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ABSTRACT. The present work shows that essentially all small-amplitude periodic traveling waves of
the electronic Euler-Poisson system are spectrally unstable. This instability is neither modulational
nor co-periodic, and thus requires an unusual spectral analysis and, beyond specific computations,
newly devised arguments. The growth rate with respect to the amplitude of the background waves
is also provided when the instability occurs.
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1. INTRODUCTION

The present work achieves a two-fold goal. On one hand, we are interested in understanding
plasma dynamics, in its own right. On the other hand, we intend to contribute to the young but
rapidly growing field studying spectral instabilities of periodic traveling waves that are neither
modulational nor co-periodic.

1.1. The Euler-Poisson system. We consider the electronic Euler-Poisson system without magnetic
field, a hydrodynamical model of plasma which describes the dynamics of electrons, coupled to a
background density of ions through a self-consistent electric field. In such a model, one neglects
the ions motion, to account for the time-scale separation induced by the small mass ratio between
electrons and ions.

The dynamics of electrons is then described by the following Euler-Poisson system
Op +div(pu) =0,
O(pu) +div(pu®@u) + VP(p) = pVo, (1.1)
eAp =p—pi.

Here the unknowns p(t,x) € RT, u(t,x) € R3, V¢(¢,x) € R? are the electron density, the electron
velocity and the self-consistent electric field at time ¢ € R and position x € R3. The reference ion
density p; is fixed and could depend on x but not on ¢. In the present contribution, we assume
p;i to be constant so that the system remains invariant by spatial translations and it makes sense
to consider traveling-wave solutions. The thermal pressure of electrons P(p) is often assumed to
follow a polytropic v law, P(p) = Tp” with T € R™ and v > 1. The constant € is the square of
the quasi-neutral parameter, a multiple of the Debye length. The associated dynamics preserves
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curl-free constraints on velocity fields and, when restricted to irrotational velocities, System ([1.1))
admits a Hamiltonian formulation

O <p> = jé(p,u)H[p7 u]

with skew-adjoint operator J and Hamiltonian density H given by
0 —div 1
7= (% o). Hip,u] = Lp [l + F(p) + || Vo7,

where § denotes the variational derivative, the internal energy F satisfies F”(p) = P'(p)/p and
¢ =e YA7Y(p— p;) is thought as a function of p.

Note that when, as here, p; is taken to be constant, a steady constant solution is obtained by
setting p = p; and taking u constant and ¢ zero. Local well-posedness in suitable Sobolev spaces
near such constant states requires P’(p;) to be nonnegative and we assume its positivity throughout.
There is a large body of literature concerning the stability of the foregoing constant states. We refer
the reader to [Guo98, [GMP13| TP13| [JL.Z14l TW14l (GHZ17, [Zhel9| for both significant contributions
and relevant introductions to the extensive literature. Let us stress that such steady solutions are
at best marginally spectrally stable so that the above references rely on dispersive estimates and
normal forms, thus they are relatively sensitive to the choice of the pressure law, especially the value
(50,P) (py)-

In contrast, other equilibria or relative equilibria — such as traveling waves — of the electronic
Euler-Poisson system, even those of small amplitude, seem to have received no attention at all. The
main reason is surely that none of the traveling waves whose existence requires the co-existence
of two distinct equilibria at the same phase speed may exist for this system. Among plane waves
this excludes both solitaryﬂ waves and kinks. Incidentally we point out that the situation is

already significantly better for the two-species or ionic versions of the system; see for instance
[CDMS96|, [HS02, [HNS03, BK19, BK22].

In the present work, we consider plane periodic traveling waves, that is, solutions to (1.1]) of the
form

(t,x) = (p;a) (k- (x =1V))

with wave vector k € R3, wave speed V € R? and 1-periodic profile (p,u) depending on a one-
dimensional variable. Note that for profiles that are non characteristic in the weak sense that the set
where p (u — V) vanishes has empty interior, an elementary computation shows that the component
of u orthogonal to k is constant. Therefore one may use Galilean invariance to reduce to the case
when u and k are co-linear. A suitable nondimensionalization may also bring the reduction ¢ = 1,
p; = 1. Hereafter we shall make all these notational simplifications.

Since we are using it a few times, let us make explicit that here the Galilean invariance is the
fact that if (¢,x) — (p,u)(t,x) solves (1.1} then so does (¢,x) — (p,u+ a)(t,x — ta), for any fixed
acR3.

The upshot of our main achievement is that essentially any plane periodic traveling wave of
sufficiently small amplitude is spectrally unstable under localized perturbations. To achieve this
goal, by a well-known combination of elementary Fourier and spectral arguments, it is sufficient (but
not necessary) to prove spectral instability under perturbations with the same planar symmetry
as the background wave. We refer the reader to [AR22] for a detailed version of the argument,
specialized to waves of the nonlinear Schrodinger equations. From now on, we thus specialize to

IThe reduced traveling wave profile ODE is planar so that the existence of a homoclinic loop implies the existence
of another constant state.
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one-dimensional solutions, that is solutions that for some fixed unitary vector e, depend only on
(t,e - x) and whose velocity field points everywhere in the direction of e. Then, denoting = :=e - x
and u = e - u, System ([1.1)) becomes

dp+0z(pu) =0,
di(pu) + 0s(pu’) + 0:P(p) = pdst, (1.2)
2o =p—1.

Obviously one-dimensional solutions are curl-free and, consistently, System (|1.2)) inherits a one-
dimensional version of the Hamiltonian formulation given hereabove.

There is a further reduction that we want to perform. The goal of this step is two-fold: to
obtain another Hamiltonian formulation where the skew-adjoint operator J is replaced with an
invertible one and to get rid of the Poisson equation. With this in mind, let us first observe that if

(t,x) = (p,u) (k(z—tV))
defines a traveling-wave solution to (|1.2)) with wave number k € R, wave speed V' € R and 1-periodic
profile (p,u), then the relative discharge rate p(u — V') is constant, thus so is u + (u — V) 92¢. By a

further Galilean transformation one may force u + (u — V) 92¢ = 0 and we do so henceforth. Now,

let us observe that more generally the first equation of System implies that 9;0,¢ + (1 + 02¢)u
is constant with respect to x, so that by restricting to localized perturbations of such a background
wave, one derives 3;0,¢ + (1 + 92¢)u = 0. As a result for the class of solutions we are interested in
it is sufficient to setE| E = 9,¢ and replace (1.2)) with

OE+ (14 0;E)u=0,
Opu + udpu + 0 (F'(1 4+ 0,E)) = E.
It is even more straightforward to check that solutions to ((1.3) do yield solutions to ([1.2)).

Therefore one may restrict the analysis to the study of System ([1.3)). The latter also admits a
Hamiltonian formulation,

(1.3)

E
o (1)) = Ty HiE

with skew-adjoint operator J and Hamiltonian density ‘H given by

1 0

Let us observe that for System (|1.3)) the only constant solution is (F,u) = (0,0). We have indeed lost
the freedom to fix the velocity field to an arbitrary constant in normalizations leading to System ((1.3))
and based on Galilean invariance. Moreover if

(t,z) = (E,u) (k(zx—tV))

_ 1 1
T = <O 1> , HIE,u] = S(1+0,B) u + F(1+0,F) + 5 B*.

defines a traveling-wave solution to (1.3|) with 1-periodic profile (E, ), then for some constant y

1
G WA+ EE V) =p (1.4)
where
V2 V2 _ Pl'(p) p?
OpW(pi V) i=(p = 1) Ml V). mww=ﬁ—ww=w@p.

2Note that E is the opposite of the electric field.



Since 8/%)/\/(1; V) =h(1;V) = VZ%— P'(1), a family of small amplitude periodic waves with velocity V
may exists only if V2 > P/(1) and, as we prove later, the supersonic condition V2 > P’(1) is sufficient
to guarantee the existence of such a family. Besides, in such cases, normalizing with W(1; V) =0
ensures that the small-limit limit is equivalently described by sending p to zero from above.

Before stating our main result, we point out that since when (¢, z) — (E, u)(t, x) solves (|1.3)) so
does (t,z) — (—E,—u)(t, —x), it is sufficient to consider cases when V' > 0.

Theorem 1.1. Assume that P is smooth in a neighborhood of 1 with P'(1) > 0. There exist
smooth functions & : (y/P'(1),+00) — R%, T': (y/P'(1),+00) — R and §; : T7'(R*) — R
w1 : D7HR*) = R* such that on

Q::{((S,V);V>\/W7OS5<50(V) }
there exists smooth functions
0 — Rj_ % COO(R/Z)Q, (8, V) — (k(&V)’E(&V)(_)’Q(&V)(.))

satisfying the following.

(1) For any V > \/P'(1), (E®V)(),u®V)(-)) = (0,0).

(2) For any (5,V) € Q, (k@®V), EGV) yOV)Y defines a periodic traveling wave to with speed
V', solving with = h(1; V) §2/2.

(3) For any V > \/P'(1) such that T'(V) # 0 and 0 < 6 < 01(V'), the corresponding traveling
wave is spectrally unstable to localized perturbations with growth rate at least wy (V') §3.

Furthermore, if P is analytic in a neighborhood of 1, then T is also analytic so that T=1({0}) is
either discrete or equal to (\/P'(1),+00).

In the foregoing statement, ¢ plays the role of a small-amplitude parameter. The use of ¢ instead
of 1 is motivated by the fact that then one may enforce

EOV) (BEOVIY 020 5 cos(2m ) + O(62) V) 020 1§ cos(2m ) + O(52)

The function T is an instability index whose non vanishing ensures that corresponding small-
amplitude waves are unstable. We provide a relatively explicit — but quite awful — formula for I" in
Proposition [5.5] The vanishing of I" should be thought as rare and we indeed prove in Proposition [5.1]
that in the case P(p) := T p7, with T' > 0, v > 1, the index I" vanishes at most a finite number of
times.

