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ABSTRACT. We study the dynamics of perturbations around an inhomogeneous stationary state of
the Vlasov-HMF (Hamiltonian Mean-Field) model, satisfying a linearized stability criterion (Pen-
rose criterion). We consider solutions of the linearized equation around the steady state, and prove
the algebraic decay in time of the Fourier modes of their density. We prove moreover that these
solutions exhibit a scattering behavior to a modified state, implying a linear Landau damping effect
with an algebraic rate of damping.

1. INTRODUCTION

In this paper we consider the Vlasov-HMF (Hamiltonian Mean-Field) model. It is an ideal toy
model that keeps several features of more complex kinetic equations, such as the Vlasov-Poisson
system. It is moreover rather easy to do numerical simulations and analytic calculations on it, and it
has thus received much interests in the physics literature (see [2, 3, 4, 5, 6, 13, 14, 15, 16, 17, 18, 19]).
This model exhibits also analogies with the Kuramoto model of coupled oscillators in its continuous
limit [11, 21, 23]. A long time analysis of the Vlasov-HMF model around spatially homogeneous
stationary states has been performed in [22], where a nonlinear Landau damping result is proved in
Sobolev regularity. In this paper, we consider the case of inhomogeneous steady states and study
the long time behavior of the linearized equation.

The Vlasov-HMF equation, with an attractive potential, reads

&gf(t,.fﬂ)) + {f:H[f]} (tw%'av) =0,
'U2
(11) H[f](ta$av) = ?*Qb[f](tvx)v
o) = [ costo =)ty o)y

with (t,z,v) € R x T x R, where T = R/Z, and where
(12) {fag} = axfavg_avfaxg

is the Poisson bracket. It is rather easy to prove that this equation is globally well-posed, in Sobolev
regularity for instance, using standard tools for transport equations associated with a divergence-
free vector field.

The potential can be also expressed as the following trigonometric polynomial

(1.3) ¢[f1(x) = C[f] cos(x) + S[f]sin(z),
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with

clf] = / cos(y) fly,v)dydo and S[fl= [ sin(y)f(y,v)dydo,
TxR TxR

where we use the normalized Lebesgue measure on the torus'.

The previous equation possesses stationary solutions of the form

02
(1.4) n(x,v) = G (ho(x,v)), ho(z,v) = 5 My cos(x), My > 0.

for some function G : R — R. The constant My (called the magnetization) has to fulfill the
condition

2
(1.5) My=C [G (Q; — My cos(x))} .
Up to translation x — x+xg, these are essentially the only stationary solutions, see Section 6 where
examples of couple (My, G) satisfying the previous condition and the necessary stability condition
ensuring damping effects are studied.
For such a stationary states, if we seek solution of (1.1) under the form f(t,z,v) = n(x,v) +
7(t, z,v) with initial condition 7(0,z,v) = r%(z,v), we obtain the equation

Opr(t, 2, v) = {n, lr]} (2, 0) + {r, Hlnl} (¢, 2, 0) = {r, ¢[r]} (¢, %, v) = 0.

In this paper, we will retain the linear part of this equation, namely the linearized equation around
n, given by

(1.6) Or(t,z,v) — {n, o[r]} (t,z,v) + {r, ho} (t,x,v) = 0.

The goal of this paper is the analysis of the long time behavior of this equation.

In the homogeneous case My = 0 where the steady steady states 1 depends only on the velocity
variable v, the situation both for the linear and nonlinear equation has been widely studied for
general Vlasov equations. In this case, ho(z,v) = % the flow of the Hamiltonian hg is trivially
calculated: without the potential term ¢[r] in (1.6), the solution is given explicitly by r(t,z,v) =
rO(x — tv,v) and gives rise to damping effect (see Landau [31]) implying a weak convergence of
r(t,x,v) towards the average of r with respect to x. It then turns out that under a stability
condition on 7 called the Penrose condition, then the flow of the full linear equation (1.6) behaves
like the transport part for large times. This is well expressed as a scattering result where g(t, x,v) :=
r(t,z + tv,v) is shown to converge for large times towards a smooth function go.(x,v) depending
on 70(x,v). With this result in hand, the weak limit of 7(t, z,v) can be identified when ¢ — +oc.
The scattering convergence rate depends on the regularity of the solution and is expected to be
typically exponential for Gevrey or analytic functions and polynomial in time for finite Sobolev
regularity. This linear scattering under a Penrose condition is the starting point of the nonlinear
results of [34, 8, 24] showing that this scattering behavior persists in nonlinear equations. These
result were proven for Gevrey initial data and general Vlasov equation including in particular the
Vlasov-Poisson system. For the Vlasov-HMF a similar result can be proved under Sobolev regularity
in the homogeneous case, see [22]. The question of Landau damping in Sobolev regularity for the
Vlasov-Poisson system has been recently addressed, for instance in [7, 36, where Landau damping
results are proved in a weakly collisional regime, or in [9, 27, 28, 10] in the case of unconfined
systems.

In the non-homogeneous case My > 0 studied in this paper, the situation has been recently
investigated (in particular in the physics literature see [3, 4] and in [20]). In this paper, we propose

lthe Lebesgue measure on [—m, 7] divided by the length of the torus 27
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to follow the same strategy as in the homogeneous case where the free flow x — x + tv is replaced
by the flow 9:(z,v) of the Hamiltonian hg, associated with the ordinary differential equation

{jc = Opyho(z,v) =

(1.7)
0 = —0zho(z,v) = —Mjysin(x),

which is the classical dynamical system for the motion of a Pendulum. The flow 1, is globally well
defined and symplectic. In particular it preserves the Poisson bracket

\V/tER, {f,g}O’QZJt(IL‘,U):{fo¢t,go¢t}(l’,’0

).
Note that for a given function f(z,v), the function (¢,z,v) — f(t,z,v) = f(¢i(x,v)) solves the
equation 9, f = {f, ho} and r o 9)_; is the solution of the free flow in (1.6).

In this paper, we shall prove that under appropriate assumptions on 7 (of Penrose type) and 7° (a
natural orthogonality condition), the solution of the linear equation (1.6) also exhibit a scattering
behavior: g = r o ¢y converges towards a function g, implying that the coefficients S[r(¢)] and
C[r(t)] decay in time, with algebraic rates of damping which depends on the regularity of the initial
data and on the behavior of the function in the vicinity of the origin (z,v) = (0,0) (the center of
the “eye” of the pendulum).

The main ingredient of the proof is the use of action-angle variables (6, a) for the integrable flow
(1.7) and for which the flow 1); can be calculated ¥,(6,a) = 0 +w(a)t for some frequency function w.
We will use this “explicit” formula (up to the knowledge of elliptic functions) to prove that v, gives
rise to damping effect and that for smooth functions ¢, the function of the form ¢ o ¢, has a weak
limit that can be nicely expressed in terms of action-angle variables, and with a convergence rate in
time t depending on the “flatness” of ¢ and of the observable near the origin. This last particularity
reflects the singularity of the action-angle change of variable. The full statement of this result is
given in Theorem 2.2 which is proven in Section 7 and requires the use of precise asymptotics of
Jacobi elliptic functions. This makes the proof seemingly technical, but the arguments are in fact
simple for a reader familiar with this literature (we make a crucial use of many formulas in the
book [12]).

With this result in hand, our main results give the decay of the functions S(¢) and C(¢) and the
convergence of g = oy, (and weak convergence of r, see Theorem 2.4 and Corollary 2.5) under an
orghogonality assumption for % well expressed in action-angle variable, and a Penrose condition
on 7, (2.13).

We then conclude by showing the existence of stationary states 7 i.e. of couple (My, G) satisfying
(1.5)) fulfilling the stability condition and relate it with more classical stability condition from the
physics literature [3] that was also used in [32] conditioning the nonlinear orbital stability of the
inhomogeneous steady states of Vlasov-HMF. Strikingly enough, the key argument relies on explicit
formulae in the action-angle change of variable and the direct verification that some terms do not
vanish from known Fourier expansions of elliptic functions that can be found in [12]. Note finally
that the extension of our scattering result to the nonlinear case remains for the moment an open
question.

2. STATEMENTS OF THE MAIN RESULTS

We now fix the notations and give the main results. The first part shows the dispersive effect of
the flow of the Pendulum, and the second part gives the main application for the long time behavior
of the linear equation (1.6).

2.1. Damping in action-angle variables. As a one-dimensional Hamiltonian system, the system
associated with the Hamiltonian ho(x,v) is integrable. We will need relatively precise informations
3



about the corresponding action-angle change of variable. Let us split the space into three charts
Us, U_ and U, as follows:

Uy ={(z,v) e TxR|v>0 and ho(z,v)> My},
(2.1) U_={(z,v) e TxR|v<0 and ho(xz,v)> My}, and
Us = {(z,v) € T x R|ho(z,v) < Mp}.

We have that ho(x,v) > —Mj and the center of the “eye” U, corresponds to the point (z,v) = (0,0)
which minimizes hg. The set

{(z,v) e TxR | ho(z,v) = My}
will usually be called the “separatix”. Let us first recall the following Theorem:

Theorem 2.1. Setting h(z,v) = % — My cos(x), then for x € {£,0}, there exists a symplectic
change of variable (x,v) — (1, h) from Uy to the set

Vi i={(,h) € R*|h € L, P € (—ru(h),r<(h))},

where 1,(h) is a positive function, I+ = (Mg, +o00) and I, = (—My, My) such that the flow of the
pendulum in the variable (1, h) is h(t) = h(0) and ¥ (t) =t + 1(0).
Moreover, there ezists a symplectic change of variables (1, h) — (0,a) from V, to

W, ={(0,a) e R*|0 € (—m,7), a € J.} =T x J,,
with Jy. = (2\/My, +00) and Jo = (0, 2/My) such that

1 us

0(77[}3 h) - w*(h)¢7 and aha(h’) - (JJ*(h) - T*(h)’

so that the flow of the pendulum in the variables (6,a) in Wy is a(t) = a(0) and 6(t) = tw.(a(0)) +
6(0).

This Theorem is explicit in the sense that the changes of variables express in terms of Jacobi
elliptic functions. As 6 is a variable in a fixed torus, Fourier series in variable 6 are well defined on
each set W, corresponding to U,. For a given function f(x,v) we can define the restriction f* of f
to the set Uy, and the Fourier coefficients

(2.2) fr(a) = % /7r ¥ x(0,a),v(0,a))e A0,  teZ, acl,

where (0, a) and v(6,a) are given by the change of variable on U,. Note that for given functions
f and ¢, we have the decomposition

(2.3) | et vdedo =3 | i@t (@da,

LeZ ™ 7™

for all x € {o,£}. Finally, let us notice that the Jacobian of the change of variable h +— a(h) is

opa(h) = ﬁ(h)? and we have in particular

* * * * 1
(2.4) fi (@) y(a)da = [ f; (a(h))wfz(a(h))ihdh-
Ji I wy(h)
We will usually write f;(h) for the quantity f;(a(h)), and several times consider functions f as
depending on (z,v), (6,h) and (0,a) by keeping the same notation. For example a stationnary
state 77 depends only on h and hence on a and will be written n = G(h) or n = G(a).
4



In fact the singularities of the relevant functions in action-angle variables are better expressed in
variables (6, h), which are not symplectic, but on which integrals and flow of the system are easy
to calculate. Moreover, in this case,

fit) =5 [ £l (6.8

can be seen as an average of f on the isocurve {(z,v)|ho(z,v) = h}, while ¢ is the arclength on
this curve, the jacobian %(h) appearing in the standard co-area formula, which is another way to

see (2.3)-(2.4).
The notations Cj(a) and Sj(a) will be used for the Fourier coefficients of the functions
0 — cos(xz(0,a)) and 6~ sin(z(6,a)),

respectively, and both restricted to U,. These coefficients can be calculated explicitly using elliptic
functions (see Propositions 7.5 and 7.12), and we shall write

(2.5) cos(z(6,a)) =Y _Ci(a)e™ and sin(x(6,a)) =Y Si(a)e™™,

Le LeZ
for (0,a) € J, x (—m,m).
Before stating our first result, let us fix some notations. We use the classical notation (v) = (1 4
|v|2)1/2, for any v € RY, and for a two-dimensional integer o = (a1, a) € N2, we set |a| = a1 + as.
We shall also write d7, for the operator acting on functions f : T x R — C by the formula

Oy f (2, 0) = 0102 f (2, v).

