5375cx/2)>

B

+ AL + (A2 (e + 52“")>

(6.38) Tw(t) < C((I In&|Tw (to) +
2-5c/2

B

Elficx/z
B

For this estimate to be meaningful, we require that the coefficient of Ty on the
right-hand side be strictly less than one. This generates two conditions; the first
requires that

+ T ()

+ Tvzv(t)( +Ee %4 51“"At> + Ats‘“T&(t)).

2-5c/2
C

, equivalently At < 57“% <(2 - %O() |lng| — lnC) ,

6.39) B> ¢

and since the renormalization interval At must be at least £~ in order to insure
that B < 1, we impose the bounds

. 1 5
(6.40) e <At < “;<<Z—Ea>|lnsl—ln0>.
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In light of these bounds, the second condition for the absorption of the Ty, term
becomes

(6.41) (AD)2(e + €27 %) <« 1, equivalently | & < % )

which sets the ultimate limit on . Subject to these conditions, we absorb the
linear term, and merge the cubic term into the larger quadratic term. Enforcing
the bounds on At, we obtain the key estimate

1-x 1-5«/2
642) Ty <C (IlnelTw(to) + EB + T2.(t) (e‘“ 4 & B )) .

This inequality has the form of a quadratic equation h(r) = 0, where ¥ :=
Tw(t) and

ao ar

e e

N

’ b 1-50/2
(6.43) h(r):=C <| Ine|Tw (to) + %) -r+C (5“" + & 3 )1/'2_

This equation has two positive roots 0 < 1 = O(ag) < 1, if apa, < 1. Indeed,
taking C; in (6.24) sufhciently small, independent of &, these are precisely the
conditions imposed by (6.24) and (6.26), under which we have the bound

1-x
(6.44) T () <1 sC(IlnEITW(tQ)+ EB )

Recalling definition (6.18) of Ty, we obtain (6.25). Choosing the minimal
value of B (equivalently the maximal value of At) permitted in (6.26), we find the

first bound of (6.27), while the second follows from (6.24). The estimate (6.28)
is then a consequence of (6.35) and the bound (6.44) on Ty . O

6.4. The renormalization group iteration. At the conclusion of the first
renormalization interval (fo, t1), where t; := to + At, we have a pulse config-
uration p(t;) and a remainder W(-,t;) € Xp, whose X norm is smaller than
that of W (-, tp), so long as & < % We are in a position to iterate the renor-
malization process until g hits the boundary of K. That is, given pn-1 € Ko,
tn i= tho1 + Aty_1, W(-, ty) € Xp, | satisfying (6.24), and p(£,-1) satisfying
(6.28), if we then define

U(',tn) = q’(';ﬁ(tn)) +q)c('§ﬁ(tn);ﬁn71) + W(';tn);

from Proposition 6.1 we may construct py, = p(tn)+J(W(ty)) and Wy (+) € X5,
such that

U(',t’}’[) = q)(,ﬁn) +¢'c(',ﬁn;ﬁn) +W’Vl()5
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where @, is defined according to (6.4). Moreover, since W (t,) € Xz, |, we may
apply (6.6) to estimate the jump function 7:

(6.45) [Pn = P(tn)| < MilIW(tn) llx [Pn — Pn-1l.

The above, from (6.27), is negligible compared to the evolution of p(t) over
t € (tn—1,tn). The jump in the remainder upon the renormalization satisfies

(GA6)  IWn—W(tn)lx = ||(@(Fn) - 2(p(tn)))
+ (Pe (P, P) = Pe(Pn1, B (1))

The dominant contribution in the first term comes from the ®; component,
which from (3.13) has a sensitivity to variation in  on the order of £7%. Us-
ing (7.1) on the second term yields the bound

(6.47) Wi =W (tn)llx < C(e|Pn — P(tn)| + €7 1Pn — Pnil).
The estimates (6.45) and (6.28) then yield

(6.48) Wy =W (tn)llx < C(|Ingle' > [Wnllx + | Ingle?7>%/?).