Moreover, I' detects only the strongest kind of instabilities due to one-dimensional perturbations.
However, as we sketch below, there is an infinite number of similar indices tracking possibly weaker
one-dimensional instabilities and whose vanishing is expected to be somehow independent of the one
of I'. Thus we believe that all small-amplitude waves are unstable.

1.2. Periodic waves of Hamiltonian systems. We believe that the present case study also
provides significant insights for the stability analysis of periodic waves of Hamiltonian systems taken
in a broad sense and we take some time now to place it within this perspective. When doing so,
we allow ourselves to use standard technical terminology of the field whose definition is explicitly
recalled later in the text. With this in mind, we refer the reader to [KP13| for general background
on nonlinear wave dynamics, to [AP09, [HK08, [DBRN19| for material more specific to Hamiltonian
systems and to [Rod13, [Rod15] for some perspectives on periodic traveling waves.
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Let us first recall that, as of now, there isn’t in the literature even a single instance of proof
of nonlinear stability under localized perturbations of a periodic traveling wave of a Hamiltonian
system. This is in strong contrast with on one side the situation for dissipative systems, in particular
parabolic ones, and on the other side the situation for periodic perturbations of the same period.
We refer the reader to [JNRZI13| [JNRZI14] on the former. As for the latter, the starting point is that
with periodic boundary conditions one may integrate conservation laws accompanying the system
and use a Lyapunov-type argument to obtain bounded orbital stability. The precise analysis may
be thought as an extension of the classical Grillakis-Shatah-Strauss theory. On the latter we refer
the reader to [AP09, DBGRN15, DBRNI19| BGMRI16]. Likewise, to our knowledge there is only one
single contribution [Rod18| examining linear stability under localized perturbations, the latter being
the only piece of work discussed here analyzing dispersive properties of the dynamics near periodic
waves. At the nonlinear level, for localized perturbations, it is worth mentioning that some results
converting spectral instability into nonlinear instability do exist; see [JLL19]. Let us however warn
the reader that the instability result proved there is of orbital type, and not of space-modulated
type, which is the notion of stability proved to be sharp for parabolic systems in [JNRZ14]; for the
sake of comparison, see [DR22| for examples of proofs of nonlinear space-modulated instabilities (for
some hyperbolic equations).

In turn, spectral studies are well-developed and we provide here only a brief overview of the
literature. To begin with, we point out that results proving spectral stability for localized perturbation
of waves of arbitrary size are quite rare. Most of them have been obtained for systems that are
completely integrable by inverse scattering through a Lax pair representation. We refer the reader
to [UD20] for a quite systematic exposition of the argument and to references therein for a large
set of applications. A notable exception, using arguments that are arguably less systematic and
more specia]E] to the systems at hand, is the remarkable stability classification of waves of nonlinear
Klein-Gordon equations [JMMP14].

Concerning spectral instabilities of waves of arbitrary size, there are essentially two kinds of
results available. On one hand, it is possible a count modulo two of positive eigenvalues associated
with perturbations of the same period. The corresponding indices may be obtained either by a Krein
signature count [BJK11] or by an Evans function computation [BGMRI16]. Note that the latter point
of view has the advantage of being quite robust and has been indeed applied previously to many other
kinds of waves and systems. For a quite large class of Hamiltonian systems, the corresponding index
has been computed in both small-amplitude and large-period regimes [BGMR20]. On the other hand,
one may analyze possible slow side-band instabilities, that is, those corresponding to spectrum near
the origin that are almost co-periodic. This relies on the understanding of the structure of nearby
traveling waves and may be carried out either by direct Floquet-Bloch expansions as described in
IBGNRI4, BHJ16] or through Evans functions computations as in [AR22]. One of the points of
the latter is that it may be connected to formal geometrical optics and modulation theory. This
link is extremely robust and has also been proved for parabolic equations in [Ser05, [NR13], lattice
dynamical systems in [KR16], and discontinuous waves of some hyperbolic systems in [JNR™19].
For a quite large class of Hamiltonian systems, the corresponding slow modulation criterion has been
elucidated in both small-amplitude and large-period regimes [BGMR21]. It is worth pointing out
that instabilities due to the non trivial part of the small-amplitude slow modulation criterion are
often designated as Benjamin—Feir instabilities, in reference to its formal derivation for Stokes waves
of free-surface water motion, and that they have been the object of many direct studies. See, in
particular, [BM95, BMV22| for rigorous proofs of the original Benjamin—Feir instability.

3In the same sense as the study of scalar reaction-diffusion equations through Sturm-Liouville theory.
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We now specialize the discussion to spectral stability /instability of small-amplitude periodic
waves. Beyond the results already mentioned, small-amplitude spectral stability results that have
been obtained so far [HLS06, [GHO7, [Joh13| rely on a two-tier argument. On one hand one may rule
out slow modulational instabilities by a variation on the arguments mentioned above. On the other
hand in cases considered there one may prove that the latter was the only possible instability. This
follows by the quite robust argument that instability may only arise from the collision of eigenvalues
with opposite Krein signatures; see [Mac86, [KKS04, [KM14].

The situation for small-amplitude waves of the electronic Euler—Poisson system is dramatically
different in the sense that at zero amplitude there are not a single multiple eigenvalue but infinitely
many double eigenvalues with opposite signatures, including the one corresponding to slow modula-
tional perturbations. In this sense it is similar to the one occurring for Stokes waves and indeed, to our
knowledge, the only one other contribution aiming at the fully rigorously analysis of such a situation
is devoted to Stokes waves ; see the recent work [HY23]. Combining this new non-modulational
analysis with classical Benjamin—Feir instability they prove that all small-amplitude Stokes waves
are spectrally unstable. Let us stress that whereas we perform a direct Floquet-Bloch analysis,
the authors of [HY23| develop an Evans function approach, which does not seem to provide easily
information about expected growth rates. For a comparison of traditional advantages of the two
kinds of approaches we refer to [Rod13, p.47].

From a technical point of view, our mathematical analysis is closer in spirit to the formal
asymptotic analyses in [TDKI18, [CDT21l [CDT22|. The latter differ from fully mathematical proofs
only by the fact that they assume the existence of smooth expansions for all quantities of interest,
a highly non trivial fact when multiple eingenvalues are to be perturbed. We stress that indeed,
already in the by now classical slow modulation theory, the main step of rigorous analyses is to prove
that this smoothness holds despite the initial presence of Jordan blocks, a result that is highly non
generic from the point of view of general linear algebra.

1.3. General mechanism. We believe that the mechanism yielding the spectral instability proved
here is quite robust. Thus we outline in the introduction the main wheels of the machinery. The
strategy of the actual proof is precisely to prove the claims sketched below and compute associated
key coefficients.

To begin with, for the sake of readability, let us drop any mark of the dependence on V in the
present discussion and denote L° the operator with 1-periodic coefficients obtained by linearizing
about a traveling wave of parameter (4, V'), in suitably scaled co-moving coordinates. Since we
are interested in localized perturbations, the operator is defined as acting on functions living in a
L?(R)-based space. Then, exactly as Fourier transform is used for constant-coefficient operators,
one may use the Floquet-Bloch transform to decompose the action of L9 as the action of multipliers
Lg by Floquet multiplier £. Each multiplier Lg is a differential operator acting on functions living

in a L?(R/Z)-based space and has compact resolvents hence discrete spectra consisting entirely
of eigenvalues of finite multiplicity depending continuously on £. Moreover, as a consequence, the
spectrum of L° is the union over ¢ of the spectra of all Lg.

A key element of the analysis is that L° inherits form the Hamiltonian structure the factorization
L° = JA% with A° a self-adjoint operator. This yields the Hamiltonian symmetry (L%)* =
—J~ 119 J, and correspondingly (L‘g)* =—J L‘g J~L. This readily implies the classical Hamiltonian
properties that spectral stability is possible only if the spectrum lies on the imaginary axis and that
only multiple eigenvalues may leave the imaginary axis when varying parameters.
6



Note that recasting Fourier analysis in terms of Bloch transform provides a complete description
of the spectrum of Lg for any &, and that eigenvalues are at most of multiplicity 2. Let A\g € iR be
a double eigenvalue of Lgo for some &y. Then when (§,& — &) is sufficiently small, the spectrum of
Lg near Ao coincides with the one of any two-by-two matrix

§ ~0 6.0
Dg = (<QE (57 ')7 Lng(gv ')>L%er)1<€ m<2
defined from (¢{(&,-),¢5(&,-)) a basis of the sum of characteristic spaces of Lg associated with
eigenvalues near \g, and (¢ (&,-),d3(,-)) a dual basis of the corresponding space of (L‘g)* associated
with eigenvalues near \g. In the foregoing, (-,-) 2, denotes the canonical L? scalar product on
L?*(R/7Z), skew-linear in its first variable. The classical Kato perturbation theory allows to construct

all the quantities involved hereabove smoothly and even to prescribe a choice when § = 0 and to
extend it while preserving real and Hamiltonian symmetries.

Now, at § = 0, Fourier analysis and Hamiltonian symmetry provides bases (p)(&,-), p3(¢, "))
and (pY(&, ), p9(€,-)) for the direct and dual spaces, of the form p (&, ) = €27t P, (), m = 1,2
and pY(&,)) = i J7P(E, ), £ = 1,2, where (ji,/2) are some fixed integers independent of ¢ and
distinct. We warn the reader that at this stage the two bases are not in duality. However, on one
hand, since ji # jo, p%, (€, ) and pY(€, ) are already orthogonal when ¢ # m, and, on the other hand,
sinceﬁ i J71 is self-adjoint, (p2(€,-),pd(€, ')>L§er’ £ =1,2, are real. As a consequence, one may scale
the foregoing bases into (q?(ga ')a qg(gv )) and ((j?(ga ')7 68(57 )) such that 62(57 ) = EfiJ_lqg(gv ')7
¢=1,2, where gy € {—1, 1} is the sign of (ﬁ?(f, -),pg(ﬁ, ')>L§

The latter property is preserved by the extension operator to § > 0. This implies that when
€1 €9 > 0, the matrix Dg is skew-adjoint, as a real multiple of

i (lah(e ), Alabu(e iz, )

This recovers in concrete form the above claim about Krein signatures, that are signatures of 7 J~!
restricted to characteristic spaces. Concrete computations for show however that this never
happens so that the case to consider is really when €1 €9 < 0. Then the above normalization puts
Dg in the form

ai(§,0)  B(&,9)
pl=i 7 ) am(&,6) R, m=1,2.
¢ (—5(@5) as(€,6) &€

The corresponding eigenvalues are

(T )

(evaluated at (£, 9)). Therefore the possible emergence of unstable spectrum near (A, £, 6) = (Ao, &o,0)
is effectively reduced to the fact that (a; — a)?/4 — |3]? could take negative values.