In section 7 we prove the following result:

Theorem 2.2 (Dispersive effect of the pendulum flow). Consider f(x,v) and o(x,v) two functions
such that

e o
ﬁgﬁ ()07 f (@, V)| foo < Cmyp  and |£I‘lgﬁ 105 v (z, )]}

< Cu,
for some m, M and p > 2. Let p and q be defined by
p=max{n > 1, 8%,£(0,0) = 0, Ya, 1 < |a| < n},
g =max{n > 1, 92,(0,0) = 0, Yo, 1 < |a| < n},
with the convention that these number are 0 is the corresponding sets are empty. Then, if

m25+p+¥ and MZmax(?—i—q—l—p;—C‘I,m—i—Q),

there exists C > 0 such that for all t > 0, we have

o
()2

/T IRCORTCRIT DS []*fé(a)wé(a)da <

x€{%,0}

Let us explain this Theorem as follows: the starting point of the proof is the Fourier expansion
(2.3), which yields

T, H(z,v))dzdy = *(a)o* ,(a)e™=(@dq
/mfm)go(w(,))dd ZZLMMA) a

xE{%,0} LEZ

- 1
= > Y| fimep(h)etr ) —_dh.
we{x,0} tez I w«(h)
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Now we can use a stationary phase argument by integrating with respect to h to gain a decay with
respect to ¢t. Typically, this kind of analysis depends on the possible cancellation of dpws(h). In
our case, the situation seems to be very favourable, as Opw.(h) never approaches zero, as shown in
Section 7. The stationary phase argument also relies on cancellations of fyx and ¢; at the boundary
points, and there the problems come from the singularities of the action-angle variables.

We can distinguish two zones, starting with the separatix h ~ My. In this case, the action-angle
variables induce logarithmic singularities. Essentially it means that the Fourier coefficients f;, ¢}
involve logarithmic singularities near h = Mj. However, near this point, w.(h) also exhibits a
logarithmic singularity, and it can be shown that dpws(h) goes to infinity fast enough to ensure a
decay in time which is essentially driven by the regularity of f and . So the problems are not at
the separatix.

Near the point h = —M)j, the situation is more delicate: in this zone, the pendulum Hamiltonian is
essentially a perturbation of the Harmonic oscillator, for which no damping is expected (w. being
constant). However, we can prove that dpws«(h) does not vanish near this point. But this is not
enough: indeed the action-angle variable of the harmonic oscillator involves algebraic singularity
of order v/h + My. This explains why the rate of decay of the integral with respect to the time
is mainly driven by the behavior of f and ¢ near (0,0) which corresponds of a local behavior of

7 (h)e?,(h) in (h+ M)z i , yielding the main contribution for the decay in the previous Theorem.
Theorem 2.2 will be a straightforward consequence of Propositions 7.7 and 7.14, proven in section
7.

2.2. Linear damping. As explained above, our main result is expressed as a scattering result with
the strong convergence of g = r o ¢y and by using the previous Theorem, the weak convergence of
r. The next proposition gives the equation satisfied by g and fixes some notations used later. This
Proposition will be proved at the beginning of section 3.

Proposition 2.3. Let r(t,z,v) be the solution of the linearized equation (1.6). Then the function

(2.6) g(t,z,v) = r(t, Y(z,v)) =1 o h(x,v)

satisfies the equation

(2.7) Org = C(£){n, cos(X o ¢hy) } + S(t){n,sin(X o ¢y)}.

where X : T x R — T denotes the projection X(x,v) = x, and where

(2.8) C(t) =Clr(t)] =Clgov—] = /TX]R cos(X(y, w))g(t, ¥—(y, w))dydw
and
(2.9) S(t) = Slrt)] = Slg o v Z/qmsm(x( w))g(t, Y- (y, w))dydw.

Moreover, the coefficients C(t) and S(t) satisfy the following Volterra integral equations

(2.10) C(t) = Fe(t) + /OtC(s)Kc(t —s)ds and S(t) / S(s)Ks(t — s)ds
6



with
Fe(t) = /T cos(X o 3. ))r 3wy

Fo(t) = [ sin(Xo vy )iy, w)dydo,
(2.11) xR
Ke(t) = ]1{t>0}/T R{n,cos(X)}cos(Xowt), and

Ks(t) = —lpxo / {n,sin(X)} sin(X 0 ¢y).
TxR
For a function F'(t), we define its Fourier transform by
F(¢) = / F(t)e~dt.
R

Theorem 2.4 (Linear damping). Let n(z,v) = G(ho(z,v)) with G a decreasing function that
satisfies the assumption

(2.12) max H(y>“G(”) (y)HLO@(R) < Gy,
with p > 2, and assume that there exists k > 0 such that
(2.13) Imnéi)ngo I1—Ke(8)| >k and Imnéi)ngo 11— Ks(&)| > k.
Let us assume that the initial perturbation ° satisfies
max 1(0)" 0 7" (2, )| e < Cimyos
for some v > 2, and where
m =95+ %p,

with
p=max{k>1 92,0°0,0)=0, V1 <|o|<k}.

Then, if r¥ satisfies the orthogonality condition

(2.14) S [ Cia))@)da =0,

x€{%,0} I
there exists C > 0 such that for all t > 0
C C
CH| < ———— d |Sit)| < —.
OO0 < s o 1901 < g,

We shall call assumption (2.13) the Penrose criterion, by analogy with the stability conditions
of the same name in the homogeneous case.

Let us remark that the orthogonality condition (2.14) is propagated by the flow of the linear
equation (2.7) and therefore natural to impose. Indeed by using the action-angle variables given
by Theorem 2.1, we have that n = G(h) is in fact a function of h and hence of a only. Hence the
equation (2.7) in symplectic variables (6, a) can be written

Ohg = C(t){G(a), cos(z(0 + tw(a), a))} + S(E){G(a), sin(x(0 + tw(a),a))}
Since G(a) depends only on a, we get from the above equation that
Ogp(t,a) = 8t/ g (t,0,a)d0 =0, a€l, x¢€{x o}

T
7



As g§(t,a) = r§(t,a), this shows that that the orthogonality condition (2.14) is propagated along
the flow of (1.6).

As a corollary of Theorem 2.4, we get a scattering result for the solution g of (2.7) and the weak
convergence of r(t,z,v) = g(t,1v_¢(x,v)) the solution of (1.6) towards an asymptotic state ro(z,v)
that depends only on hg(z,v).

Corollary 2.5. Under the assumptions of Theorem 2.4 with p =0, we obtain that:

o There exists goo(x,v) and a constant C' such that when t — 400, we have

(2.15) lo(t) = gocllzy, < <f>

o There exists roo(z,v) that depends only on h, that is to say reo(x,v) = ri (h) for (x,v) € U,
and x € {&, 0}, such that for every test function ¢, we have that

/ r(t,x,v)p(x,v) dedv =400 / Too(x,v)p(x,v) dzdv.
TxR TxR

2.3. About the Penrose criterion. Written in this form, the Penrose criterion (2.13) is difficult
to check, but we can relate it to a more classical condition that was found in [32] or [3] to ensure
orbital stability of inhomogeneous stationary states in the nonlinear equation.

First we shall prove that the verification of Penrose criterion (2.13) at the frequency £ = 0 is
sufficient, by proving the following Theorem.

Theorem 2.6. Let n be a state defined by (1.4), and assume that G satisfies the regqularity assump-
tion (2.12). Assume moreover that G' <0 and

(2.16) 1—Ke(0)>0 and 1—Ks(0)>0.
Then the Penrose criterion (2.13) holds true.
Let us now define the following notion of stability (see also [3, 32]).

Definition 2.7. A state n(z,v) = G(ho(x,v)) defined by (1.4) is said to be linearly stable if
(2.17) 1+ G’ (ho(z,v)) cos?(z)dxdv — Z G’ (ho(a))Cg(a)*da > 0.
RxT se{+,0} Ju

For regular and decreasing profile G, we first show that this condition is equivalent to the previous
one:

Proposition 2.8. Let n be a state defined by (1.4). Assume that G satisfies the hypothesis (2.12),
and that G' < 0. Then (2.16) holds true if and only if n is stable in the sense of Definition 2.7.

Finally, we exhibit examples of stable stationary states given by Maxwell-Boltzmann distribution,
under some condition on the coefficients of the Gaussian:

Proposition 2.9. Let a > 0 and § > 0 such that o?p < %, then there exists My > 0 satisfying
(1.5) such that

n(x,v) = ae_ﬁ(é_MO Cos(m)) ,

is a stable stationary states in the sense of Definition 2.7.
8



2.4. Organization. In section 3, we collect and prove some results concerning Volterra integral
equations, and use them to prove the linear damping Theorem 2.4 by assuming Theorem (2.2)
giving the dispersive effect of the flow of the Pendulum. In section 4, we prove the scattering result
corollary 2.5. Section 5 is dedicated to the Penrose criterion, and we prove there Theorem 2.6
and Proposition 2.8. In section 6 we exhibit examples of inhomogeneous stationary states which
are stable in the sense of definition 2.7 and prove Proposition 2.9. Finally, section 7 contains all
the technical results that we shall need concerning angle-action variables, and we prove there the
dispersion Theorem 2.2.

3. PROOF OF THE LINEAR DAMPING THEOREM 2.4

We begin with the derivation of the Volterra equation (2.10). The proof then consists in showing
that the kernels K¢ and Kg have sufficient decay in time, which, with the Penrose criterion and a
Paley-Wiener argument will yield a control of the decay in time of C(t) and S(t) by the one of the
source terms Fg(t) and Fs(t), and the latter will be guaranteed by Theorem 2.2.

In all the remainder of the paper, we will often use the notation A < B to denote an inequality
of the form A < CB for some constant C' depending only on the assumptions made in the section
of the proof but not on A or B.

Proof of Proposition 2.3. Let us first prove (2.7). If r solves (1.6), the function g defined in
(2.6) satisfies

8tg(t7 T, U) = {Tv hO}(tv 1/}t(x7 U)) + {777 (b[r]} (t7 1/%(337 1))) - {T7 hO} (t7 wt(l‘? U))
= {n, dlg o v}t thu(z, v)).

Hence as 7 is invariant by the flow ¢, g solves

8tg(7f,l’,v) = { 777¢[9 ° ¢*t] o ¢t}(t7xvv)'

Since 9, preserves the volume,

olg 0 i) o vula,v) — /T _cos(X 0 () = )g(t. v y)dyc

= [ cos(Xoun(a0) - X(yw)gt, vy, w))dydu
TxR

cos(X o iy (x,v))C(t) + sin(X o ¢y (z,v))S(t),
with C(t) = Clg o ¢—¢] = Clr(t)] and S(t) = S[g o ¢¥—_¢] = S[r(t)], which proves (2.7).
We deduce that .

olt,2,0) =1°(@,) + [ C(5)n.cos (X0 6.} + S(s){n.sin (X0 ).

Using this formula and the fact that 1), preserves the Poisson bracket, we calculate that

c(t) = /T cos(X (g1 ). -1y )y = / cos(X(y, ))r(—y(y, w))dyduw

TxR

—i—/o C(S)/TX]RCOS(X){n,cos(Xows_t)}ds
+/0 S(S)/TX]RCOS(X){”’Sin(XO%t)}ds.