In particular, applying the triangle inequality to bound ||[Wy|lx, we see for 0 <

x < % that the dominant contribution is from ||W (ty)llx, which from (6.27)

takes the form
(6.49) [Whllx < C(IInele! 2% ||W,_yllx + e7%).

We now introduce the Renormalization Group map

(6.50) @(W’H) - (W”),
Pn-1 Pn
which produces the initial data at time t,, from the initial data for the pulse and

remainder equations (i.e., (6.13) and (6.16)) on the interval (t,,—1,t5). From a
simple, linear iteration argument applied to (6.49), we have the estimate

(6.51) IWnllx < C((IIngle' )™ Wollx + €' 7%).

The estimate (1.14) then follows.
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6.5. Long-time asymptotics. From (6.28), we sce that Ty < C|lnele! " at
each point of the RG iteration process, while |W|lx < Tw. Using these bounds
in (6.21), we see that the dominant long-time contribution to the pulse evolution
arises from the residual, with the next largest contribution from the square of
|®cllx. From (6.20), we may also invert the matrix M, yielding the reduced
evolution

2001/ (2 —1)

4;

€52 =T
0llL2?

(F2(®), @)1 + O (2%, e Wi, |[W][3),

for j = 1,...,N. Substituting for F>(®) from (3.22), and integrating by parts,
we find that

(F2(®), @) = — - (@], @) 4 0 (7).

Using the last estimate of (3.14) to replace ®; with g, we get

&1 —1

qu

+1 (CI)I! l?(22+1)+0(62+0()

(F2(®), )12 = -
Turning to (2.5), we see that the odd derivatives of ®; at x = p;j of order 3 or

higher are at most O (¢>*%), while the even derivatives contribute an odd compo-
nent to ®]. That is, in a neighborhood of x = p;, we have

P} (x) = ®1(p)) + Eodd(X) + O(£779),

where Eq44(x) is odd about x = p; and does not contribute to the inner product.
Combining these observations with the scaling (2.3), and inserting into (6.52),
shows that the pulse velocity is proportional to the derivative of ®; at the pulse
position:

Kpp+1

. 21 ||Q90||fozz+1 1 2-
6.53 = +0 « Wllx, ||W
( : P 0 + 1 ||<Po||Lz q;j @i(ps) (7% el | ||X

To evaluate ®](p;), we invert L{; in (2.7) in terms of its Green’s function Gy
(2.16), take the x-derivative of the result, and rescale @ ; according to (2.3), yield-

ing
N
¥i(p) = e 3 al JR P2 (x = pr)Gy(p; - x)) dx,

N
=& ql‘f[ P2 (x — pi) sign(x — pj)e e VNPl gy,
R
k=1
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The Green’s function is slowly varying, and @y is well localized; moreover, when
J = k, the integral is zero due to even-odd parity. We evaluate the integrals
asymptotically, obtaining the expression

p=eQ 'AWF)G? + 0% e|Wix, |[W[3),

where Q is the diagonal matrix of the amplitudes 4 and the antisymmetric matrix
A(pP) is defined component-wise as (1.16). It is clear that the pulse evolution is
at most O (¢); hence, given initial data of the form (1.12), the projected initial
pulse condition py is within O(e¥|1ln &) of P, and hence its distance to 0K is
of the same order as do := d(p,0X). Consequently, the time to arrive at 0K
is O(e7'dy). Moreover, evolution of the form (1.15) generically causes the pulse
spacing to increase in time. Indeed, within the weak regime the interaction reduces
to repulsive near-neighbor tail interaction, and the semi-strong spectra is fixed, so
that the time to exit the admissible configuration domain X is infinite. This
completes the proof of Theorem 1.4.

7. TECHNICAL ESTIMATES

We now prove several technical estimates used in Section 6. The first involve the
correction term ®, in the decomposition (6.3).