1<m<2

Now, on one hand from orthogonality of trigonometric monomials and the fact that in the
expansion of profiles as powers of § the §""-coefficient is a trigonometric polynomial of power less
than m, one gets that

) 0 . .
B&,8) T ZON b=kl 1 o6l (¢ - g,6)])

4This is the reason why we have introduced an ¢ in the definition of p, from p,.
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for some coefficient I'. On the other hand one readily checks that if (a1 — a2)(,0) splits linearly
in & — &, by the Implicit Function Theorem, there exists a smooth function 6 — =(J) such that
E(0) = & and (aq — a2)(Z(0),6) = 0. When 0¢(a — a2)(§0,0) # 0 and I" # 0, one then concludes
that for any § > 0 sufficiently small one gets at & = Z(5) a spectral instability of size at least glir=azl,
With a little more work, one may fully describe the shape of the arising instability spectrum and
prove that it forms an instability bubble asymptotically shaped as an ellipse. This is illustrated in
Figure
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FIGURE 1. An example of spectral instability. The pressure law is P(p) = p?/4.
The velocity V' is such that the limiting wavenumber is 1. The wave is the one
of second smallest amplitude (red curve) in Figure In (a), the full spectrum
is displayed. In (b), (c), and (d), we zoom on the three first instability bubbles,
corresponding respectively to |j; — ja| = 3, |j1 — j2| = 4 and |j; — j2| = 5. The
bubble of (d) is too small to be seen on (a). The spectrum is computed following
Hill’s method, as detailed in [Rod13] Section 3.1].

To complete the discussion there remains mainly to discuss what are possible values of |j; — jal.
For , the value of |j; — j2| may be any integer larger or equal to 2. The minimal case |j; — jo| = 2
is reached at (Ao, &p) = (0,0), whose perturbation corresponds to the slow modulational regime, but
there O¢ (a1 — a2)(&0,0) = 0 and another kind of discussion is required, whose conclusion for
is that no instability may arise there, at least for power pressure laws. We stress that the latter
vanishing is by no way accidental and is related to the fact that in the small-amplitude limit two
characteristic velocities of the modulation system coincide; see the detailed discussion in [BGMR21].
From the consideration of the next possible value, |j; — j2| = 3, stems Theorem
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We stress that when all the pieces of the sketched scenario have been carefully justified one may
still wish to obtain a concrete expression for the index I'. We do so for Theorem [I.I but we warn
the reader that despite the fact that this is probably one of the simplest possible computations of
its kind, it is still technically demanding. In even more challenging cases of [HY23|, [CDT22] similar
computations have been carried out using symbolic computation softwares.

In the next section, we prove the existence of small-amplitude periodic traveling-wave solutions
to and provide corresponding asymptotic expansion. In Section [3| we provide some elements
of background about spectral problem, including elements of Floquet-Bloch theory and constant-
coefficient computations. Section [d]is devoted to ruling out slow modulational instabilities, and we
show in Appendix [B] that this is consistent with formal modulation theory. At last, Section [5] proves
Theorem [l
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2. EXISTENCE OF SMALL-AMPLITUDE PERIODIC WAVES

We begin by discussing the existence part of Theorem First, we eliminate ©(®Y) through

SOV o ROVECYY <1 _ 1 > ' 2.1)
= 1+ k@V) (E((S’V))/ 14+ kGV) (E(5:V))/

Then, by examining near the maximal value of E (in the small amplitude regime), one
derives that 1 must be a root of W(-; V') of even order and that the associated first non-vanishing
derivative must be positive. Correspondingly we compute 92W(1;V) = h(1;V) = V2 — P'(1) so
as to derive that V2 — P’(1) > 0 is necessary, and moreover we observe that, when V2 = P/'(1),
BW(1;V) = —P"(1) — 2 P'(1), the latter being nonzero for most common pressure laws, including
all convex ones.

For this reason, we assume from now on V' > /P’(1). To analyze (1.4)), we point out that by
applying a suitable version of the Implicit Function Theorem, as in [BGMR20, Lemma C.1|, one
derives that

WL+ ¢ V) = (2 h<12;v)

is equivalent for n sufficiently close to 1, respectively —1, and ( sufficiently small to

n=WH(GV), tesp.n = -WI(-¢V),
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for some smooth function WT taking the value 1 at (0, V). With this in hands, variations on classical
computations of periods of nonlinear pendulums yield that necessarily

1 1 1 1 dv
gory = VIEY) (WT(&M V) wf(-am;v)) N

1V/ WTécos 0);V)"

Note that the dependence of k£(%V) on § is even.

With this choice of k(®Y)_ it is then sufficient to solve the ODE Cauchy problem

(E(J,V))// _ EGV)
B (KO AL KOV (B V)
WIS V)
(6,V) _ (6,V)\r _ )

To motivate the normalization (imposed to quotient the freedom due to the invariance by spatial
translations), let us point out that it follows from (1.4) that the maximum and minimum value of
E®V) are necessarily opposite. With the present choice, E®Y) is odd and u(®") is even.
At this stage, we may already justify one of the claims of the introduction about the structure
of the expansion. Indeed one may check recursively that inserting
M
5,V) 620 i oV M+1
BOV) 203 5 RY | o)
j=1
in the foregoing profile ODE yields an equation of the form
(Ey)" + (2m)° Ey = Ry
where RY, is a linear combination of sin(27 j -), || < M, so that E}; is given by a similar combination.

To complete this short preliminary section, we compute a few coefficients in asymptotic expan-
sions when § — 0. To begin with, note that

1
KOV) 020 BV L 52 kY O0(sY), B o= —
whereas

sin(27 -) .

ko BY = —

Before going on we observe that

4 . _ — .
IW(LV) = (0—1) 05 2h(L V) £>2,

thus
13W(1;V) 10,h(1;V)
t0: V) = —22p A V) 10 Y)
IWH0:V) 62W(LV) 3 h(LV)
1AW V) 5 (9,h(1;V)\2  192h(1;V)
2yt - — tn. e A —_ 2 P ) R 4 ’
GWHOV) = 5OV V)™ = 13 it v 9< h(1; V) > h(1; V)
Therefore,

kg

K1 (W0 V) :
: 3 (2 - (8<WT(0§V))2> BT (W

10



By expanding the Cauchy problem for the profile ODE one also gets

0,h(1; V) sin(4m -
R (EYY 1 (2n2 k) BY = (2m 2L V) sin(ir )

h(1,V) 2 ’
W0, V) d,h(1;V)
EV 0 —_ O EV / O — P ) — _ P ) ,

thus

190,h(1;V) sin(4r-)

v v . L0phlL;
ko Bz =3 h(1,V) 4w (23)

At last,

ko (E5)" +(2m)* kg EY

) 2 27 (1.
€ —(2m) (1 <<9ph(1,V)> 1W> sin(67 -) 4+ Span{ sin(4r -), sin(27-) }

2\ h(1,V) ) 8 h(LV)
so that
; 2 O2h(1; V) \ sin(6m -
ky EY € % (<W> *i 2(1(1‘/))) éi_ ) + Span{sin(47 ), sin(27-) }. (2.4)

To conclude we determine the sign of k¥ in the power law case.
Lemma 2.1. For the pressure law P =T(-)Y, with T >0 and v > 1, we have
ky > 0. (2.5)

Proof. This stems from V2 > T and the following direct computations,
ML V)=V?=Tvy,  9,h(1;V)==3V?=Ty(y-2),
22 01-1/) _ 2
Rh(1;V) =12V7 = Ty(y = 2)(y — 3).
Indeed those imply

(L VIR V) + 5 (@,h(15V))?
= V*Ty(y + 1)(y +2) + (T)? <§(’Y —2° = (y-2)(y - 3))
= S+

O

> (0 (4 DO+ 2 - (- D -3+ 50— 2?)

For the sake of readability, from now on we shall drop marks of dependencies on V, since the role
of V' is more passive than the one of §. Correspondingly we shall denote with primes the derivatives
with respect to p of functions of (p; V).

Before going on with our analysis, we would like to stress that the family of waves built here
can be continued beyond the small amplitude limit. It does terminate though, not as a solitary wave,
since the system does not admit solitary waves, but as a peakon. Explicitly, when the pressure law is
taken to be an increasing and strictly convex function, h vanishes exactly once at some value ppqz,
and pmae > 1. This value is the maximal value for the electronic charge density of waves and the
family of periodic waves ends when this value is reached. The limiting object is a periodic peakon in
orginal variables (p, ), that is, in these variables the limiting wave is periodic, continuous, piecewise

11



C', but has a jump in its first-order derivative. This jump takes place where p = pyaz and can be
easily computed. We illustrate this phenomenon in Figure 2l We leave as a possible interesting
further development the elucidation of the peakon instability and its use for smooth waves of nearly
maximal amplitude.

0.5

S

FIGURE 2. A family of wave profiles. Plot of the scaled profiles for the total
charge n = p — 1 = kE’ of various waves. The pressure law is P(p) = p*/4. The
velocity is held fixed to the value V' such that k:(‘]/ =1

3. SPECTRAL PRELIMINARIES

To benefit from the structure of nearby periodic waves, it is useful not only to go to a co-moving
frame, so as to make the wave stationary, but also to scale period. Namely, here, we analyze solutions

(E,u) to System through (E, ) defined b
(B.u)(t,x) = (B,a)t,k (z - tV)).