Note that the flow v, is reversible with respect to the transformation v(x,v) = (z, —v), that is we

have ¥, ov = —vo1_;. But as the Hamiltonian is even in x, the flow is also reversible with respect

to (x,v) — (—x,v). Hence the transformation u(x,v) := (—z, —v) satisfies ¥, o u = p o), and this

transformation preserves the Poisson bracket and is an isometry. Let us apply this to the last term
9



in the previous equation. We thus have for any o € R

/ cos(X){n,sin(X o ¢5)} = / cos(X o p){n,sin(Xov,)} ou
TxR

TxR

= / cos(X){n,sin(Xopot,)} = —/ cos(X){n,sin(X o 1,)} =0,
TxR TxR

as X oy = —X. For the same reason, we have

/ sin(X){n, cos(X o 1)} = 0.
TxR

Now using the identities no v =1 and X o v = X, and the evenness of the cosine function, we have

/ cos(X){n,cos(X ohs_¢)} = — / cos(X o v){n,cos(X oths_rov)}
TxR

TxR

= —/ cos(X){n,cos(Xo (—v)oth_s)} = —/ cos(X){n, cos(X o s_s)}.
TxR

TxR
Integrating by parts that last integral yields then

/ cos(X){n,cos(Xohs_4)} = cos(X o 1hy_s){n,cos(X)}.
TxR TxR

Using the oddness of the sine function, we have by similar manipulations

/ sin(X) {1, sin(X o ths_)} = — / sin(X o o) {1, sin(X)}.
TxR

TxR
This ends the proof. [ |

As a preliminary, we shall first use Theorem 2.2 in order to get the decay rates of the kernels.
We shall prove the following result.

Proposition 3.1. Let n(z,v) = G(ho(x,v)) with G a decreasing function that satisfies the assump-
tion (2.12) with pn > 2. Then there exist a constant C' such that

C C

3.1 Ke(t)| < —= d |Ks(t)| £ —.
(3.1) | C()|*<t>3 and | S()’*(tﬁ
Proof. In view of the expression (2.11) or K¢(t) we apply Theorem 2.2 with the functions f(z,v) =
{n,cos(X)} (x,v) and ¢ = cos(X(z,v)) for which we have p =1 and ¢ = 1. As we have that for all
x € {o, %},

. 1 (" .. w«(h)G'(h) [T
32 50 =5 [ 5ah,0),00 00 = D

o Og(cos(x(h,0)))dd = 0.

Theorem 2.2 then yields |K¢(t)] < ﬁ Concerning Ks(t), it suffices to apply Theorem 2.2 with
the functions {n, sin(X)} (z,v) and sin(X(z,v)). We have this time p = ¢ = 0, and S (h) = 0 for all
* € {o,£} (see (7.25) and (7.39)). Hence the application of Theorem 2.2 yields |Ks(t)| S # O

To study the coefficients C(t) and S(t), we shall use general results on Volterra integral equations
written under the form
(3.3) y(t) =K xy(t)+F(t), teR

where K, y, F' vanish for ¢t < 0. Let us first recall the following Paley-Wiener result on Volterra
integral equations (Theorem 4.1 of [25], see also [21, 35]).

Lemma 3.2 (Paley-Wiener). Assume that K € L*(R) is such that
min |1 — K(&)| > .

Im(§)<0
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Then there exists a unique resolvent kernel R € L*(R.) which vanishes for t <0 such that
(3.4) R(t) = —K(t) + K * R(t).
Note that using R, the solution of (3.3) can be written as
(3.5) y(t) = F(t) — R* F(t).
We shall then use the following corollary.

Corollary 3.3. Under the assumptions of Lemma 3.2, the following holds:
i) There exists C > 0 such that

(3.6) [yl < ClIF||e.
ii) If (t)2K € L™ and (t)>F € L, then there exists C > 0 such that
[(&)yllze < (> F | pee.
iii) If (t)3K € L™ and (t)°F € L™ for a € [2,3] , then
1Oyl < Ol F[ Lo

Proof. To get i) it suffices to use (3.5) and the Young inequality.
Let us prove ii). We first observe that

N
(ST

téy(t):K*(t%yH/o (t2 — s2)K(t — s)y(s)ds + t2 F.

By using i), we obtain that

1 1 1
—s2)|[K(t = s)|ds + [|(t)> Fl[ < [[{6)> F Lo

NI

t
1
(67 lbylli= S ol sup / (t
0

Next, we can write that

ty(t) = K * (ty) —i—/o (t% - sé)K(t —3) s%y(s) ds +t§/0 (t% -8

Consequently, by using i) and the assumptions on K, we obtain that

t(t—s)z )
oo < 2 oo
eyl  sup ( | =) 1ol
+ sup (t
t
and by (3.7),

(3.8) ltyllzee S N F || Loo-
Note that we have used that

L [T(t—s)z 1 1t 51
t2/ 5 —1ds < 3/ 1ds—i—/ +ds S 1.
o E=9) ()2 T (t)2 g (s)z 0 (t—s)2

We then estimate t?y, and for that we write

[SIE

VK (t — s)y(s)ds + tF.

D=

Pt—s)2 1 A
/0 {t—s)2 <3>§d8> lt2y||Loe + [ () F'|| oo

t2y:K*t2y+Fg
11



where by similar manipulations as above, the source term F may be estimated as follows
1 1 1 3
Bl 5 3 ((FKD) « () + (OFIK]) « (()5l1)
1 1 3 1
(KD« (1)) + 6 ((FIK]) « (y) + 2.
By using again i) and (3.7), and similar arguments as above, we obtain that

3
[Eyllzee S 2yl + 1) Fllze.

To conclude, we can use first the interpolation inequality

3 1 1
1) 2yl e S Y F< () Yll7 o -
Then we apply the Young inequality: for any § > 0,

[{8)yllze , Sl yllr=-
26 2

1 1
IO YII7 < 18)yl 7o <

Choosing § small enough, we conclude that
[yl e S UYL + () Fll =

and the result follows by using (3.8).
To prove iii), we can use the same arguments. We first write

ty = K x (ty) + F}
with
Fi(t) = tF + (tK) * y.
Since tK € L', we get by using (3.6) that
[tyllzoe S 11z S ([ (E)F | oo
Next, we write
try=Kxt’y+Fy, Fy=(tK)x*ty+tF'
and by Young’s inequality
1Follzee S MK palltyll oo + 12 Fllzee + [[0((EK) % )z S EF || poe + [[2F || e + [E((LK) * y)|| o

It remains to see that

t
(05) ] S [ s 0wl S Zrllevlos,
such that
1F2 ]| o S (> F e
We conclude by using again (3.6) that
[yl zee S N18)2F | poe.
3y is estimated in the same way as above. 0

We shall then apply the Corollary to the two Volterra equations (2.10) to prove Theorem 2.4,
starting with the one satisfied by C(t). Note that by using Proposition 3.1, and the Penrose criterion
(2.13), we get that the kernel Kz matches the assumptions of Corollary 3.3 iii). To estimate F¢(t)
given by (2.11), we can apply Theorem 2.2 (using the orthogonality condition (2.14)) with the
functions ¢ = cos(X(x,v)) and f = 7%(x,v), for which we have p > 0 and ¢ = 1. Now without
further assumptions this implies that Fg(t) < # with a = #.
Corollary 3.3 to the first Volterra equation of (2.10) yields the estimate on C(¢) claimed in Theorem
2.4.

Therefore the application of

12



In the case of the second Volterra equation of (2.10), satisfied by S(t), we estimate Fs(t) given
in (2.11) by using Theorem 2.2 with the functions ¢ = sin(X(z,v)) and f = r%(z,v) for which we
have p > 0 and ¢ = 0. This yields the estimate |Fs(t)| < # with o = 24+ L. As the kernel K
falls under the scope of Corollary 3.3 ii), the estimate on S(t) claimed in Theorem 2.4 follows.

4. PROOF OF THE SCATTERING RESULT COROLLARY 2.5

Let us first study the asymptotic behavior of g, and define goo(z,v) by

+oo
(4.1)  goo(z,v) = 72z, v) + /0 <C(s) {n,cos(X)} o vs(x,v) + S(s) {n,sin(X)} o 1s(z, v)) ds.

Note that the above integral is convergent in Lclc,v‘ Indeed, by using that 15 is measure preserving

and Theorem 2.4 giving decay estimates for C(s) and S(s) we get that
. 1
1C(s) {n; cos(X)} 0 s (2, v) + S(s) {n, sin(X)} o s (z, 0)[ 11 | S I5Ek
As

gt z,v) = Oz, v) + /0 (C(s) {0, cos(X)} 0 s (2, v) + S(s) {n,sin(X)}o¢s(az,v)> ds,

this also yields that
oo 1
(42) lo) = gllis, S [ oz ds S g
e o (s)? (t)
which proves the first part of the statement. Now, let us study the weak convergence of r (¢, x,v).
Let us observe that for every test function ¢(x,v), we have by volume preservation that

/ r(t,x,v)p(x,v) dedv = / g(t, z,v)p(Y(z,v))daxdv
TxR

TxR

_ /TXRgOO(x,U)¢(¢t(x,v))dxdu +O <<tl>> — I(t) + +O <<1>> .

By using the expression (4.1), and the fact that )4 is invertible and preserves the volume, we obtain
that

+oo
(4.3) I(t) :/EXRTO(x,U)(ﬁ(wt(%,U))d%dU+/0 (C(s)/TX]R{n,cos(X)}(ﬁ(wt_s(a:,v))dxdv

—|—S(s)/TXR{n,sin(X)}qﬁ(l/Jt_s(x,v))dxdv) ds.

Now, thanks to Theorem 2.2, we obtain that

0
/TPX]RT (z,v) (e (x,v))dedv =400 Z

xc{+t,0}

/ (0% (@)% (a)da = / oo (2, 0) (2, v) v,
« TxR

with ro(z,v) the angle average of r%(6, a),

Too(,v) = (r0)5(h) ! /(_ )ro(x(ﬁ, h),v(0,h))d0, he€ I, x¢€ {£,o}.

T 2r

Next, we observe that {7, cos(X)}§ = {n,sin(X)}§ = 0. Consequently, by using again Theorem 2.2,
we obtain that

[ ncost1o(uno(e, ) dode| +
TxR

[ nsin()o(0is(.)) dade| €
TxR

13
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Consequently, we find that

/0+°° (C(s)/TXR{n, cos(X)}¢(1/Jt—s)da:dv+S(s)/TX]R{n,sin(X)}gb(z/;t_s)dmdv) ds

too 1 1 1
[ raEesar

and using (4.3) this concludes the proof of corollary 2.5.

5. PENROSE CONDITION: PROOFS OF THEOREM 2.6 AND PROPOSITION 2.8

5.1. Proof of Theorem 2.6. Let us start with the study of K¢ (see (2.11)). With the assumption
on the profile function G, Proposition 3.1 shows that K¢ € L'(R;) N L?(R,). We have

1 [ ; 1 >
Ke(€) = 277/ Ke(t)etdt = o /T R/O e{n, cos(X)} cos(X o 1 )dxdudt,
—0o0 X

which defines a continuous function on the set {{ € C| Im(§) < 0} holomorphic on the set
{Im(&) < 0}.