Lemma 7.1. For each admissible family K of N-pulse configurations, there exists
C > 0 such that

(7.1) [@cllx + IV®ellx < Cel~%2
forall p € X,

Proof. From the estimates (4.34), the definition (4.32) of 175, and the bounds
(3.23), we calculate
75 F (@) llx < Cée?

so that, to the orders we are concerned with, T; F(®) = F(®). We take the

I - llx norm of (6.4), and use the resolvent estimate (5.7) at A = 0, for which
Re(kg) = |ko| = €'*%/2, to obtain

(7.2) 1®cllx < Cem (el Fr(@) I + I F2(@) Ml )

The bounds (3.23) on the residual yield the ®. estimate of (7.1). Taking Vj; of
(6.4), and observing that Ly, and 775, are independent of g, yields

(7.3) Vpde = —L; 15,V 5 F ().
The estimate (5.7), applied at A = 0, yields the bound
74 IVplellx = CE VT @)l + &IV Fa (@) ),

which, when combined with (3.23), yields the V5 estimate of (7.1). O
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We now break AL into secular (AL := Lj — L) and reductive (AyL :=
L, — L;,) components, which satisfy the following bounds.

Lemma 7.2. For each admissible family K of N-pulse configurations, there exists
C > 0 such that, for all V = (V1,V2)T € X

(7.5) el IALV T [l + [ TALV L2 Iy | < CTHO IV Iy,
(7.6) EALVI I+ ALV [l < CelVix,
(7.7) | @ X [ArLV] | =0,

(7.8) e IX1 W)l + 11X (W) = OV

Proof- We first examine the secular operator AgL:

-l gy H&n-1 X2 1 30! 0(12 I 51 g&i2—1
AL, 1oy (<I> ®;5 <I>’501 p02)5 o<12(<I> 19! <I>p01<I>p02)

o1 — 1 o F 211 oo o1 0(22 1_ 001 g K221
o (P @55 = Py Pn) (PR 0y o1 Ppoz )

The ®; terms are smooth, and decay exponentially away from each pulse position;
in particular, there exists a C' > 0 such that

(7.9) P52 = Py 2llm + [1P52 — Py 2llr < ClP = Pol < CT(1),

where Ty is defined in (6.19). From (3.14), we have the estimates [|0x®: | < Ck,

while for any fixed B > 0, we have ||¢>2ﬁq>1 lz~ < C. Combining these estimates
yields

C
[ [AsLV ] || < ?(H‘Pﬁ,z = @52l Vil + 1®52 — @y 222 V2 1l12)
C
< zTﬁ(t)”VHX-

The estimate on ||[[AsLV 15| L is similar, and (7.5) follows. For the reductive

operators AL, the difference L, — iﬁo is large, but has small mass in each ¥
window, which permits the application of (5.9). The reductive operator takes the
form

e o @y %2 — Ji1(Po))

A‘VL =

(0<21¢’2(§111 i = Ja1(Po))

1(a12<1>;’,‘0“1<1>;‘0”2 '~ J12(Po))

01 g 0221 0n—1 . ’
0@ @y — o Z @7 (x - Pj,o)}
j=1
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where J11 and J12, defined in (4.3) and (4.4), are chosen so that ® ¥ - [A,LV]; =0
forallV e ng ‘1(R); thus, (7.7) is satisfied. The weighted-norm bound

ALVl - < Ce 'IVIx

appearing as the first term of (7.6) follows from typical Holder estimates. The
second bound of (7.6) follows from the form (4.6) of J,1 and the last estimate
appearing in (3.14) applied to (®; — qk)(p£ for B, taking the values xz; — 1 and
2.

For the nonlinearity, we consider the case &2 = 22 = 2; the other cases are
similar. The leading order terms in the nonlinearity take the form

(7.10) X(V) = (fl‘l’f‘“_l‘bzvl‘/z + V3 + f‘lcbix“‘z@%vf)

1o,V Vo + 8 VE 4+ X 2Py 2

where the derivatives in V; are smooth, since @ is uniformly bounded away from
zero where the powers U%! in F are non-smooth. For terms in which the power
of ®, is positive, we use the bound ||<I>'flq>§2 Iz~ < C, which may be inferred from
(3.14). For the terms without ®,, we use (3.15). Together, this approach yields
(7.8). O

Combining the estimates above with Proposition 5.3 yields the following
corollary.