However for concision’s sake, we drop tildes and simply observe that after this change of coordinates
linearizing about (E°,u’) yields,

HE+ W’ — V) kDo, E+ 1+ kD (E))u = 0,
dyu + ko, (@ —-V) u) + kg, (F”(l + kOB k(‘s)&rE) = E.
The latter is also written, for U = (E, u), as
oU = L°U,

SWe recall that k) also depends on V but we do not mark this dependency anymore.
12



where L9 = Zg(a;, k(‘;)ax) is a 1-periodic differential operator, frequency-scaled from 25L (z,0;) the
differential operator associated through standardﬁ quantization with symbol Eg

55(0) = ( (V —u’)¢ —(1 4+ kO (EOY )
) 1-— F//(l + k(5)(ﬂ5)/)42 _ F///(l + k(@(ﬁé)/) (k(5))2(E6)//€ (V . Q5)C . k((s)(ﬂé),

3.1. Functional-analytic framework. It is important to note that from V' > \/P’(1) stems that,
when ¢ is sufficiently small,

(V = = F"(1+ KO () (1 + 6O (B)) = (V = u’)? = P'(1+ KO(E?Y)

does not vanish so that the operator L% is non characteristic. As a consequence, considering L°
as acting on H'(R) x L?(R) with domain H?(R) x H'(R), turns it into a densely defined closed
operator. Moreover, from the fact that the same quantity is positively-valued one deduces that the
linearized system is symmetrizable, which implies, as expected, that L? does generate a C*-semigroup
on H'(R) x L*(R).

Note that L? has real coefficients, thus it commutes with complex conjugation so that its
spectrum is symmetric with respect to the real axis.

Furthermore, L% has the Hamiltonian structure

L0 = JA®

0 —1
()

and A° a self-adjoint operator, explicitly, A% = 234(:5, k9d,) where

with skew-adjoint operator J given by

EA(-, ¢) = (1 —F"(1+ k(é)(Ed)/)CQ —F"(1+ k(é)(Eé)/) (k(5))2(Eé)//< V- ES)C _ k(é)(qu)/) ‘
5 (' = V)¢ (1+ KO (E)

Up to scaling, A° is the variational Hessian of H 4+ V' M at the background wave, where M is the
momentum density,

MIE, u| == —u 0, E,
or, in other words, where M generates spatial translations in the sense that JOM[E, u] = 0(F, u).
As a consequence, one obtains the following relation between L9 and its adjointﬂ (L),

(L) = —J 1L .

In particular, the spectrum of L° is symmetric with respect to the imaginary axis.

We recall that one of the main consequences of the latter is that the traveling wave under
consideration is spectrally stable if and only if the spectrum of L9 is contained in the imaginary axis.

6Not Weyl’s.
7Thlroughout the paper we use Hilbertian formalism for adjoints, that is, we identify Hilbert spaces with their duals
when considering adjoints so that operators and their adjoints act on the same spaces.
13



3.2. Bloch transform. To analyze the spectrum of periodic coefficient operators it is expedient to
introduce Bloch symbols, associated with the (Floquet-)Bloch transform. Thus we recall here a few
basic elements of the corresponding theory.

Let us first introduce notation F(f) = f for the Fourier transform of f, defined explicitly when
fe LY (R) by

1 )
FUENQ) = 1) 1= 5= [ e (aa
and recall that when both f € L*(R) and f € L*(R)
fl@) = [ e ac

holds in pointwise sense. The latter is extended by density and duality to less smooth and less
localized f, using mostly the classical L? isometry of the Fourier transform.

Likewise, the inverse Bloch transform provides for any f € L*(R) such that f € L'(R),

fo) = [ e fie e (31)
where the direct Bloch transform of f, B(f) = f, is defined as
B(f) (& x) = f(§x) =D e f(¢+2jm) = Y e 0 f(z11). (3.2)
JEZ ez,

Note that by design, for each £, f(&,-) is periodic of period 1, so that f is written as an integral
of functions g¢ = e f(&,-) satisfying ge(z + 1) = €' g¢(x). Such functions are known as Bloch
waves, the number e’ being a Floquet multiplier, and ¢ is classically called Floquet exponent.
Various extensions are then carried out by exploiting that /27 B is an isometry from L?(R) to
L*((—m,m); L*(R/Z)).

With the help of the inverse Bloch transform , one can turn an operator with periodic
coefficients acting on a function over R into a family of operators, its Bloch symbols, acting on
periodic functions. Explicitly, for the case at hand,

™

D)) = [ LBUE ) ). (33
where each L := %§ (z, k®) (9, +i¢)) acts on H(R/Z) x L*(R/Z) with domain H*(R/Z) x H'(R/Z).
The main gain when replacing the direct analysis of L? with those of Lg is that each L‘g has compact
resolvent thus spectrum reduced to eigenvalues of finite multiplicity, arranged discretely. A key
related observation is that

U(L(S): U Uper(Lg)7
56[_77777}

where we have added the suffix per to mark that each Lg acts on functions over R/Z. The latter

decomposition is by now classical in the field and we refer the reader for instance to [Mie97,
Appendix A| or [Rod13, p.30-31] for a proof.

To conclude, we point out how real and Hamiltonian symmetries are transferred to Bloch
symbols, namely
9 _ 76 7T O\k __ —17d
LeU=L2 U, (Lg) = —J " LgJ.
14



3.3. Constant-coefficient computations. Since our analysis is perturbative from the constant-
coeflicient case — when d = 0 —, we need to recast some of the classical Fourier constant-coefficient
computations in terms of Floquet-Bloch analysis.

Since ¥f(x,¢) does not depend on z, let us accordingly denote by ¥F(¢) its value. By using
spectral decomposition arising from the introduction of Fourier series, one obtains

oper(L) = | o (S (KO @rj+6))) = UDLE X))
jez jez
where

() = A (kO (275 +€), M(Q) =i (VEEVIFPMER) . (34)

Note incidentally that combining the latter Fourier series spectral decomposition with the Bloch
transform spectral decomposition recovers the classical Fourier transform spectral decomposition

o(L% = o (25 Q) = (02O}

CER CER

For later use, we also introduce notation cpi(f ,-) for Bloch eigenfunctions associated with )\i(g ),

e = () (35)

where

wi(€) == /1 + P/(1) (KO)2(2mj + £)°. (3.6)

It follows readily from Hamiltonian symmetry that unstable spectra may only arise from
multiple eigenvalues. With this in mind, we observe that from V' > /P’(1) stems that the functions
¢ — Im (As(C)) are both strictly increasing (with derivative bounded away from zero). Therefore
multiplicity is at most two and we only need to investigate the existence of (j,;’,€) such that

M (&) = )\i/ (€). This is the purpose of the following lemma.

Lemma 3.1. (1) For any (j,7',€) € Z* x [—m,«| such that j' > j — 1, )\J_(f) + )\1(5)
(2) There exists a unique (j2,jb, &) € Z2 x [—m, ) such that jh = jo — 2 and M2 (&) = )\ﬁf (&2).
(3) For any ¢ € N, ¢ > 2, there exist exactly two (ji,g,j’i7£,§i7g) € 72 x [-m,w) such that
g = dee— L and N5 (€1 ) = )\f’e (Ex0)-

Moreover, jo =1, j4 = —1, & = 0 and one may normalize with

|1 Ve -4 R A B V-4 N[ L
Ji,ﬂ—b(ﬁ%—l:tm/‘/)J, Jr0=J+u L, 27r_{2<€+1i\/13'7(1)/v>} 5

(3.7)

with |-| denoting the least integer part and {-} being the associated fractional part.

The proof of the lemma is elementary but relies on arguments far from those of the rest of the
paper so that we have postponed it to Appendix [A]

Note that, except for the crossing associated with £ = 2, crossings occur at non zero eigenvalues

, §re g S P S . I,
Jret o= Ut 57 ) Jret 5=t 57 )
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so that crossings associated with the same frequency gap ¢ > 3 are obtained from the other by using
real symmetry. In particular, from the point of view of stability, by using real symmetry, one may
reduce studies to crossings labeled by (j2, j3,&2) and (e, 5 5 &40), € 2> 3.

In the rest of the paper we study how ¢ = 2 and ¢ = 3 crossings perturb.

4. SLOW MODULATION STABILITY

We begin with the £ = 2 crossing, that is, we study the spectrum of Lg near the origin when
(6,€) is small. Our main conclusion is summarized in the following result.

Theorem 4.1. Under the assumptions of Theorem[1.1], with
Lo = {V e (\/P'(1),+00); kY > 0}

there exists a smooth function €moq : Imod — R such that when V' € Iy0q, for any 0 < 6 < €moa(V),
€] < €moa(V),

o (L8) N B,,,,.)(0) C iR

In the foregoing statement and throughout the text B,(vy) denotes the open ball of the complex
plane centered at g with radius r.

Our proof also shows that ki < 0 implies instability for sufficiently small-amplitude waves; see
Remark [4.3] But since for power laws, Inoq = (1/P'(1), +00), we do not give details on the latter.

The result covers a region larger than obtained by taking the small-amplitude limit of the slow
modulational regime, as in [BGMR21], [AR22]. The latter corresponds to first, holding (d, V') fixed,
consider small spectral and Floquet parameters, then sending § to 0 in the obtained criterion. One of
the interesting features of the slow modulational regime is that it is connected to geometrical optics
& la Whitham, so that its conclusions may be guessed by arguing heuristically. For the convenience
of the reader, we provide some elements of this formal analysis in Appendix

4.1. Finite-dimensional reduction. Our first step is to provide a reduction to the consideration
of the spectrum of a 2 x 2 matrix parametrized by (9, §).