(i) As & cos(X o) = {cos(X), ho} o ¢, for £ # 0, we have after integration by part and using
estimate (3.1)

Ke(§) = ! L

——Ke(0) — —— “5/ X X, h dzdvdt.

e Ke0 = g [ e [ {n.cos(X}oos X, o icdady

To analyze the second term, we can use Theorem 2.2 with the functions f = {n,cos(X)} and
¢ = {cos X, hp} = —sin(z)v for which we have p = ¢ = 1. As noted in (3.2) the average fo(a)
vanishes and hence the integrand is O(#) by using Theorem 2.2. This shows that for {Im(£) < 0}

and £ # 0 we have X
[Ke(9) S I3

Hence there exists B > 0 such that for |¢| > B, |1 — K¢(€)| > 3.
(ii) Moreover, as 7 = G(hg), and as hy is invariant by the flow, we have that

Ke(t) = ]l{t>0}/T IRG’(ho) cos(X){ho, cos(X)} o ¢p_ydadv

d d
]l{tZO}a on G'(ho) cos(X) cos(X 0 1h_y)dzdv = Lggy an(t),
with

Qc(t) = G (ho) cos(X o 1) cos(X)dzdv — Q.
TxR
where

Q= Y | G(h(a))C5(a)da,
xc{%,0} I
where C§(a) € R is given in (2.5) (see (7.24) and (7.38) for explicit expressions). By applying
Theorem (2.2) with the functions f = G(hy)cos X and ¢ = cos X, we obtain with this definition
of QQy that

Hence we can write

R +00 . +o00 .
Ke(€) = /O e*’tfch(t)dt:—Qc(O)Jrz{ /O e Qe (t)dt,



where by the previous estimate the time integral is well defined and uniformly bounded in {Im(&) <
0}. The assumption (2.16) can actually be restated as

1— Ke(0) =14 Qc(0) = kg > 0.

Hence, by continuity, there exists A > 0 such that for || < A, we will have |1 — K¢ (€)] > =
(iii) Now let us express Q¢(t) in action-angle variables. We have

Qc(t) = —Qo+— > / G(ho( )) cos(X o 1 (6, a)) cos(z(6, a))dbda

*e{o +}

By using for (6, a) € J, x (—m, ) the identity ¢;(0,a) = 0 + tw.(a) and the Fourier expansion (2.5)
for the cosine function, and by definition of Qg we infer that

Qct) = —Qo+— >y / Ci(a)Cp (a)et (@) (t+040 4,

T eforty e Jxx(—mm)

_ Z Z/ G/ ‘C* ’2 'Lt&u*(a

*€{%,0} £#0

Now we calculate that for Im(§) < 0,

Ke(§) = —Qe(0)+ > Z G, (ho(a |C§(a)’2§_€i<a)da
x€{+t,0} £#0 *
’ 3
_ & (ho(a))|C (@) [ ——— —1) da
*E{Zio} E#ZO / 0(a))IC% ( — bw(a) )
’ lwy(a)
_ & (ho(a))|Cs (@) 2 [ —22Y) ) 44,
*e%::o} g; / ol ¢ ( — &u*(a))

Hence we have for £ = v+ i7 with 7 <0,

Refet€)= 30 3 [ @lhota |c;(a)|2(”‘ew*(“))ew*(“))da

x€{+£,0} £#0 h/ - &u*(a)]Q + 72

For a given —7 € [A, B], as G’ < 0 we have that

, ./ 12 Puw,(a)?
hmReKc Z Z G (ho(a))|Cy (a)l W da
xe{£,0} L0 -
Z Z G’ (ho(a))|CF (a)|* = —Qc(0)
«€{£,0} L#£0

By uniform continuity, this implies that there exists €9 such that for |y| < € and —7 € [A, B], we
have [1 — K¢(§)| > 5.
15



(iv) With the same notation as before, we calculate that

m ! (a)|? 0w, (a !
(5.1) I KC *e%;o}% G'(ho(a))|Cy (a)|"Tlws( )(7_&0*(&))24_7_2
/ 1 1
- > Z/ G/ (ho(@))|CF (@) 7t (@) <(7—&u*(a))2+72 B (7+&u*(a))2+72>da

x€{%,0} £>0

— T ' (2w ()2 1 |
= —4y *G%E:O} G'(ho(a))|Cy(a)|["t*ws(a) <((7—€w*(a))2+T2)((7+€w*(a))2+7—2)>

£>0

The coefficients €} (a) explicitly given in section 7 are non-zero everywhere (see Propositions 7.5
and 7.12), and hence the previous term does not vanish when v # 0 and 7 # 0. By combining with
the previous results, this shows that for all & > 0, there exists x(¢) > 0 such that | 1— K¢ (€)] > k(e)
except possibily if —7 < e and || € [4,2B].

(iv) To conclude, we thus need to study the limit 7 — 0 for |y| € [%,23]. By symmetry, we
can only consider the case v > 0 and we know that in this case Im Kc(f ) < 0 is a sum of negative
terms. In the first sum (5.1) giving the expression Im K¢ (€), we have that for £ < 0, v — fw,(a) > .
Hence for a fixed v € [%, 2B] the limit of the corresponding terms when 7 — 0 is 0 and the only
contribution comes from terms for which ¢ > 0.

We shall use the fact that d,w. does not vanish on each chart U, (see Remarks 7.3 and 7.10 in
Section 7).

Let us consider the upper exterior of the eye, i.e. * = 4. We make in the integral on J; the
change of variable u = fwy(a) — . Hence when a € J; = (%\/ﬁoﬂ—oo), we have u € (—v, +00)
by using the formula of Proposition 7.2. Hence we have for £ > 0,

+oo U T
| @) @t @) e = [ B
Foo T|u
== [ A au = et D)+ e 1),
where
(5.2 Fro) = o @ oy )1 (@7 @)

[0ac (Wi (v)]
Note that in view of (7.24), for all ¢, the coefficient C;/ are non zero, then we have for some ¢y that
for all v € [g, 2B, Fﬂ%) < —kj1. As all the terms in (5.1) are non positive, we have

N " ,‘{1
m Re(©) < 71" () + Ry (I71) < =5
for —7 < e small enough. By combination with the previous item, this concludes the proof for

Kc(8).

Now we consider the case of Ks. The proof for ¢ () is entirely similar, once we have noticed
that

d
Ks(t) = Ks(t) = ﬂ{tzo}aQs(t)
with an expansion in action-angle variables

) =—2 Z Z/ G’ (ho(a))|S; (a)|? cos(tbw.(a))da.

x€{+£,0} £>0
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The argument is then identical as for the case of K¢, since the coefficients Sj(a) are non-zero
everywhere (see Propositions 7.5 and 7.12).

5.2. Proof of Proposition 2.8. In the case of K¢, we saw in the previous proof that
1—Ke(0)>0< 1+Qc(0) >0,
with

)=2 Y Z G’ (ho(a))|C; (a)|? cos(tlw,(a))da.

x€{+,0} £>0

Now we can use Parseval’s identity

Ci(a 2_ 1 cos?(z(0,a))do
S i@ =5 [ ettt

LeZ,
to write that

= ) Z G’ (ho(a))|C; (a)|>da

*G{j: o} £#0
Z / G’ (ho(a)) cos®(2(6, a))dfda — Z G’ (ho(a))|C§ (a)|*da
*G{j: o} Jrx(=mm) x€{+,0}

= G (ho(x,v)) cos®(z)dadv — Y G’ (ho(a))|C¢ (a)|*da,
TxR se{+£,0}
where we have also used area preservation. Hence the condition 1+ Q¢(0) > 0 is equivalent to the
condition (2.17) of Definition 2.7. This proves the result in the case of K.
Now in the case of Kg, we saw in the previous proof that
1-Ks(0)>0e 14+ Qs(0) >0,
with
=-2 > Z G’ (ho(a))|S; (a)|? cos(tlw(a))da.
x€{%,0} £>0
Using Parseval’s formula as previously, and as Sj(a) = 0 on each chart, we obtain this time that
1+Qs(0)>0&1— G’ (ho(z,v)) sin?(z)dzdv > 0,
TxR

which is guaranteed by the assumption G’ < 0.

6. EXAMPLES OF STABLE STATIONARY STATES

In this section we study the existence of stationary states of the kind (1.4), and exhibit examples
of such states that satisfy the stability hypothesis (2.7). Let us first make the following comments
on the stationary states considered in the introduction. Stationary solutions of (1.1), are functions
n(z,v) satisfying {n, H[n]} = 0. As for all smooth functions G : R — R and H : R? —» R we
have {G(H),H} = G'(H){H, H} = 0, stationary states can be constructed by finding a function
G : R — R and a function 1 smooth enough such that the n(z,v) = G (H[n|(z,v)). Note that for
such function, we have

Hn| = — — C[n] cos(z) — S[n] sin(z) = My cos(x — xg),



where My > 0 and z( are real constants attached to the stationary state such that Mye™®0 =
C[n] + iS[n]. As (1.1) is invariant by translation x — z + x¢ we can consider the case zo = 0 (i.e.
My = C[n] and S[n] = 0), and any solutions must satisfy (1.5) for this number Mj.

Conversely all functions n(z,v) = G(% — My cos(x))) with My, called the magnetization of 7,
satisfying (1.5) defines a stationary states.

6.1. Sufficient conditions of existence and stability. The following Proposition provides a
sufficient condition on the function G such that an inhomogeneous state of the kind (1.4) exists.

Proposition 6.1. Let G : [—e,+oo[— Ry be a C! function such that G,G' € L'([—e, +00]).
Assume that there exists ¢ > 0 such that

(6.1) / G <U2 — Ccos(m)) cos(z)dzdv > (,
TxR \ 2
and that
! 12 2
(6.2) 1+ /TX]RG ( 5 ) cos”(z)dxdv > 0.

Then there exists a solution My > 0 to the equation
2
My = / G <U — My cos(x)) cos(z)dzdv.
TxR 2

In particular, n(z,v) = G (% — My cos(:v)) is an inhomogeneous stationary solution of (1.1).

Proof. Consider the function

F(z) = /T G (”22 - zcos(a:)) cos(z)dzdo — ».

We have F(0) = 0 (as the cosine function has average 0 on (—m, 7)), and the hypothesis imply
that F({) > 0 and F’(0) < 0. Hence either F({) = 0 and the proof is done, or F(¢) > 0, and the
intermediary value Theorem shows that there exists My € (0, () such that F'(My) = 0. O

The next Proposition gives a sufficient condition to fulfill the stability assumption of definition
2.7, which is moreover independent of the angle-action variables.

Proposition 6.2. Let G : [—e, +oo[— Ry be a C! function such that G,G’ € L'([—e, +o0]), and
n be defined by (1.4) with My > 0. Assume that G' < 0, and that n = G(hg) satisfies

2
cos(z)G' (ho(z,v))dzdy
1+ G’ (ho(z,v)) cos?(z)dxdv — </TX]R >

TxR G’ (ho(z,v))dzdv
TxR

> 0.

Then n is stable in the sense of definition 2.7.

Proof. By using the symplectic variable (6, a), we have

</ COS(x)G/(ho(x,v))dwdv>2 Z C5(a)G'(ho(a))da
TxR

xefo,x}

G’ (ho(z,v))dzdv Z G'(ho(a))da

TxR sc{o+} Jx
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Hence it is enough to check that

(6.3)
2 —1
> G h@yac (Y [ G@cmaa) | 3 [ @nofa)a
xc{o, £} x€{o, £} x€{o,%}
Now for * € {o,+}, we define on J, a function
-1
Fla)=| > G’ (ho(a))da |  G'(ho(a)) >0,

x€{o,+}

which is positive, since G’ < 0 and of global integral 1. The Cauchy-Schwarz inequality implies
then that for all x € {o, £}

2
> Fla)da | < ) Ci(a)*F(a)da.

x€{o,+} x€{o, £} T
Multiplying both sides of the inequality by the real number »_, (o4} [/, G b (a))da which is
negative we obtain that (6.3) is true, and the proof is done. O

6.2. Example of stable stationary states: Maxwell-Boltzmann distributions. Here we
study the case where the function G is an exponential. As we consider averages of G against cosine
functions, we introduce the modified Bessel functions of the first kind:

1 s
I,(z) = / ¢* () cos(nz)dx = / %) cos(nz)dz.
T Jo T
We shall use the following assymptotics (see formulae 9.6.10 and 9.7.1 of [1]):
Z\" | 1 22
(64) ()=(3) [n! T ima TO )] when 2 =0,

(6.5) In(2) = <\/‘;’?Z> {1 - 4”;_ Lo (;)} when 2 — +00.