Corollary 7.3. For each admissible class K, there exists C > 0 such that, for all
t>0,

(7.11) IS (8) (r5,AsLV) I x < CT5(t)e | V]lx,
(7.12) IS(t) (75, A LV) I x < Cee V[V x,
(7.13) IS (t) (5, N (V) llx < Ce™s™ V]|

8. DISCUSSION: NORMAL HYPERBOLICITY AND ADIABATIC STABILITY

The normal hyperbolicity condition & € [0, %), presented in Theorem 1.4, can
be motivated by the following simple argument. For a fixed N-pulse configu-
ration Py = pP(tp) with associated linearization Ly, we obtain decay estimates
for the semi-group generated by L, (see Proposition 5.3), which guarantee ex-
ponential decay over time-scales t — £y ~ €~ %. However, over this time period
we find that the pulse positions p = p(t) experience a drift on the order of
|p(to+1t) —Pol ~ €t, and the linearization about the evolving pulse configuration
is time dependent, L := Ly(;). For non-self-adjoint operators, time dependence
in the linear operator can act as a source of forcing that destabilizes the underly-
ing equilibrium, even if for each fixed t the linearization has exponentially stable
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semi-groups. In general, the problem of characterizing the semi-group produced
by a time-dependent linearization is nontrivial [39,40]. However, if the time de-
pendence of the linear operators is sufficiently slow compared to the exponential
decay rate of the semi-group associated with each fixed-time operator, one would
imagine that, generically, the time-dependent operator inherits the exponential
decay of its frozen-time constituents.

A characterization of normal hyperbolicity for a flow in a neighborhood of a
manifold should specify how slow is “slow enough.” We introduce a character-
ization via the “secularity” in the linearization AL := Ly — Lj,. Introducing
the spectral projection 175, onto the tangent plane of the manifold of semi-strong
N-pulses at pulse configuration Py, the forcing induced by the secular term is
characterized by the quantity ||(I — 11;5,) AL| where || - || denotes an appropriate
operator norm. Assuming the generic scalings

(I = 15,)ALIl ~ |ALIl ~ [P (to + t) — Pol ~ ét,

over the time-scale t — to ~ £~ required to obtain exponential decay, the contri-
bution of the secularity then scales as follows:

-

3 1
J (T = 1153 AL(s)lle ™ &) ds ~ 51—2“{ se V179 ds = 0 (' 72%).
0 0

This suggests the normal-hyperbolicity constraint & < 3. In the study herein, this
constraint is manifest in equation (6.38), which requires (At)?e < 1, where At ~
£ % is the time required to obtain O(1) decay in the semi-group. This discussion
motivates the normal hyperbolicity conjecture: “The square of the linear decay
time multiplied by the pulse velocity must be sufficiently smaller than one.” For
the system (1.2), this is the genesis of the normal hyperbolicity condition « < 3.

What structure remains for decay rates slower than the normal hyperbolicity
threshold? Our intuition is that the RG iteration, which effectively produces linear
semi-group estimates for the time-dependent linearization L;(t), will fail, and the
separation of the spectral spaces into dynamic (the N translational eigenvalues) and
slaved (the rest of the spectrum) modes breaks down. It may be possible to recover
the required linear estimates if the nose of the essential spectrum, which extends
to —&*u, is incorporated into the dynamic elements of the decomposition. In
particular, resonance poles, the zeros of det(I +N}) for A in the essential spectrum
(see Proposition 4.2), must be accounted for. It is unclear if this can be achieved in
a finite-dimensional setting, or if the underlying dynamics would be truly infinite
dimensional. The situation is evocative of the spectral gaps required to produce
inertial manifolds for dissipative PDEs (see [23]). It is precisely the spectral gap
that is closing here.
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