For comparison, note that the starting point of the rigorous mathematical spectral analysis of
the slow modulational regime is that for any § > 0 the spectrum of Lg near the origin is reduced to
{0} and the associated structure is describedﬁ in terms of the structure of the family of traveling
waves. Note in particular that the spectrum does not move when one varies § but holds ¢ fixed to
zero. For this reason, it is convenient even for our analysis where no size comparison is assumed
between |£| and 0 to organize the computation as in [BGNRI14, BGMR21], [AR22].

Thus, as in these references, we begin by gathering what may be obtained by differentiating
wave profile ODEs with respect to parameters, namely,

Ly(U°)) =0,

L3(95U°) = 05k Ly (U°Y

LYoy U?®) = —kO WY — oy k@ LY (U?)
where we have introduced notation for the following Floquet expansion

LY = Li+i kD¢ LY + (i kD¢)’ Ly

8Under generic assumptions, satisfied here for small-amplitude waves.
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Consistently with the above claim one obtains a Jordan chain of size 2 for the eigenvalue 0 b
combining (U 5)’ and a suitable combination of 05U % and oyU % In view of expansions from Section
in order to obtain smooth non trivial limits when § — 0, we set

5/ é
HUBESl #0.) =0’ - DX (1.0
so that
I B ©) dsk®) 5
OQ1(0 ) =0, LOQQ(O ) =0k 8vk(5) q1(0, ) (4.2)
and, at the limit § = 0,
w0 o (VIEET ). o= (VRS )- 0y

Therefore for some eo > 0, when 0 < § < €, (¢0(0,-),45(0,-)) form a basis of the sum of
characteristic spaces of L associated with eigenvalues in B, (0), and in this basis, L‘S restricted to

this space has matrix
5) 95k(®
Dg — < 0 (Sk‘() 5k(6) > (44)
0 0

where

\% 2 p
602(52 + 0(53), co2 1= —kz (4 v P) <0,

) 05k 550
ovk®

provided that kY > 0 as we have assumed.

ok

We want to extend these computations to small nonzero £. This may be carried out by extending
the basis (¢9(0,-),3(0,-)) following Kato’s perturbation theory, especially [Kat66, p.99-100]. To
begin with, when (¢, 6, eo) is sufficiently small, we may define

1
.= — (A — L2)~tdA. (4.5)
$ 2w Jors, 0) ¢
the spectral projector of Lg on the sum of characteristic spaces associated with eigenvalues in B, (0).
An extension operator U5(£ ) is then obtained by solving the Cauchy problem

U’ (€) = (0TI, T U°(€), uo) =1, (4.6)
where [, -] denotes the commutator, [A, B] := AB — BA. Setting
g (&) = U(€)d} (0, ), j=12,

does provide a basis of Ran(Hg). To obtain a matrix for the action of Lg in the corresponding basis,
it is convenient to introduce a dual basis, associated with the spectrum of (L‘g)* in Be,(0), that is,
spanning Ran(Hg)*.

We first provide a dual basis when £ = 0, so as to extend it later. By Hamiltonian symmetry,
(J71¢2(0,-), J71 ¢5(0,-)) spans Ran(II})*. By skew-symmetry of J,

<J_1Q?(O> ')a Q?(Ov )> =0, ;=12 <J_1Q?(Ov ')7 qg(ov )> = _<J_1qg(07 ')a q(15(0> )> )

whereas a direct computation gives

(J743(0,-),47(0,)) = V2m /h(1) # 0,

17



where (-, -) denotes L?(R/Z)? scalar product,

17
(f,9) ::/0 f-g.
Thus

J1¢5(0,) a1 (0,-)
~0 2\ ~0 )
q (07 ) = ) q: (07 )
' (7=145(0,-), 4} (0,-)) ’ (=J71 ( ), 45(0,-))
provides the sought basis for & = 0. Then one gets the required (9 (¢, ), (€, ) through
qj(ga) = Vé(é-) QJ(é-a ')7 ] = 1527
where the dual extension operator V?(¢) is obtained from the Cauchy problem
eV°(€) = [0 (1), (1)) V°(¢) , V2(0) =

Note that the general construction gives (V°(€))*U%(¢) = I, for any small ¢, which is the key to

preserve duality relations. Moreover the Hamiltonian symmetry also yields for any small £
(TmY)* = —J~'1gJ

thus for any small £

V(€)= JU(©) T
To check the latter equality one simply needs to notice that the right-hand side term solves the same
Cauchy problem as V9. As a direct consequence,

Sie —lad(€,) N A1 (30
Ch(g’ ) o <J_1q(25(§7’)7q(15(€7')> ’ Q2(€’ ) o <_J_1q(15(£7')7q(25(§7')> 7

(4.7)

with
(T7'0(& ), 00(&)) = (T710(0,),¢0(0,)), 1< 0<2,
We have achieved the sought reduction since
(L) N By (0) = a(Dg)
with
D= (@& ), L} (6:))) 1< pen
Before expanding D in (§ ,0) small, we would like to point out a few of its symmetries, inherited

from those of L‘g. From and the Hamiltonian structure LS = .J A5 with J skew-symmetric and
A‘g self-adjoint, one readlly gets

D6 — 1 ( <Q2(§7‘) §q1(§7 )> <q (
T (T1g(0,),¢5(0,)) \—{a) (&), AL (€, ) —(ah

with (J7'¢3(0,-),¢{(0,-)) € R,
(@5(&,), 4203 (€, ) = (9 (&, ), A2g3 (&, -)) (@(&,), Al)(E, ) eR, j=1,2.

For the sake of concreteness, let us write

f_ (aE0) (&)
2= (e ae) Hedoeer

Moreover from the evenness of (u®, (E°)’), we also have
LT =-T1L, AT =T A}, (4.8)

18
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where
(Zg)(x) := diag(1, —1)g(—x).
This implies that
7 = —Z117, UNET =TU(€).
Therefore

q%(&,) = Iqils(fv ')7 qg(f? ) = _qu(§7')7

since the equality holds when & = 0, thanks to the evenness properties of nearby profiles. By using
that

(Zf,9)=(fZg)

we deduce that a(&,d) = —a(§, ), hence
a(&, ) €iR.

4.2. Further constant-coefficient expansions. We know Dg rather explicitly. To expand D‘g in

(£,0) small, a significant part of missing information may be derived by expanding, as we do now,
Dg in & small.

To begin with, we expand U ().
Proposition 4.2. The extension operator U°(¢), defined in (4.6)), satisfies

U(€)(g) ‘2 g+ akdiag(l, —1) (e 2™ (™2™, g) — X7 (2™ g))
1 : —2im- ) =24 T T
+€ (30T 4 BdinglL-D)) (727 g) + 27T ) + O lolow . (19)
where the constants o, B are given by
o) 5o (00 00 (0) o)
T 2w(0)] o 2w (0)? ’ '

with wy s as in (3.6)).

The proof of the proposition is elementary but a bit long so we moved it to Appendix [C1}
Combined with (4.3)), it yields

kod? (€, x) = < _wf&s}fﬁm ) i ( wlfosﬁigg?z% >5
t5( o)) ) €+ o),

— a?)wi(0) sin(27z)

sin(27x) cos(2mx)

27 ko g3(€, 7) = ( w1(0) cos(2mz) ) e < w1(0) sin(2mz) >€

1 (a? + B) sin(27x) 5 .
+ 2 < (a2 — B)w1(0) cos(2mx) ) &+ O(f ) .

From a simple examination of the first coordinate, one deduces an expansion for the transition
matrix 7'(€)
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in the form

_ (1=t + (e +B)e?) 0 5 T ir 3
T(f) - ( 20 (1 —|—Oé£+ é(a2+5)§2)> <z£0 [jfk: > ‘f‘O(é )

This is sufficient to derive the sought expansion

1
=1 (M9 g )T©

1 )\1 )\*1 _ 1 )\*1 . )\1
T3 ( —2¢an+;1 BV QZif I - ) (&) +0(&”)

_ ( iV —wj(0)s -4
mwi (0)€? i(Vko —wy(0))€

Let us observe that wf(0) > 0 since

) +0(&3).

/ 2
N _ (wi(§)) T w P(1)k2>0.
1) = LA (o) P
4.3. Expansion of D‘g. We now turn to the full expansion of Dg in (&,0) small. We recall that
6 _ 0 0(57 5) :
D = a1+ (05 “G7) . aeo R MeH R e em

so that we want to prove that b(&,0)c(€,9) < 0 when (£, 0) is small.
We already know that for some real b;(9), ¢1(0),

b€, 8) V2O b ()€ + baog? + O (I€2(1E] + )

,8)—(0,0
c(§,9) (£0200 c1(6)€ + c208® + c026” + O (I (€] + 6) + 6%)
with bog > 0, cog < 0, cg2 < 0. We prove now that
b1(6) =0, c1(6) 20 0(8?),
which is sufficient to conclude the proof.

The vanishing of by is an extremely robust property, directly related to the rigorous analysis of
slow modulation theory. It follows from computations at the beginning of Section [4.1] Indeed since
¢3(0,-) lies in the kernel of LY and ¢3(0, ) lies in the kernel of (L3)*,

b1(8) = (33(0,), ik L}143(0,-)) -

Moreover we already know that

JACE)
L?l]qg((), )+ mfﬁ(ov ) € Ran(Lj)

hence L‘[Sl]q‘f (0,-) is orthogonal to g3 (0,-). This proves the claim on by.

Let us now prove that ci(6) = O(6%). We already know that qug(o7 ) = O(6?) and
(L3)*32(0,-) = O(6?) so that

c1(8) = (7(0,-), ik LY 1¢3(0,-)) + O(6%).
Now, since both ¢1(8) and (g(0, -), quqg(o, -)) are real, this implies the claim on ¢;.

This achieves the proof of Theorem
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Remark 4.3. When k;/ < 0, one has coz > 0 and concludes to instability with eigenvalues of positive
real part of size O(9).

5. NON MODULATIONAL SPECTRAL INSTABILITY

In the present section we prove Theorem by considering the ¢ = 3 crossings of Lemma [3.1

We shall also complement Theorem [I.1] with the following proposition that proves that the
instability index I vanishes at most a finite number of times.