We shall also use the following result
Proposition 6.3 ([30]). For alln € N and z € R, we have
I I, 1)2 + 22 — 1
z n(?) <Vz2+n? and +1(2) > (n+1)°+22—(n+ )
In(z) In(z) z

We shall prove the following result, which shows there exists inhomogeneous Maxwell-Boltzmann
distributions

n(z,v) = ae o)

that are stationary solutions of (1.1) of the kind (1.4) (see also [19]).

Proposition 6.4. Let o, f € R, and G(s) = ae™P%. Then if a\/B < \/%, G satisfies the conditions
(6.1) and (6.2).

Proof. We have for any z > 0

2 v : [2
/ G <U — zcos(a:)) cos(z)dxdv = a/ e P77 P75 cos(z)dad = a 111(62),
TxR  \ 2 TxR p
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and (6.1) is clearly guaranteed by (6.5) for z sufficiently large.
Using the first formula of (7.10)

1+ /TXRG’ <v22> cos?(z)dadv = 1 — ay/BV2r [10(0)212(0)} =1- a\/B\/sTT.
_2
Wors

Now we shall prove that the inhomogeneous states given by Proposition 6.4 are stable in the
sense of definition 2.7

That last quantity is positive when a+/8 < and this concludes the proof. O

Proposition 6.5. Let n be a stationary solution of (1.1) given by

n(z,v) = ae_’g(g_Mo cos(a) ).

with a, 8, My € R, ay/B < \/%, and My given by Proposition 6.1, and satisfying

’U2
(6.6) My = a/ 6_6(7_M0 Cos(x)> cos(x)dzdv.
TxR

Then n is stable in the sense of definition 2.7.

Proof. We shall prove that the assumptions of Proposition 6.2 are fulfilled, which will imply the
result. First, we have

02
G’ (ho(z,v)) cos?(z)dzdv = —af e~ P7 ePMocos(®) 052 (z)dadv
RxT TxR

p—yvi
_ —Oz\/,E(Q 2)1 i [Lo(BMo) + 12(8My)],

using the first formula of (7.10). Then have also

2
/ cos(z)G' (ho(z,v))dvdz = —af3 cos(z)e™ T Moeos@) qudy = —a/B(2m) /211 (M)
TxR

TxR
and
G (ho(x,v))dvdz = —an/B(2m) 2 Iy (BMy).
TxR

Hence, by Proposition 6.2, it is sufficient to verify that

a 1(BMy)?

1= OB (0112 1y (830y) + B(83)] + /Bl 2O g
2 Io(BMy)

Note that

I1o(BMo) + I2(BMo) = 211 (B M)
Moreover, M satisfies (6.6) which can be written

2m s ; M,
My = “\/g h(8Mo) - which impliesar/B = oot s

Hence it is sufficient to show that
_ BMli(BMo) | BMoli(8Mo)

! I (BMy) Io(BMp)

> 0.

But Proposition 6.3 implies that

BMoIi(BMo) BMoI;(8Mp)
W> V1+ (BMy)2—1 and —W>—M1+(5M0)2.
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Hence

_ BMoli(BMo) | BMoli(8Mo)
I (8 M) Io(BMy)

and the proof is done. O

1

> 0,

7. ACTION-ANGLE VARIABLES

In this section we shall recall how angle-action variables are constructed on each chart U,. It will
involve elliptic integrals and Jacobi’s elliptic functions, whose definitions and main properties are
summarized in the following subsection.

7.1. Elliptic integrals, elliptic functions, and elliptic trigonometry. For £ € (0,1) and
¢ € (—m/2,7/2), we define the incomplete elliptic integrals by

¢ ¢
E(gb,k:):/o V1 —k2sin(y)dy and F(gb,k):/o ;dy

1 — k2 sin(y)

and the complete elliptic integrals by

Ek) =E (g k) and K(k)=F (g k) .

We will use the following standard notations: The complementarity modulus &' = v/1 — k2, K'(k) =
K (k") and Jacobi’s nome

q(k) = exp(—mK'(k)/ K (k).
We collect below some useful results for these functions.
Proposition 7.1. The functions E(z), K(z) and q(z) extend as analytic functions of 2% for |z| < 1,
satisfying E(0) = K(0) = § and q(0) = 0, and we have

1
E(z) ~ T (1 - 22) when z — 0,

2 4
(7.1) K(z) ~ g <1 + 122> when z — 0,
22
q(z) ~ 16 when z — 0.

Moreover, these functions have logarithmic singularities in z = 1:

1
E(z)~1—=-(1—-2)log(1—2) when z—1,

2
1
(7.2) K(z) ~ —3 log(l —2) when 2z —1,
2
~ 1 —_—— 1.
q(z) + Tog(1=2) when z —
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More precisely, for all n > 1 there exists constants C, such that

11— 2)" 02 B (z)
I(1 = 2)" 2 K(2)

||Loo(%71) é Cm

||Loc(%71) S Cn7

1
_ N\2707 _ . \nAan
(73) 10g(1 Z) (1 Z) az (K(Z)) Loo(%J) S C’n’
[log(1 — 2)?(1 — z)nagq(z)um(%’l) < Ch,
1
1— )"0 ———~ < Ch.
'( % (1—61(2)) Lo(3,1)

Proof. The statements of (7.1), (7.2) and (7.3) concerning E(z) and K(z) are consequences of
the power series expansions (900.00) and (900.05) of [12] for the function K(z), and (900.07) and
(900.10) for the function E(z) . In particular, near z = 1, we have

K (z) = log(4/2") K1(2') + K»(2)

where K7 and K» are smooth functions of (2/)?2 = 1 — 22 and K;(0) = 1. In other words, we have
for z € (1/2,1),

K(z2) =log(1 —2)A(z) + B(z) >0

with A and B smooth functions of z? and A(1) = —3. The estimates on 1/K(z) follow from this
formula.

The first statement (7.1) concerning the function ¢(z) is a consequence of formula (900.05) of [12].
The second (7.2) of the expansion

q(z) = eXp(—WK(M)/K(Z)) _ Z (—1)™ (WK(W)) |

= n! K(z)

that holds near z = 1. Note that as K (z) is an analytic function 22, K(v/1 — 22) is an analytic
function of z for |z| < 1 which is bounded as well as its derivatives in the vicinity of z = 1. This
completes the proof of (7.3). g

The Jacobi elliptic functions are then defined as follows: first, we define the amplitude am(u, k)
by the formula

(7.4) F(am(u, k), k) = u.

The first Jacobi elliptic function is then

(7.5) sn(u, k) = sin(am(u, k)).

The second and third Jacobi elliptic functions are defined by the formulae

en(u, k) = /1 —sn?(u, k) and dn(u, k) = /1 — k2sn2(u, k).
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We have the following Fourier series for these functions (see formulae (908.00)—(908.03) of [12]):

— q(k)m+1 . ™
mwk) = oge 2 Z (m + 1)(1 + (k)2 1) " ((m“)K(k‘))’

. 2r > Q(k)m_% T
(7.6) )= R 2, T gt <<2m ”2K<k>> |
7.6 .
B 2T > Q(k)m_% T
on(u, k) kK (k) mZ::l 1+ q(k)zn—1 7" <(2m - 1)2K(k‘)> ’

The following formulae will also be useful (see (2.14), (2.24) in [33)):
_ K(k)— E(k) = mq(k)™ U
) = Sy e 25 gt (" Gs)
(7.7) sn(u, k)en(u, k) >

2 > (2m —1)q(k)" "2 . u
sn(u, k)dn(u, k) k‘K k)2 Z 1+ q(k)2m—1 st <(2m_ 1)2K(k‘))

We shall also need the following elliptic trigonometry identities (see formulae 120.02, 122.00, 122.03

n [12])

sin

k?Kk?Z 1+q )2m

sn(—u, k) = —sn(u, k), cn(—u, k) =cn(u, k), dn(—u,k)=dn(u,k),

(7.8) sn(u+ K(k), k) =sn(K (k) —u, k), cn(u+ K(k), k) =k erll((z’ IZ))’

of which two straightforward consequences are the following equalities
(7.9) —sn(u — K(k),k) =sn(u+ K(k),k) and —cn(u— K(k),k)=cn(u+ K(k),k).

Finally, we recall for completion some classical trigonometry identities which we often use: for a
real number z,

2cos?(z) = 1+ cos(2z), 2sin®(z) =1 —cos(22), sin(2z) = 2sin(z) cos(z),

arcsin(cos(z)) = V1 — 22.

7.2. Action-angle variables on U; or U_. We will use the following notations: e, = 1, and
€ = —1. The action-angle coordinates are constructed on Uy as follows.

(7.10)

Proposition 7.2. For x € {£}, there exists a symplectic change of variable (x,v) — (¢, h) from
U. to the set

= {(¢7h) € R27 |h € (MO,—i—oo), (CNS (—’l"*(h),’l"*(h))},
with

>, where  k(h) = ,
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such that the flow of the pendulum in the variables (1, h) is h(t) = h(0) and ¥(t) = t+(0). There
exists then a second symplectic change of variables (1, h) — (0,a) from V, to

W, = {(G,a) €R? |ac J, = (i Mo,+oo> , 0 € (—7r,7r)},
such that - %k(h)\/ﬁoE (k(lh)) . -

1 9
O, h) = w(h)y K (i)
and so that the flow of the pendulum in the variables (0, a) is a(t) = a(0) and 0(t) = tws(a) + 6(0).
Moreover, we can easily express x and v as functions of the variables (0, h) with the formulae

(7.11) 2(0,h) = e.2am (iK <I€(1h)> 0, k(lh)) ,
(7.12) v(0,h) = e2k(h)\/Mydn <7HK <k(1h)> 0, k(lh)) .

Remark 7.3. Note that we can check directly from the formulae that w.(h) is increasing, and as h
is a strictly increasing function of h (see(7.13)), we have that wy(a) is decreasing, and Oyws(a) > 0,
a€ J,.

Proof. The construction is classic by using generating functions. Setting h(x,v) = % — My cos(z),
we have on U,

v(z,h) = €\/2(h + My cos(z)).
Note that v(z, h) = 9,S(x, h), where

x x/2
S(x,h) = 6*/0 V2(h + My cos(y))dy = e.2v/2(h + Mg)/ \/1 - sin2(y)dy

= e dy/Mok(h) / WJ1- sin’ y = e,Ak(h \/7E< )

We define then the variable ¢ (z, h) by

Y(x,h) = 0pS(z,h) =

1 z 1
dy=e,———F | =, — | .

/ \/2 h +M0 cos(y)) Y k(h)v/ My (2 k(h)>
By construction, the variables (¢, h) are symplectic, and S is the mixed-variable generating function
(see formula (5.5) p197 of [26]). We have by the above formulae

. €x

P(t) = ¢(t) 0y (x(t), h(z(t),v(t))) = v(t =1,

() = OO0, 0(0) = V() e s

and the preservation of the hamiltonian reads h = 0, such that the flow associated with hg is in
these new variables ¢ (t) = 1, h(t) =
Setting now

e —
0 \/2(h+ Mpcos(y)) k(h)vMy ~ \k(h) )"

we have ¢ € [—r.(h),r«(h)], and the orbits of the flow are periodic with period 2r.(h), which is
unsatisfying for us. Thus the second step is to perform another transformation which shall force
all trajectories to evolve in a torus. If we define

(7.13) g.(h) = Tru(h) = 0

1
— dy = —a«(h) > 0,
7T/0 \/2(h+Mocos(y)) Y Oh (7)
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with

) = = [ VAT Mgty = k() VIR (k(lh)) ,

and set O(x, h) = -+~ (x, h), then for each * € {#}, the variables (6, a) belong to J, x (—m,7) and

g(h)
are symplectic. Moreover the flow reduces to
' (t) . . 1 1
7.14 0(t) = =ws(a) and a(t) =0, with wi(a«(h)) = = .
(T 0= Gy g ()= ) B h)

Note that we have

1 1
9 0) = VIR (k(h)) ’

which gives the formula for w, (h).
We can express z in terms of 6 and h using the formula

™

K<1>F (5w

0 = e,

k(h)
Using the definition of the first Jacobi elliptic function (7.4) and (7.5), we obtain

antt0.2) = con (16 () 0. )

2(0,h) = e.2am (iK <k(1h)> 0. k(lh)> .

and hence

Moreover, we have

v(0,h) = ex/2(h + Mo cos(z)) = e,/2(h + Mo)\/l — k:(llz)Q sin?(z(0, h)/2)
1 1 1
= o2/ (K (g5) 0.7 )
and this ends the proof. O

We consider now the asymptotics of these functions. Note that the variables (0, h) are not
symplectic, but we will use them to examine these asymptotics. Note moreover that the change
a(h) defined above allows to compute easily integrals in (6, h) by using da = g.(h)dh = ﬁ(h)dh.

Proposition 7.4. For x € {£}, the functions w.(h), (0, h) and v(0, h) are analytic for 0 € (—m,m)
and h € (My, +00).
The function w, exhibits the following asymptotic behavior wy(h) is stricly increasing and we have

2’/’(’\/ M()

1
log <(h—M0)>
and there exists constants, Cy, w, # 0 and o, # 0 such that for all r > 1,

H\/E [h= 54 Gfon(h) — w,]

(7.15) ws(h) ~V2h when h — +oo, and wy(h) ~ when h — Mg,

| <C,
Lo°(2M,+00)

|log(h — Mjg)? [log(h — Mo)?*(h — My)" Ow.(h) —
25

(7.16)

o] HLOO(MO,QMU) <G



The change of variable (h,8) — (x,v) satisfies the following estimates: for large h it converges

towards the "identity” in the sense that

x(0,h) ~ €0 when h— +o0,
(7.17)
v(0,h) ~ e V2h  when h — +oo.

More precisely, for r,s > 0 there exist constants C.. s such that
1173505 (6, h) — €.6) |

-1 T ar
(7.18) H\/ﬁ[h 2179 (6, h) — e*wr}

(—m,m)X(2Mp,+0)) < CTvS’

<C,, and

‘Lm((* ™)X (2Mo,+00))
<Cr,s~

for s>1, H\/E[h%”a;agv(e,h)} H

L ((—m,m)x (2Mo,+00))
Finally, we have for r,s > 1,
11(h — Moy [log(h — Mo)| 2025 2(0. ) — e0) | = (1 rromnzy < Cr

11k — Mo)|og(h — Mo) =075 (v(8. Al 1o (111 asozatey < Cro

<Crs and

for some constants C s, and

I log(h — Mo)|~*05(x(0, h) — <Cs

6*0) H L ((—m,m)x (Mo,2Mp) —

for s > 1 and some constant Cs.

Proof. We begin with the study of the function w,, and prove (7.15) and (7.16). When h — 400,
k(h) goes to +oo, and 1/k(h) goes to 0. Hence as K (z) extends near z ~ 0 as a smooth function
in 2% with K(0) = Z, we have that

wghy:”M vﬁh+ﬁm)<r+ﬂ(h+ﬂh>>

K (W)

where  is analytic in a neighborhood of 0. This shows that on (2Mp,+00), we have w.(h) =
V2h(1 + Q(1/h)) for some analytic function Q on (0, ﬁ) This gives the first asymptotic of
(7.15), and also the first estimate of (7.16).

When h — M, 1/k(h) goes to 1 and is smooth in a neighborhood of M. Moreover 1 — 1= ~

k(h)
ﬁ(h — My) when h — M. Asymptotics (7.2) show that

_ mk(h)v'Mo - W\/ﬁo 2

wi(h) = —F——
K(ﬁ%) —log(1 — 1))

from which we infer the asymptotics of w,. The second estimate of (7.16) is easily deduced using
the estimate on 1/K from (7.3), and also the fact that 1/k(h) is smooth on (Mp, 2M)).

Let us now study the functions z(6,h) and v(0,h). Using the expansions of (7.6), and the
expressions of z(6,h) and v(#, h) from Proposition 7.2, we write

o ALk (R
(6. = €0+ 6 3 o 1 o1 )

when h — M0+,

sin((m + 1)0)

and

m+1
o0 1) = euns (i (1+ Z 1+q11/;<:k ) +m+1) cos((m+1)9)) = w, (h)dpz(0, h).
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Note that by construction, x(6, h) is bounded for (0, h) € (—m,m) x (Mp, +00). It is then clear that
we have to consider and study the auxiliary function

a m+1

_ q i(m+1)8
m=0

This function is well defined for |¢| < 1 and when g — 0, we have
(7.20) R(0,q) ~ 4qe®.
Moreover, we have the estimate

(7.21) 10305 R(6,9) < Cps

0.8y

for all 7,5 > 0 and some constant C, 5. To prove this, note that as (1+2%)~! and its derivatives are
bounded near x = 0, we can write that
o0
agagR((Le) _ Z (m + l)r-i-s m+1—r z(m—l—l)GRr s( )
m>r—1
where R;’(q) < Crs for all m and ¢ € (0
q — 1, we have

(7.22) HR(0, Dl oo 1,y < 4 Z "< (1 - q)

We also want to estimate the derivatives of thls functlon. We can proceed as previously, and use
the fact that 2 — (1 4+ 22)~! is bounded as well as all its derivatives near = = 1, so that we can
write for r > 1 and s > 0;

,3). Estimate (7.21) follows easily. In addition, when

ORO.0) = Y (m+ 1) g R )
m>r—1
where Ry’ (q) < Cps for all m and ¢ € (3,1). We deduce that
T 0S CT',S
(7.23) HaqagR(G?Q)”Loo(%’l) < W7

for some constant C ;.
We can now study the asymptotic behaviors of (6, h) and v(0, h), starting with the case when
h — +o0. In this case 1/k(h) goes to 0, and ¢(1/k(h)) is a smooth function of 1/k(h)? = 2My/(h+

Mpy) — 0. As we have
z(0,a) = e, {9 + Im <R <€,q <l<:(1h)>>ﬂ ;

we deduce from then (7.20), (7.21) and the Faa di Bruno formula that
05 (x(0,h) — e.0) = O(h™"1)

uniformly in 6. The results for v are obtained from the previous result and the fact that v(h, ) =
Wi (h)Ogz(0, h) ~ ewi(h) ~ €xv/2h when h — 0. In other words asymptotics (7.17) and estimates
(7.18) are proved.

It remains to study the behaviors of x(0, h) and v(#,h) when h — M;". Using the properties of
1/(1 —q(z)) (see (7.2) and (7.3)) near z = 1, we obtain from (7.23)

r+s+1
10695 B(a(1/ k(7)) O oo (g 201y < €108 <h - M0> ’
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and moreover, from (7.3)

9pa(1/k(h)) = O ((h _1MO>T log(h i MO)Z) .

This shows that for s > 1,

s+1
03(2(0,h) — .0) = O <log (h _1MO> ) ,

and using the Faa di Bruno formula, we see that for s > 1 and r > 1,

0103 ((0,h) — e.0) = O ((h _1M0>r10g <h _1MO>H> |

As v(0,h) = wi(h)dpz(6,h), we deduce from the estimates on w,(h) that

. 1 T 1 5—3
6h89v(9,h)(’)<<h_MO> log <h—MO) ),

and this proves estimates (7.19). To conclude the proof, let us say that the analyticity of w.(h),
x(0,h) and v(0, h) stated in the Proposition follows from the analyticity properties of the special
functions stated at the beginning of section 7. g

Now let us consider a function f(z,v) that is continuous and its restriction f* to U.. We are
interested in the behavior of the Fourier coefficients (2.2) that by a slight abuse of notation, we will
also denote by

1

2
fe(n) = o~ ; F*(@(8,h), v(8, h))e "8

these coefficients in the variable h.
In the special cases where f is either the cosine or the sine function, we have the following explicit
expressions:

Proposition 7.5. For x € {£}, and (6,a) € J. x (=7, 7),
cos(z(f,a)) = Z Ci(a)e®  and sin(z(6,a)) = Z SHOERS

LeZ LET

with, in terms of the variable h,

1
Ci(h) =1—2k(h)? + 2k:(h)2E(k(h))
K (i)

(7.24) , ) n ( 1 >|€|

i) = 0%y = 2TE | ENL s

K () \1 = (st)
and
Se(h) =0
e

(7.25) or2k(h)? [ |fa (ﬁ)

Sp(h) = =524(h) = e.(—1)




Proof. Recall that we have

sin(2(0, h)/2) = eusn (iK <1€(1h)> 0, k(lh)> |

Hence using the expansion of sn? in (7.7) and the second formula of (7.10), we obtain

cos(2(6,h)) = 1 — 250> (iK (k(lh)> 4 k<1h)>

Formulae (7.24) follow easily. Moreover, we have

o= com (L (o 1),

Hence, using the third formula of (7.10), the definitions of the functions sn(u, k) and cn(u, k), and
the expansion of sn(u, k)cn(u, k) from (7.7), we infer

nle0.) = 2esm (;K (s ) 3) = (27 () 1)

_ o~ _ma(1/k(h)"
= 2. 1/l<: 221+q1/k — sin(m0).

Formulae (7.25) follow easily. O

For some smooth function f, we can estimate the generalized Fourier coefficients f;(a) in the
following way.

Proposition 7.6. Assume that f is a function satisfying

max {050 fll oo ) < Com

1M

for some m > 1 and u > 0. Then, we have for r + s < m.

orfi(h)=0 <|£1S (h—lj\%)rbg (h—1M0)8> when h — Mg

. 11

(7.26)

Proof. We have

PRI = o) [ RO 0,1 000, h)e 0

and using Faa di Bruno formula, the hypothesis on f, and (7.19), we infer that when h — MJ ,

i =0 (i (=) s (=) )

Moreover, by the same arguments, and using also (7.18), we obtain

T oLk 1 1
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From this result, we obtain the following;:

Proposition 7.7. Assume that f an ¢ are real functions satisfying

max ||(v)Hos
|| <m. ’

for somem >14+r, u>2 and M > 3+ r. Then we have for allt > 1,

too 1 C
dv — y(h)eo(h)——dh| < ————.
|, sttt a = [ 7 geim i < oG
Proof. Recall that for * € {+}, we have by formulae (2.3) and (2.4), and the identity (0, h) =

/ o (by(,0)) f (e, v)dodz = 3 / £ (b g(h)@itew*(h)w*l(h)dh.

. tez ¥ (Mo, +00)

We shall then integrate by parts with respect to h, using in particular the fact that dpw, does not
vanish on Ux. For £ # 0, we may thus define two operators Dy j and DZh acting on function G(h)
of h by

| G
DG = ——— d D),G=- .
G = g onG and DepG = =0, (M@hw*)

We shall in particular consider iterations of the operator D;Zrhv and use the special notation

G

(D/;)°G =
We have the following useful Lemma (whose proof is postponed to the end of the current one):
Lemma 7.8. For all0 < 3 <r+1,
(DL)? (i (W) (o (B)™) = O Ph12) when h— +ox,

and

1 m(B)
(DZh)B (fék(h)go*_g(h)w*(h)*l) =0 <£|5(h — My) log (h — M0> > when h — MJ‘,

for some integer m(3) > 0.