Proposition 5.1. In the case P(-) =T ()Y with T > 0 and vy € [1,+00[, the instability index from
Theorem vanishes at most a finite number of times.

Let us first recall that the two crossings £ = 3 crossings of Lemma [3.1] are conjugate one to the
other through real symmetry. We may thus focus on ( j+,3,jﬁr,3, &+,3). For the sake of concision, in
the present section, we simply set

Ji= 43, i =4, o =Er3, Xo = N (&) = N (&)

For some values of V, it happens that £y = —m. With our normalization of the Floquet parameter
¢ as belonging to [—m, 7), perturbing in £ then requires to consider both & near —7 and £ near 7.
This introduces extra notational complexity but no significant mathematical difference. Therefore
for the sake of simplicity we restrict our proof to the case & # —.

5.1. Finite-dimensional reduction. Our proof of Theorem follows very closely its sketch in
the introduction. It also shares many similarities with the proof of Theorem

The main strategical difference is that we build our basis by extending in § an explicit choice
made for § = 0. An obvious reason for this discrepancy is that here the £ = £ analysis has no
evident structure when ¢ > 0. The main departure in computations is that here we need expansions
that are higher-order with respect to 4.

To begin with, we thus set

(&) =¢(E ), (&) =@l (&),
with apli being defined in . Then we extend those through
¢5(6) = U (D) (&), ¢2(6) = U (D) (&) -
where the extension operator U¢(§) is obtained by solving
OsUC (8) = [05T1¢, TTZ] UE(5) U0 =1, (5.1)
from the spectral projector
m - (A — L)~ dx

$72im o, )
defined with €; > 0 sufficiently small, 0 < § < ey, [£ — &o| < €.

Let us also determine a dual basis spanning the sum of characteristic spaces of (Lg)* associated

with eigenvalues in B, (o). Since j # 7/,

<‘]71 q9r(§, ')7 C_[O,(f, )> = 07 <J71 C_[O,(f, ')7 qg]r(fv )> =0 y
whereas direct computations give
(T1a3(6,0), 40 (&) = 2iwy(€), (T2 (), q2 (&, ) = —2iw;(€) - (5.2)
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Therefore
8T @ %,(0)

Then one may extend these formula with an extension operator associated with (Lg)* and use

Hamiltonian symmetry to check that still
~5 . ZJ_lqi(ga )
P, ) = e

2w;r (€)

With this in hands, we may set

(jo—(é-a ) ==

( J_lqé— (67 )

50 R
=) 2w;(€)

so that
(L) N B, (No) = o(D),
when 0 S 1) S €1, ‘f —&)‘ S €1.
Remark 5.2. Our present normalization differs from the one used in the discussion of the introduc-

tion, by the fact that that we do not scale (qi(f, s ¢ (&,-)) to force symmetry between the direct and
dual problems. A basis as in the introduction is obtained by setting

§ 1
Sie N — Q+(€>') Sl 1\ — q,(f,-)
QI(fa ) 2(«0]‘/(5) ) QQ(& ) 2w](€) )
so that
Cﬁ;(f7 ) = Z‘]_lqg(€7 ) y qg(gv ) = _Y’J_lqg(é7 ) .

Consistently the index I' derived here differs from the one of the introductory exposition by an
immaterial nonzero scaling factor. Let us also point out that it is (5.2)) that shows that the two
eigenvalues colliding at & = &y have opposite Krein signature, which prevents to enforce either

((j(ls(ga ')7 ng(g’ )) = (iJ_lqtls(gv ')a i‘]_lqg(£7 )) or ((j(ls(ga ')7 qg(ga )) = (_i‘]_lqtls(ga ')7 _Z.J_lq(g(fa ))7
which would lead to
o o (€, AZE ) (e ), AL, )
€T\ @€ ), AL (E ) (@), ALB(E, ) )
o i <Q‘f( ), AL (6,)) (a9(€, ), ALa3 (€, )
€7\, AR () (B3(E ), A3 (€, )
We stress that the computation holds for any of the crossings in Lemma ,

By using the Hamiltonian structure, one gets that Dg takes the following form

bi(6,0)  al€0)
i _ i | wi(§) wjr(€)
2| a€d)  b(£9)

w;(€) wj(€)

with
b+<€75) = <Qi(§7 )7qu§k(§7 )> S R? b—(€75) - <q6—(€7 )7qui(§7 )> S R,
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and

a(fa 5) = <qi(§’ ')a qué_ (57 )> = <q6— (57 ')7 qur(fa )> :

Eigenvalues of Dg are given by
i 1<b+<5,6> b(5,6>>i\/1 (bws,a) b(¢
ol I — - +
2\ 2\ wp(©)  wi() 4\ wi(§)  wi(
Note that moreover by design,
po— (M o)
¢ 0 XN.(¢
In particular

% <b+(n0) N b("0)> (&) = 785( — N ) (&) = Oc(wy +wj)(&) >0

ij/ 20.}]'

where the sign information stems from the fact that ¢ — /1 + P’(1)(? is even and strictly convex
and |j' 4+ &/(2m)| < j + &/(27) since j' = j — 3 and j + & /27 > 3/2. Therefore there exists a
smooth = defined on a neighborhood of 0 in Rt such that Z(0) = & and, for any small §,

<b+("5) + b‘("‘s)) (2(6)) = 0.

ij/ 20.)]‘

To conclude the proof it is thus sufficient to find a I' such that
a(2(6),0) 2° T6% + 0(5Y). (5.3)

Remark 5.3. The above argument may be extended to any of the crossings of Lemma[3.1] with £ > 3
since j4 ¢+ &4 0/ (2m) > /2. It fails however for the crossing at the origin since jo + &/(2m) = 1.
Since the remaining part of the argument applies to any crossing, a statement similar to Theorem[1.]]
may be obtained for any crossing far from the origin. In contrast, as seen in Section 4, the analysis
of the £ = 2 crossing required a different analysis, with instability decided not by a non-vanishing
condition (which is easily satisfied) but by a sign condition, here by the sign of k;/

The sought is derived from the fact that for any m € N
oY (E,u)? € Span ({ PO X pl <m, X e C? })
and j — 7/ = 3. To be more concrete, we introduce notation My C? — C? defined by
M (X) = (27 0 0, pp (e ) x0))
for any operator M on L?(R/Z)?. The above piece of information on profiles readily yields

(85”1)2){3 =0, (83”1_[2){,’ =0, when || > m.
Then, by expanding in d, for o € {+, -},
(&) = () (&), L&) = UL, -)

we derive recursively that for any £ and any m

@36 ), 5 (LEGL(E, oo € Span ({2700 X3 p| <m, X e C? )

O (€, )s O (L2 (€ ))js=o € Span ({ 2T X3 p| <, X e C? ) .
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Since j = j' — 3, by orthogonality of trigonometric monomials, this implies that for any &,
Ta(€,0) = 0, when m € {0,1,2}.
This concludes the proof of (5.3) with I' := d3a(&y,0)/6 (since Z(8) = & + O(9)).

It also concludes the proof of Theorem [I.1] Yet the value of Theorem [I.1] hinges on the fact
that most of the time I' is nonzero. To support this claim, we provide a relatively explicit formula
for I and use it to prove Proposition [5.1]

5.2. Computation of I'. The computation of I" is quite cumbersome so that even small notational
gains are helpful. For this reason, we set

1 1 1 1
[m] ._ m 710 [m] ._ my s€o o L
L= — gLy, UM = SRU(), Vs = <_iwjl(§0)> V= (iwj(&))) ,

(o 1

M_ = M (&) = 1 1 Z'le(fo)
- 2\ iwj(éo) 1 ’

) 1 1 ke
My =Mi(&) = 5| )
2\ —iwj()

and, for m ¢ {j,;j'},
G = (oI — 2§ (ko 2mrm + &))" .
With this in hands, a first expression of I is
T = (TP Ve, (LOYVI) + (TUEHy Ve, (g @)y + (L)1) v,
+ (JUMT v, (2@, + (2 @) 4+ (2 ) V),
+ (Ve (L2 @B g+ (LI 2P, + (LR ) 4 (LB ) ve).
with (-, -) denoting the canonical scalar product on C? skew-linear in its first component.
The first stage is to obtain explicit expressions for (U [m])j_ m and (U [m])%, m € {1,2,3}.

Proposition 5.4. One has

UML) =G (L M-, Uy, =B M_,
@MY =Gy (L My, UPh] = By M,
with
B_ = Gja(LP) 4+ Ga (L) Ga (L)
By = Gjra(LP)) 4+ Gy (LY T Gy (L]
and
1 ; 1 ; 2 .
(Z/l[3} -5 [8?1‘[20,1'[20})]_3 — —§M+C,Gj,1(L[1])J_1M, _ §M+(L[1])J_12Gj,2B,M, ’
1 i’ 1 -/ 2 .y
(P~ 6 (0311, 12, ]), 5 = _§M70+Gj'+1(13[1])]1 My — gM*(L[I])Jl PG a B My,
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where
C_ = (LBYS'Gi + (LMY 26 (L) Gy
Cr = (LB Gy + ()] 2G (L) 1 G

The proof of the proposition is postponed to Appendix [C.2]

Now that we have a quite explicit formula for I, we need to track cancellations to reduce its
complexity. Our final result is as follows.

Proposition 5.5. The instability index I' takes the form
= <J Vi, N V_>
where

N = (LB + (LMY 26 (L), + (LY G (LY + (226 o (ny ey (LB

The quite spectacular simplification hinges on properties inherited from Hamiltonian symmetry.
Let us recall that the Hamiltonian symmetry is precisely that J (Lg)* J = —Lg, and observe

that (M™)* = (M*)"P. This provides various relations whose statement is facilitated by the
introduction of the piece of notation

S[B] := JB*J!

for any matrix B. Indeed, all operators we handle are obtained as functions of Lg and from
Hamiltonian symmetry stem

S[(LIMe) = —(Limyrta S[(O5'TIZ )b] = — (95T )P4
and

SIMs] = Mx, S[Gom] = =G, S[By] = Cs .