This Lemma says essentially that the singularities coming from f; and ¢* , at the separatix are
cancelled by the one of Opw,. This shows in particular that for all 0 < § < r 41,

Jim (D)7 (7 e (g () ahw];m) -0
i (D7) (£ (e s (hws () ) ahwtm) -0

and that
Cs

H(Dzh)ﬁ (f;(h)@té(h)w*(h)_l)‘ L1((Mg,+00)) S W7
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using also (7.16) and the hypothesis p > 2.
Integrating by parts r + 1 times while using Lemma 7.8, we have for £ # 0

i ittwo(ny_ A1 ittws (h)
Lo fie e T [ e D)

- % [—(DZh)O (fg(h)@ie(h)w*(h)_l) eiztw*(h)};ﬁ
+1/(MO - zftw* h)(D—r )(fg( ) ( ) (h)_l) dh,
1

_! / Dy (e MY (D],) (£ (o™ o(h)ws (h) 1) dh,
tJ (Mo, +o0)

— L zth ()T \r+1 -1
o [ OO (et By () )

such that
[ et men0Sisl < [T (e )|
(Mo, +00) wi(h)| ¢ ’ L1 ((Mo,+00))
CT+1
- tr+1|£‘r+1’
and summing in ¢ gives the result. O

Proof of [Lemma 7.8]. Let us first prove the estimate when h ~ M. We shall rather prove by
induction on 8 < r + 1 that

1 m(ﬁ)
(7.27) <Dzh>ﬁ(f;<h>sote<h>w*<h>1>=0<w\6<h—Mo>1og( ) )

h — My
and, if 8 <,

(7.28) (DL (£ () (s () ™!) = O (W o8 <h - Mo> > |

for some integers m(f3), n(p).
When 5 = 0, we have by Proposition 7.6, (7.15) and (7.16)
)

3
~(D)° (fE () p()eos(h) ) = W 0<<”‘M0”°g <<h—1M<)>> )

fE)@o(h) 0w (f7 (M)@r(R)) - 1
On (w*(h)ahw*(h)>_ s (R)Opws () + (fE(R)eLe(h)) O (w*(h)(‘)hw*(h)>

(e () )

For g > 1, if (7.27) and (7.28) hold at rank 8 — 1, then by using the formula

D/ )P (£ (h)e* y(R)ws ()"
(Dga)” (17 ()@= o(h)wa(h) ™) = —0n <( S (fiéhzuf)( o )>,
31
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and the estimate (7.16) for 9w, (h)~!, one easily proves (7.27) at rank 3. As long as 8 < r, one
deduces then (7.28) at rank § by writing that

—m(B)
log ( - _1M0> (D1)° (f (W) (e () ™) = O (10172 (h — M) )

which shows that

o (1 ! 7m(B)DT5 F(h)e* o(hwi(R)7Y) | = O(1¢7°
log (5= ) (DI (e ) ) ) = 0(172),

and gives the result.
The asymptotics when h — 400 are easier to obtain, as for any s < 8 < r + 1, Proposition 7.6
implies that

O (f7 (W)™ y(h)) = O(h™72),

% (aem) = o0

such that Leibniz’s formula yields the result. Note that the contribution |[¢|® comes obviously
from iterations of the operator DZh' [ |

while (7.16) shows that

7.3. Action-angle in U,. In this subsection we provide a rather complete description of the change
of variable in U,.

Proposition 7.9. There exists a symplectic change of variable (xz,v) — (¥, h) from U, to the set
‘/O = {(wa h‘) € R2> |h‘ € (_M()vMO)’ d) € (—T‘O(h),ro(h))},

with

2k(h) h + My

o(h) = K(k(h)), h k(h) =

o) = D Rk, ahere k(n) =112

such that the flow of the pendulum in the variable (¢, h) is h(t) = h(0) and ¥ (t) =t +(0). There
exists then a second symplectic change of variables (1, h) — (0,a) from Vs to

{(6,0) € R2,|a € J, = <0, im) 0e (—mml,

such that
a(h) = 8\/7TWO(E(k(h)) — (1= k(h)*) K (k(h))) with  wo(h) = ﬂ
¢ 2K (k(h))

9(1/)7 h) = wo(h)w

and so that the flow of the pendulum in the variables (6, a) is a(t) = a(0) and 6(t) = two(a(0))+1(0).
Moreover, we can easily express (x,v) as functions of the variables (0, h) with the formulae
. 2 T
(7.29) xz(6,h) = 2arcsin (k(h)sn (77 ( 2) Jk(h ))
2
(7.30) v(0,h) = 2k(h)\/Myen <K(k(h)) (9 + g) ,k(h)) .
T

Remark 7.10. Note that we can check directly from the formulae that wo(h) is decreasing, and as
h is a strictly increasing function of h (see(7.31)), wo(a) is decreasing, and Oy,w.(a) < 0, a € Js.
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Proof. In this case, we have h € (—My, My) and we can write
v(x, h) = ex\/2(h + My cos(z))

defined for h+ My cos(z) > 0, where e, = 1 if v > 0 and €, = —1 if v < 0. Using this representation,
both sets Uy + = U, N {v > 0} and U, — = U, N {v < 0} can be parametrized as

Usw = {(z,h) € T x (—Mo, M) |h>—Mycos(z)}
= {(z,h)|h x (=Mo, Mo),z € (—z0(h),z0(h))},
where xg(h) is the solution in [0, 7] of the equation h + My cos(zg(h)) = 0. Note that have
sin®(wo(h)/2) = k(h)*.
For x € (—xo(h),zo(h)), let us define O(x, h) € (—m/2,7/2) as the unique solution of
E(h)sin(©(z, h)) = sin(z/2).

This solution is well defined when = € (—zo(h), zo(h)) as k( 3 sin(§) € (0,1) in this interval. Note
that ©(0,h) = 0, O(—x9(h),h) = —5 and O(xg(h),h) = 5. Moreover, by taking the derivative
with respect to x, we have

k(h) cos(O(x, h))0,0(x, h) = %COS (x/2) = \/1 - 2sin(O(z, h))?.

In particular, we have

V1 sin?(6(z, h)) = zk(h)aj@(x, VI KPS )

Then we have
UO,* = {(.%', h’)’h € (_M07 MO)? @(l’, h) S (_ﬂ/27ﬂ—/2)}7
and we can define the generatrix function S(x,h) on U, by the formula

S(z,h) = e V2(h + My cos(y))dy
zo(h)

= / \/2 (h + Mp) — 4Mjysin®(y/2)dy

2
_ e2k(h A / sm y/
zo(h

= e2k(h J/ﬁ ¢Lﬂm

1
= e.2k(h)\/ M, 1 —sin?(0(y, h)) =—————0,0(y, h)d
(/Mo WM (O, 1)) gy -0 My

O(x,h) 1-— sin2(¢)
= e 4k(h)*/ M,
" ﬁ/ V1= k(h)?sin?(9)

Whence

S(a,h) = e.4y/Mo(E(O(x, h), k(h)) — E(k(h)))
— €43/ Mo (1 — k(1)) (F(O(x, h), k(h)) — K (k(R)).
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Note that this function is equal to zero on the axis {v = 0,z € [0, 7]} and has a discontinuity in
the axis {v =0,z € [-m,0]}. We can then define

Y(x,h) = ;hS(:c h)

x 1
= €4 dy
/ﬂco(h) \/Q(h + My cos(y))
1 z 1
= €4 0,0(x, h)d
VMo Jaon) /1 — k(h)2sin?(0(y, b)) (. h)dy

1
m(p(@(w, k(h)), k(R)) — K (k(R))),

where we used the fact that h + My cos(zg(h)) = 0.
On a period, we thus see that ¥ (x,h) € (—2K(k(h)) 2K(k(h))> . Hence the function

= 6*

Vil S
oM mEO@kh)kk) o«
“2K (k(h)) "2 K (k(h)) )

belongs to (—m, ), and is such that the point xg(h) correspond to the angle # = 0. The frequency
and action are then given by

wo(h) = 2;‘{%)) = gozh) and  ao(h) = 8*/77”(13@3(;@)) — (1 - K(h)) K (k(h)),
Ohao(h) = Sﬁm 4M01k(h) (OkE(k(h)) = (1 = k(h)*) 0 K (K(h) + 2k(h) K (k(h))
8vMy 1
(7.31) = = °4M0k(h) (k(h)K (k(h)) = go(h) > 0.

Using the properties of the elliptic functions, we have

O(2(0,h), h)) = esam <2K(k:(h)) (o+ eg) ,k(h)>

™

hence

(7.32) sin(2(0, h)/2) = e.k(h)sn (iK(k(h)) (e + eg) ,k(h)) .

Now using the first formula of (7.9) we see that the expression (7.32) does actually not depend on
the value of €* = +1, and thus

sin(x(6,h)/2) = k(h)sn <72TK(k(h)) (9 + g) ,k:(h)) ’
which yields
x(0,h) = 2 arcsin <k(h)sn <2

s

K (k(h)) (e + g) ,k(h))) .

Moreover, we have

v(0,h) = ex\/2(h + My cos(z(0,h)) = ex/2(h + MO)\/l —

— eov/2(h + Mo)y/1 — sin2(©(w(8, h). h) = e.2k(h) /My en <2K(k:(h)) (0+€3) ,k(h)) ,
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and using the second formula of (7.9), it yields

(8, h) = 2k(h)y/Mp cn (iK(k:(h)) (0+ g) ,k(h)) ,

and concludes the proof. ]
Proposition 7.11. The function ws(h), x(0,h) and v(0,h) are analytic for 0 € (—m,m) and h €
(= Moy, My).
The function we exhibits the following asymptotic behavior
v M
wo(h) ~ lﬂMO - when h — M,
(733) (_ Og( 0— ))

1
S(h) = /My — h+ M) when h— —Mo,
OJ() 0 8\/ﬁ0(+ 0) wnemn 0

and there exists constants, C,, w, with wy = 8\/11\70 and a # 0 such that for all r > 1,

)

[+ 320) sty =], <

|log(h — Mp)? [log(h — Mo)?(h — My)" Opwo(h) —

(7.34)
ar} HLOO(O,MO) < G

The change of variable (h,0) — (x,v) satisfies the following estimates: When h — — M it converges
towards the action-angle variable of the harmonic oscillator %(02 + Mox?) in the sense that

h + M,
x(0,h) ~ 24/ ;_Mo 0 cos(f) when h — —Mj,

(7.35) "
v(0,h) ~ =2/ My 2+M 0 sin(f#) when h — —Mj.
0
More precisely, for r,s > 0 there exist constants C. s such that
h+ M,
(h -+ Moy~ 20505 (0, 1) — 2 ;M " cos(6) <C..
0 )
(7.36) L ((—7r,7r)><(—M0,0))
h 4+ M;
(h+ Moy~ 30505 [0(0, h) + 2/ Moy ;M 2 sin(0)| < C..
0 L% (=m,m) X (— Mo,0))

Finally, we have for r,s > 1,
[1(Mo — h)"|log(Mo — )| ~**28],05 ((6, h))

||L°°((—7r,7r)><(O,MO) < Cr,s and

(750 Mo — h)"|log(Mo — h)|~**30495 (v (0, h
1Mo — B og(Mp — 1)~ 30500, = oy < Cro
for some constants C,. s, and
Iog(My — W3 (2(0. W) =+ o) < C

for s > 1 and some constant Cs.
Proof. Let us first prove (7.33) and (7.34), starting with the study of w, when h — M; . We have,
by using (7.2), that

/My 7w/ My

wo(h) = 2K (k(h)) - (—log(1 — k(h)))

and we obtain the result using
h—My My—nh
2M, 4My -

1—k(h)=1—4/1+
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This proves the first part of (7.33). Note that the second estimate of (7.34) follows from the
estimate on the function 1/K of (7.3), and the smoothness of k(h) in the vicinity h ~ Mj.