The last piece of computation we need is

MLV =V,.
With this in hands, we may prove Proposition

Proof of Proposition[5.3, Let us split " as
'=Tg+TI1+1,
where
= (JVi, (L) Vo) 4 (TP v, (L) Vo) 4 (@) v, (LY V),
Ty = (JUE Ve, (V) + (v, (L0 @) v,
Ty = (JUMY] Vi, (LOY @Y, + (LY @y vy
u[Q}) Vs, (L[O])J N Vo)

+ {J(
+ IV, (LM 2P, + (LB Y ) ve)
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Our goal is to show that I'g = <JV+,NV_> and 'y = —I'y. The first point is straightforward.
Note, for instance, that

TV (LB V) = (v St EPY V)
= (JVie, Mo (L)1 3205 (L) V)
= (JSIM V., (LI 26, o (L) V)
= (IML Vi, (L) 3265 (L) V)
= (JVi, (LU 26, (LY vy

As an intermediate step towards I's = —I'y, we observe that

= )\0<JV+, (C_Gj_1 (LMY, + (L[l])j12GjQB)V>

since
(LY v = 3V, (LN v, = AV,
and
(03, T Vi, v = v s (o, )] v
IV, ([83me, 12 1), Vo).
Furthermore,

Ty = (IVa, (EY 52 (1 + Gioa (L)) B+ Co(Gimt) ™ (1 4+ Gya (L)) @) ) Vo)

since
I+ Go(LPN] ™ = XGja I+ G (L™ = MGy
O

5.3. Proof of Proposition Proposition follows from the following lemma, whose computa-
tionally demanding proof is given in Appendix

Lemma 5.6. For a pressure given by P(p) =Tp", T >0, v > 1, one has

- _ 1
TV2% f() + O(V™Y)  where f(7) = —@(657 + 31592 + 115y — 135).

Let us show how to deduce the proposition from the lemma.

Proof of Proposition[5.1] Since f(1) <0, f/(1) <0 and f”(1) <0, f does not vanish on [1,00). Let
us now fix 7' > 0 and v 2 1, and achieve the proof.

The index T is analytic on (y/P’(1),+00) and does not vanish near co. It remains to show that
I' does not vanish near y/P’(1). This follows from the fact that I" is non zero and is given as a

meromorphic function of /V?Z — P/(1). O
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APPENDIX A. PROOF OF LEMMA [3.1]

Let us first observe by monotonicity that A’ & = )\1 (&) implies 7' < j, and we assume the
latter from now on. Setting 7 = P'(1)/V?2, z = j +&/27 and 2’ = j' + £/27, equation )\{(5) = )\1(5)

is equivalent to
2—2 = \V1-7+722+/1-17+7(2)2.
Since z # 2/, this implies
V174722 —\1—-7+7(2)? =71(24+ 7).
Combining with the original form leaves
(=12 =—(r+1)z+2V1—7+722. (A.1)

By tracking manipulations carried out so far one can recover the original equation under the apparent
extra assumption that

VI—71+722—\/1—7+7(2)? 41
z—2 '

Yet it follows from 7 <1 that the left-hand side of the inequality has absolute value less than 1.
Thus we have obtained that A’ (§) = X, (£) is equivalent to (A.1]), also written as

1
5(1—7)(2—%):—77:—1— 1—7+47122.

The latter is equivalent to

1

5(1—7)(2—2')4—7’220,
1

Z(z—z’)Q—l =7(z—1(z—7))%.

This implies that, as claimed, j — j' > 2 is necessary. Fixing £ = z — 2’ = j — 7/ > 2, one may solve

the equation for z

02 —4

4T
and the sign constraint is automatically satisfied (since 7 < 1).

z:%ﬁi

APPENDIX B. A GLIMPSE AT SLOW MODULATION THEORY

In the present section, we connect the analysis of Theorem [4.1] with spectral validations of
formally derived modulation systems, also known as Whitham systems, and their small-amplitude
limit, as studied for large classes of Hamiltonian systems in [BGNR14, BGMR21], [AR22].

Formal derivation. We first recall how to derive a modulation system from geometrical optics
arguments.

To begin with it is useful to gather conservation laws associated with (|1.3). From the fact
that System (1.3) has a Hamiltonian structure whose Hamiltonian density commutes with spatial
translation one deduces that it implies a conservation law for the momentum density M,

M|E,u] := —ud,E,

generating the group of spatial translations. Namely, applying the abstract computations from
[AR22, Appendix Al, from (1.3) we derive for U = (E, u)

h(MU]) = 0. (S[U) (B.1)
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with
S[U] :=Vy, M[U| - JOH|U] — H[U] + Vy,H[U] - U, .

We are now in position to derive a modulation system. To do so, we introduce a one-phase
slow /fastly-oscillatory ansatz

<et,ex>>

U(e)(t,x) = U <6t,€l‘; £© (B.2)
€

with, for any (T, X), ¢ + U (T, X; () periodic of period 1 and, as € — 0,

Ue)(T, X5 Q) = Uo(T, X ¢) + e Ur(T, X5€) + ofe) ,
@(e)(T7X) = (PO(TvX) + G(Pl(TaX) +0(6> :

Plugging into and identifying the leading-order terms yields
Uo(T, X;¢) = UPVIEX(Q), axe(T, X) = KOV X 9pp(T, X) = =V(T, X) kT2,
for some slow (6, V). Note that this already implies
(k) = ox (=V KOV . (B.3)

To complete it to form a system for the evolution of (4, V'), one may insert (B.2)) into (B.1)), identify
the leading-order terms and average over one period of ¢ so as to obtain

or (M) = ox (VD) - (B.4)

System (B.3))-(B.4) is the sought modulation system.

Spectral validation and small-amplitude limit. The proof of Theorem contains the ingredi-
ents to obtain a spectral validation of (B.3)-(B.4). In particular it yields that if for some (d,V) the
linearization about (6, V') of (B.3)-(B.4)) possesses a non real characteristic velocity then there exists
a positive €o(d, V') such that for any 0 < |£| < ¢(0, V)

0per (L)) 1 B(0,0(8,V) N {A; Re(A) > 0} # 0.

Moreover the proof of Theorem also contains the elements to elucidate the foregoing criterion
in the small-amplitude limit. The conclusion is that when k" < 0 this side-band instability does
happen when ¢ is sufficiently small, whereas when kg > ( this side-band instability cannot happen
when ¢ is sufficiently small.

We point out that the small-amplitude analysis is simpler here than in [BGMR21, [AR22] because
we are actually analyzing the splitting of a double eigenvalue in a modulation system of two equations
whereas for equations of Korteweg-de Vries type this double eigenvalue is burried in a modulation
system of three equations, and for equations of Schrodinger or Euler-Korteweg type it is hidden in a
modulation system of four equations.

Let us also observe that here, unlike what happens for systems considered in [BGMR21l [AR22],
there is no limiting solitary wave and thus no large-period regime to analyze.
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APPENDIX C. EXPANSIONS OF EXTENSION OPERATORS

C.1. Proof of Proposition Proposition [4.2] is a constant-coefficient periodic computation,
thus it is convenient to introduce Fourier series to prove it. Since there is little risk of confusion,

we use for Fourier series the same notation as for Fourier transforms, F(g) = g being defined for
functions of L!(R/Z) by

1
(F9)(5) = gj = (”7, g) :/0 e *g(z)de,  jEL.

Our goal is to prove for Ug :=U"(€),
F(Ueg)(G) = g5, J # £1,
. : . L, 5. : .
F(Usg)(£1) = gj F adiag(l, —1)g+1 + 5(062911 + Bdiag(1l, —1)g+1)&% + O(€%) |9l 2.

where «, 3 are given by (4.10). The starting point is that from the Cauchy problem defining U
stems

U = I + €[ITy, o] + %52 ([TT5, To]” + 115, Tho]) + O(&7) (C.2)

where Il := Hg.

Note that for any &, II¢ is a projector with range spanned by @Il(& ) and ! (€,-) (with
notation from ([3.5))), that are trigonometric monomials respectively in e=*27 and e*2™
for any ¢,

. Therefore

Heg =0, if F(Ilgg)(1) =0 and F(Ilgg)(—1) =0.
Combined with (C.2)), this yields the first half of (C.1J).
For the remaining part, we use Cauchy Residue theorem to obtain

1

F(lleg)(£1) = v

T
()\il — 25 kO (x2m + 5))) g1,

where, for any square matrix A, A" denotes the transpose of the cofactor matrix of A so that if A is
invertible A=! = At/ det(A). To derive the former, we have used

F(LEg)(j) = S§i kD 2mj+€) g5,
det(A\ T — SO @2rj+€))) = (A= N(€) (A = N.(9)).

As a result,
Fef)(*D) = MZHOF (=) (C.3)
where, for any (7,¢),
Jey. L L Fue
ML (&) = 5 ( B ) . (C.4)



Then, differentiating (C.3) and taking into account that w_1(§) = wi(—&), one receives

( " ﬂﬂﬂl&f))f(ﬂ:l)

FMef)(£1) = o (£6) 0

N | .

i 0 =l N ; 0 EO
F( ’éf)(j:l) = - W£1(©))* ) f(1) = = @ (F)? ) f(£1)

2\ 2w () 0 2\ wi(g) 0

i 0 iWL(E)wil(ﬁ)—%w;l(&))Q .
F(IIZf)(£1) = 5 (W£1(9)? F(£1)

2\ £ (9) 0

. W (£E)wr (£€)—2(w) (££))?

_ 0 1),
2\ o (£6) 0

Since for any numbers oy, B1, ag, Bo,

Kﬁol 061) ’ (502 O(?ﬂ = (o1 f2 — aafr) diag(1, —1),

one deduces that
"r([ 67H0]f)(j:1) = :Fadiag(l’ _1)f(
F ([0, o] f)(£1) = Bdiag(1, —1) f(+1

from which the proof follows.