When h — —My, wo(h) is an analytic function of k(h)? = h;J\%O, and we have using (7.1)

o) = e = Mty = TR0 + O((h + Mo

_ ¢M_®z%m+Mm+mm+MW»

The first estimate of (7.34) follows easily.
Let us now study the functions x(6,h) and v(0,h). Using (7.6) and the expression (7.29) and
(7.30) of (6, h) and v(6, h), we obtain the expansions

dm N qlk(h)ma m
v(0,h) = \/MOK(k(h)) Z T+ qUe(h) 2 cos ((2m—|— 1) (H—i- 5))

m=0

and
sin(z(0, h)/2) = k(h)sn (K(k(h)) (0+ g) ,k(h)>

_m > qlk()™tE T
= RG] 2= T— gl 5 (em+1)(6+3))-

m=0

This, together with the fact that arcsin(z) ~ z is analytic in the vicinity of z = 0 and the expansions
(7.1), shows that v(0, h) and z(0, h) are analytic functions of \/h + My when h — —Mj, and that

0(8, 1) ~ 8/q(k(R)) /Mo cos (9 + g) ~ —2k(h) /Mo sin(8)
and
w(6,h) ~ 8/a(k(h)) sin (6 + g) ~ 2k(h) cos(0)

which yields asymptotics (7.35), and estimates (7.36) follow easily.
It remains to prove (7.37). The analysis is similar to what we did for Uy and U_, as we have

0(0.0) = v/ g s RO k(1)
with
00 m+% .
R(0,q) = Z Wcos ((2m+ 1) <9+ 5)) .

m=0
By doing an analysis similar to the one performed for U; and U_, we have

r+s+1
T QS
RO, sy < Co8 (375 )

Moreover (7.3) shows that

orq(k(h)) =0 ((Mol_ h>7“ log(Mi — h)2> ’

8’21{(;(11)) =0 <<M%:— h>T log(Mi - h)2> '

and




We deduce from these estimates that we have the same asymptotics as in the case of U} and U_:

- 1 T 1 s—3
(9h89v(9,h)—(’)<<h_M0> log <h—M0> )

Now we can perform a similar analysis for

sin(z(0, h)/2) = k(h)sn (iK (k(h)> >
= qlk(R))m3
) 2 T A

o (k(h))Z sin ((2m+ 1) (9—|— g))

I 1—¢ 1
1—g2mt+l 1 —¢g \1—¢g2mt! m+1 1—¢q

when ¢ € (%, 1). To obtain the conclusion for x(6,h), we just have to be careful as arcsin has
singularities in £1: recall that we have the expansion (see (4.4.41) in [1])

arcsin(z) = —1/2 4+ /2(1 + z) (Z (2n)>( e 5 (1+ x)”)

8n 2n+1

O

after noticing that

and

arcsin(z) = /2 — \/2(1 — x) <+§ — (2n)! na(l— m)”) :
= 8"(2n+1)(n!)

In our context, it will happen at the point +z¢(h) and the singularity will be of order /My — h.
However, this singularity is weaker than the other one coming from functions ¢(z) and K (z) in the
vicinity z ~ 1 (see (7.2)). This finishes the proof of (7.37). O

The Fourier expansion of cosine and sine functions are given by the following result:
Proposition 7.12. For (0,a) € (—m,m) X Jo,

cos(z Z C3(a)e™®®  and sin(z(6,a)) = Z S5 (a)e'?

LET. LEZ

with, in terms of the variable h,

i = 1425401
2 1

(7.38) C3i(h) = (_1)£|K(i(h))2 (1‘f|2((lj€((2))))2|£|> , L#0

C§f+l 07
and

S3e(h) =0

7.39 11722 (20 — Dalk(B))—3
T S =S = i (( et ) !
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Proof. Recall that we have

sin(z(0, h)/2) = k(h)sn <72TK(k(h)) (9 + g) ,k:(h)) .

By using the third formula of (7.10), the definition of the function dn(u, k) and the expansion of
sn(u, k)dn(u, k) in (7.7), we have

sin(z(0,h)) = 2sin(z(0, h)/2)\/1 —sin?(z(0, h)/2)

™

— 9k(h)sn <72TK(k(h)) (0+7) ,k:(h)> dn (iK(k:(h)) (0+7) ,k:(h)>

_ w2 00 (Qm — 1)q(k:(h))m—% . -
~ K(k(h)? z:: T+ q(k(m))2m—T 50 <(2m -1) <9+ 5)) 7

m=1

which yields (7.39).
Using now the first and fourth formulae of (7.10), and the expansion of sn?(u, k) from (7.7), we
obtain
. 2 T
cos(z(f,h)) = cos <2 arcsin <k(h)sn (K(k(h)) (0 + 5) ,k(h))))

™

~ 2cos? <arcsin (k(h)sn (iK(k:(h)) (0+7) ,k(h)))) 1

— 1 2k(h)%n? (iK(k(h)) (0+ g) ,k:(h)>

Ar® o~ mg(k(h)™
K(/{(h)) + K(k(h))2 mZ:1 1— Q(k(h))Qm COS(2m9 + mw),

which yields (7.38). O

= 1-2

As in the case of Uy we can establish estimates for general Fourier coefficients f° as follows:

Proposition 7.13. Assume that f is a function satisfying

(63
max 02,1 ) < O

o] <
for some m > p + 2, with p defined by

p=max{n >1, 9;,f(0,0) =0, Va, 1 < [a| < n}
(and with the convention that p = 0 if this set is empty). Then, as long as v+ s < m and
s+ p+ 2 <m, we have that for £ # 0,

v a1 1 N7 1\ )
(7.40) 8hfg(h)—0<’€‘s<h_MO) 1og(h_M0) ) when b — My,
and that
o 1 ptl pt2
(7.41) o) = g (0 (ot M)+ (bt Mo) T/ M) )

(p+2)—s,00

where ¢y is a number uniformly bounded in £ and r, € W™ uniformly in £.

Proof. The estimates near the separatix are exactly the same as in the case of Uy and U_. Let us
then focus on the asymptotic near h = —Mj. Taylor-expanding, we can always write that

f(z,v) = £(0,0) + F'(z,v) - (z,v) = £(0,0) + F(0,0) - (z,v) + F?(z,v) - (z,v)?
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where F!(z,v) is linear and F?(x,v) is bilinear. We may write for ¢ # 0 that

1

(742)  fi(a) = o /(_ )[Fl(o,o)‘(x,v)+F2(x(9,a),v(9,a))-(:U(G,a),v(e,a))(z)} e~ do.

We obtain then from Proposition 7.11 that U(6,a) = (z(6,a),v(0,a)) can be expanded when h is
near —M, as

U(@, CL) = Z an(e)(h + M())%,

n>1

where the functions a,, are smooth since (z(0,a),v(6,a)) is an analytic function of /h + My uni-
formly in 6. By plugging this expansion in (7.42) and by integrating by parts s times we get (7.41)
for p = 0. If p > 0, we just notice that by further Taylor expansion, we have

fz,v) = £(0,0) + FPT1(0,0) - (2,0)® 4+ FP2(z,v)(x,v) P,
where FP*!(z,v) is p + 1-linear and FP*2 p 4 2 linear. It suffices then to proceed as above. O
From this result, we obtain the following;:
Proposition 7.14. Assume that f an @ are real functions satisfying

[ < (67 <
22X 1020/ o7y < O and 2 IOl 1) < Cis

for some m > 0. Let p and q defined as

b= max{n > 1, ag,vf(oao) =0, Va, 1< |Oé| < ’I’L},
g = max{n > 1, 9%,6(0,0) = 0, Y, 1 < Jo] < n}.

Then, form25+p+%,M27+q+%, M > m+ 2, we have fort > 1

" et —Lan ¢
o o L < -
Mo 0 Y0 wo(h) - (1_{_t)p7+q+2

f(@,v)e(e(x,v))dv —
Us

Proof. We begin as in Proposition 7.7 and write that

My .
’ £z, 0)p(r(z,v))dzdy = Z% ™ fé’(h)w‘ie(h)eztewo(h)mdh.

By taking a smooth nonnegative function y(s) such that y =1 for s < ¢ and xy = 0 for s > 26 with
0 small enough, we can split the integral into

Mo o o itlw 1 Mo h+ M o o 1thw 1
| AT (et s dh = / y x( T ”) J2 ()2 () s h
— Mo o — Mo o
Mo h+M0)> i 1
+ 1- P (h)@® g(h)e e ——dh = I} + I}.
/—Mo< X( YA fe (h)@2 (h) oo () ¢t 1

As in the proof of Proposition 7.7, the idea is again to integrate by parts as long as we can, i.e. as
long as the contributions from the boundary points h ~ £ My vanish. The term I, 32 can be handled
as before for Uy and U_ : as pw, does not vanish, only the contribution at the separatix h ~ M
matters, and this yields a decay by (1 +¢)~" assuming enough regularity. As a matter of fact, we
just need to take m large enough in order to choose r > % + 2.
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We shall now focus on [ (1 which contains the contribution from the center h ~ —Mj. By using
Proposition 7.13, we can expand [ 41 under the form

1 Mo h+ M\ 1
I = Iﬂlséé/ (h+ Mp)" 2" x <+ °> gtwolh) _—__qp

— Mo MO Wo(h)
1M h+ M .
+ 6f / (h + Mo)lJr%X < + 0> fé( h + ]\4‘0)767,7f€o.)o(h)dhl7
[e1® S Mo wo(h)

where 7 is uniformly in ¢ in W™ P~2 (since we always assume that M is much bigger than m,
M > m + s), and where the constant ¢, is uniformly bounded in ¢. It is important to notice that
wo(h) and all its derivatives are non-zero smooth functions in | — My, ¢] for any ¢ € (0, My), so that
during the integration by parts, w, will not play any major part.

Let us first consider the case where p + ¢ is even, and write p + ¢ = 2k. Then the polynomial
contributions in (h + My) are (h + Mg)¥*! in the first integral and (h + MO)HH% in the second
integral above. We can thus integrate by parts k + 2 times in each of the two integrals (as in the
proof of Proposition 7.7), in order to obtain that

1 1
W (1+ t)k+2
Taking s = 2 and summing with respect to ¢, we get the result.
In the case p + ¢ = 2k + 1, the polynomial contributions in (h + My) are (h + Mo)k+% in the first
integral and (h+ Mp)**2 in the second integral. For the latter we can thus integrate by parts k -+ 3
times as previously to get a decay like 1/(1 + )3, which is 1/(1 + t)%‘%, and is already faster
than the expected decay. For the first integral, we can integrate by parts k£ 4+ 3 times, except for

the most singular term where we can integrate by parts only k + 2 times without boundary terms
to obtain integrals under the form

~ 1 Mo 1 h+M0 .
) — h+ My)~ 2 V(h + Mp)etwe(Mqp,
¢ (1+t)k+2|g|scf/Mo( + Mo) 2X< M, )X( + Mo)e

where Y is a smooth function. Next, since Opw, does not vanish, we can make the change of variable
u = wo(h) —wo(—Mjy). By observing that this allows to write h + My = uA(u) where A is smooth
and does not vanish (so in particular, we have that A(0) # 0), we can thus write

I} = ;Q /X i\ll(u)ei’%" du
C AR oy

TS

where W is smooth and compactly supported in [0, X). Taylor-expanding the function ¥, we obtain
that

fl — ;5 /X ieiwu du + ;5 /X u%@l(u)eitﬁu du
TR Sy (L 021" o ‘
For the second integral above, we can integrate by parts once to obtain an estimate by m.
To handle the first integral we use Lemma 7.15 below, which yields the decay

1/(1+t)k+2+s,
By noticing that k + 3 +2 = 252 4+ 2, we finally get the result. O
Lemma 7.15. Consider the integral

X 1 itu
I(t) = —e"" du.
0

1
uz
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Then we have that fort > 1,

| =

HOIpS

[N

t

Proof. Let us set v = tu in the integral, we obtain that

1 X1 11 1 X1
I(t) = 1/ 716“1 d'l} =0 716“) dU + -1 716“) dU
t2 Jo w2 tz Jo v2 t2 J1 w2

(assuming that ¢ is sufficiently large so that tX > 1). The first integral in the right-hand side above

is clearly uniformly bounded by 1/ ¢3. For the second integral in the above right hand side, we can
integrate by parts once to get that

1]

1 X1 1 too q
1/ 716“) d’U S - <1 +/ 3d’U> .
t2 J1 w2 t2 1 V2
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