+1),
),

C.2. Proof of Proposition For the sake of concision let us set Il := H‘go and R* := () I—Lgo).

Then expanding from the Cauchy problem defining Z/{go,

Ul — [T, T Ut = %([H’O’,Ho] + [Ty, Tho) )

and

_ 1

6
1

1
= 5 M, o] + 3

As in Appendix we then observe that

Ut <[H’”,H0] + [11, T + [TT, To] [TT4, T + 2[I1f, TTo] [TT), To ] + [Hg,no]3>

10.10) 0 ([0, 155) -+ 2[00 193]+ [, 18]

e2mmOM_X, ifm=j,
(2™ O X) = { 2immO M, X | if m =
0, otherwhise.

To compute expansions of the projector, we rely on
95 (A — L) !|,_, = R* LW R,
DI — L8 ),y =2 (R)‘L[”RAL[”RA + R’\LD]RA),

O~ L8 ) oy =6 (RALMRAL[”RAL“]RA + RALERM LR + RAIMRALPIRY + RAL[B’]RA).
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From the Cauchy residue theorem, we deduce
(1 = Gy (] My, () = G (@) Mo,
(1) = M (LY TG ()i~ = M (L) 7'6j
Inserting this in the above formula for 2!l proves the claim on u [1}){ . and (U [1]){,.

Likewise, applying again the Cauchy residue theorem, we deduce
S = BoM, Sy, =B M
S = M0 S = mocy
Inserting this in the above formula for U proves the claim on (2/2)7. 5 and (U [2])%/.

To complete the proof of the proposition, we compute

J ) )
<[H’0’, H’OJ> = 2M;.C-Gja (LMY, Mo = 2M (ZT) %GB M -
-3

J . -/
([Hg, Ha]) = 2M_Cy G (L] My —2M (L) 2G B M

3
and
j .
([HS,HO] [Ha,Ho]> = 2M, C_ G (LMY M,
5 :
(1110 1,10 ) = 204G
3

Combining these concludes the proof.

APPENDIX D. PROOF OF LEMMA [5.6]

To prove Lemma our first task is to make the formula from Proposition [5.5 even more
explicit. To do so, we set

. f(] 3 -/ 50 3
= 27k = - — — = >
Ko RO S J+ o 2 J + o 9’
and note that, inserting (2.1)-(2.2)-(2.3)-(2.4) in the definition of L‘g directly gives
(L[O})j_m: i/ﬁoV(%—m—{—S) —1
0 1+ F'(D)rE (3 —m+s)? ikgV(3—m+s) )’
(L= = 1 ikoV(3 —m+s) 1
-1 2\ —F"(DrE(E —m+s)(3 —m+s) irV(3—m+s) )
. r(1
i el H )
- 2\ —K3o1(2—m+s)(—1 —m+s) irkgoo(—3 —m+s)
(L[S])j _ _1< i/iogO’g,(% +Sg 0'23 >
-3 2\ —kdou(3 +5) (=35 +5) ikgos(—3+s) )
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Setting

Xm ‘= Ag — ik V (m + 52_) = i:‘ioV(j — m) — in(§0> ,

o 1 _ 1
T Mo = A(&) (Mo — A (&) xE + w2 (&)

oo 0 ) ()0 0

Next, using the foregoing computations, we make more explicit different parts of N, beginning

we also have

with
(L5265 (L),
1 W (1) dj—o mw(-% +8) — Xj—2 3
1 <moV > (moao( + ) 3h(1)) e Con(—2 35 ) (Ozz(g + ) —a3)
with
a1 = ikgVxj_2 + F" (1)K} (—; + 3) ,
. 9 1
Qg2 1= 1RO X;j—2 + Rpo1 —5 +s],
a3 = 3h(1)XJ72 1RO 5 S| .
Likewise
(L5 G (L),
S Q,;((?% (ikoV(3 +5) 1) B2 ( o > (6B +5) xjo1 —iroV (L + )
4 i/iodo(—§+8) 2 4 —045(—54-8) 2 ]_ 2
with

o4 = 1K l—i- h,(l)
4 1= 1R000 5 - Xj— 13h(1)

1 )
Qg 1= K(Q)Jl <2 + S> + tROO0X;j—1 5

1
ag = ikoVxj-1 + F"(1)K] <2 + s) :
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At last,
(LY 26y o (LMY Gy (L)
- _é (moV(ig +s ) (iroV (3 +5) 1)
- % <mOV < ) Xj— 1> (iﬁov(i?) n s)> (a6(5 +5) xjm1 —iroV (5 +5))
-2 (o inay (g o) ) (VAT v ) 1)

di—1d;_2 , 1
S (o () v (e ()

ikgV (=31 +8) — xj_
X ( OV—(OqQ(j_gl—S)X] 2) (a6(% —I-S) Xj—1 —l/ﬁ;oV(% )) .

Inserting the foregoing in Proposition yields

I'= (_iwj' (50) 1) N <inl<fo)> =R +Re+R3 + Ry

with
3
2

_l’_

»-lk\r—t/—\

K003 ( wj —wy) = 5 (wyr + wj)) — o2 wjwjr + KOs <32 - Z))
I T
(o ome (3 (o () )
+§ ( wjr + KoV <—2+5>> (Kov <§+s> +wj> ;
Ry = dj8‘2 <—wj/ (mov (—; + s> — - 2> +ia (—2 + s>>
[olonfi o rom) o (amtar (52)) (o (32)+2)]

ot = U1 (<iaa (3 45) s (o —imav (5 45)))

om0 o (1) ) (orom ()]

di_1d;_ 1 . 1
9%4 = % (041 (2 + S> — Xj—-1 <Xj—2 - ZIQ()V (—2 + S)))
. . 1 3
X (zwj/ <moV <—2 + s> - Xj_2> + o <—2 + s>>
3 ) . 1
X | ag §+S +iwj | Xj—1 — ikoV 5—}—3 ,

where we omit to specify that w; and w; are evaluated at &p.
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Finally we specialize the discussion to power laws so as to expand in V! in the limit V — oo.
Actually we find it more convenient to carry out the expansion in s~! where s is related to V by

V5V VsV
2 /P(1) 2

S

To begin with, we compute

[\
%
'ﬂ

F'(p)=T~p 2, WoV) =5 = Tvp'—2,

3 2 3 2
wj =1[1+~T K3 (2+8), wj =4[14+~vT K3 <—2—i—s>.

and

Therefore

so that

) 5
koV =1+ §3_2 +0(s7%), YT K3 8% = 1 (1 + 5_2> +0(s7%),

3 5 35 25
2 1 Sl 202 2Y -3 —4
wj 2\/+3s +188 + 358 +0(s™4)
3 1/5 35 25 1/5 35 2 1 /5 3
22212 223 2 (2 -1 99 2 21 O(s4
2<+2<35 TR TR’ ) 8(38 Tt ) tigly ) FOET
3 5 4 15 , 25 _, »
—2+48 168 +32 +0(s™%)
Thus
3 5 , 15 , 25 4 .
L= _Z - ke O
Wi'T 9T 65 3 TO6T)
and

2 "1 167 32
1 1 1 B
dj1 = X?q ‘1’“’]2'71 = X?_1 11T (% —i—s)2 =3 + O(s 4)7
1 1 1 B
dj2 = X5 g+ Wi, - Xy +1+9Th3 (-1 + 5)2 =3 +0(s™),
ikoV’ <; + 8) —Xj-1 =1 <s +1+4 %s_ + 23—2> +0O(s7?),
iV’ (—; + 8> —Xj-2 =1 <s -1+ %5_1 - 23‘2> +0O(s7%),
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. 1
ag = ikgVxj—1 + (v — 2)T7/<3 (2 + s>

L e O e 2 20 )3 4
=5t =DsT (v =DsT+ Ly = DT+ O(sT),
1
a = ikgVxj—2 + (v — 2)Tyk? (—2 + s>
1 5 5 5 25 . .
=4 (y=Dst=Z(y-1 Zy-1 .
5t (=T gy =1sT 4 Ly = 1)sT +0(T)
Likewise
W) 3V24AT(y-2) _ g b+l
h(1) V2 —AT B 4523
=3 241524 067,
W) _12VE-T(y=2)(y=3) _, 50+ =06
h(1) V24T B 4 2-2
5
=12- 2 (v+1)(y-6) sT24+0(s7h).
Therefore
1 wa 1 5 _ _
Ko oo = mgV(Q + 3h((1))> =—5= £(4'y+7)8 21057,
FOR' (1)  FW(1) 5
2 .2 _ 2 -2 —4
3 (W) 1r'(1) 9 15 Y .
= — - - =4+ —(y+1 1
727 16 ((h(l) 1h ) T8 T T DO I8+ OT,

1 (1
/€003=HOV<U2++ ()> 64 E

4 " 3h(1) ::+15<1+(’y+1)<i7+4g)>3—2+o(3—4),

OIS % (5)
Ke oy = K3 (F(3)(1)02 _E 6(;()11)(1) + E 24(1)> = E( —2) (VY +57+3)s 2+ 0(s7Y).
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Thus
ay = 1Ryo, 1—i—s —Xj h/(l)——i 1s—i—g—i—i(él +19)s7 1) +0(s7?)
490 5 Nlgpy T T\ 2t T T s ’
K (1) , 1 /1 3 5 . .
_ - 1 — i zs— 2+ 2y 41
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Then we compute that

1 /5 103
Ry = —=s"+ — (373 + 5y% — 25y — 3> +0(s),

1 25 5 475 115
9{2 + %3 = — <(5’Y + 1)82 — §’Y3 + 5’}’2 + ﬂ’}/ + 6> + O(Sil) 5

1 , 125 , 425 , 505 83 .
ER“‘32<_(57_3)8+647_647_647_64 O™

This yields Lemma [5.6
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