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Abstract

We construct non dispersive two soliton solutions to the three dimensional gravita-
tional Hartree equation whose trajectories asymptotically reproduce the nontrapped
dynamics of the gravitational two body problem.

1 Introduction
1.1 Setting of the problem
We consider in this paper the three dimensional gravitational Hartree equation:

iug + Au — Pppu =0,
Ad)‘up = |’LL|2 i.e. ¢|u\2 = —m * |u|2, (1)
(t,z) e R x R3, u(0,2) = up(x), ug:R>— C.

This system arises in Physics as an effective evolution equation in the mean field limit of
many body quantum systems, see for example [8], [7].

It is well-known, see [4] and references therein, that the Cauchy problem for (1) is
globally well-posed in the energy space H' = {u, Vu € L?(R3)}, i.e., for up € H', there
exists a unique global solution u(t) € C(R, H') of (1).

Moreover, the following quantities are conserved by the H' flow:

L? norm : /|u(t,m)\2d:c:/|u0(a:)|2dz,
R 1 2 1 2
Hamiltonian :  H(u(t,z)) = 3 |Vu(t,z)|*dx — 1 [Vopuz2(t, x)|"dx = H(uo),
Momentum : Im </ Vuﬂ(t,x)d:c) =1Im </ Vug u_g(x)da:) .
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Recall also that the conservation of the energy and the L? norm imply an a priori bound
on the kinetic energy as derived from the Hardy-Littlewood-Sobolev inequality and then
the Gagliardo-Nirenberg inequality:

vue ' [ 190l < Cllull < CVulalul

This implies that (1) is subcritical so that all H! solutions to (1) are global and bounded
in H'. In contrast, note that in dimension four, the Hartree equation with potential W

is L? critical and a singularity formation is known to possibly occur, see [13] for recent
progress on this problem.

Equation (1) possesses a large group of symmetries: if u(¢, x) is a solution to (1), then
for all (t9, @0, B0, Y0, o) € R x RY x RY x R x R}, so is

v(t, ) = Mu( Mgt + to, Aoz + g — /Bot)ei%o'(xf%ot)ewo. (2)

Special solutions are expected to play a fundamental role for the description of the
dynamics of (1). They are the so-called solitary waves, of the form wu(t,z) = W (x)
where W (x) solves

AW — ¢y pW = W. (3)

We shall denote by @ the so-called ground state solution to (3), which is defined as the
unique radially symmetric nonnegative solution to (3). The existence and uniqueness of
the ground state has been proved using variational and ODE techniques by Lieb [16].

The group of symmetries (2) then generates an eight parameter family of ground state
solitary waves:

Qapy(t,x) = NQMz +a — ﬂt)ei%(“”_gt)e“‘%e”, (o, 3,0, 7) € R¥ x R3 x R x RY.

Observe that the center of mass of such a solution is evolving according to the free Galilean
motion with constant speed (3. Recall that a variational characterization of the ground
state @@ has been derived by Lions [17] using the concentration-compactness technique.
Given M > 0, the minimization problem

inf  H(u
lull L2=M @)

is attained at
M2
QN7
Moreover, every minimizing sequence is relatively compact in the energy space up to phase

and translation shifts. Following Cazenave and Lions [5] and using Lieb’s uniqueness result
[16], this automatically implies the orbital stability of the ground state solitary wave.

u(z) = X(M)YQMM)z + a)e?, (a,7) €R® xR, (M)



The question of the long time dynamics of the Hartree equation is widely open. How-
ever, in other settings like the one dimensional (gKdV) equation or the Schrédinger equa-
tion (NLS) with power nonlinearity

iug = —Au — [ulPlu, (t,z) € R x RY n
u(0,z) =ug(z), ug:RY —-C, p<1+ 4,

multisolitary wave solutions are conjectured to be the building blocks for the description
of the long time dynamics. Roughly speaking, as time goes to +00, a generic solution
should split asymptotically into a sum of solitary waves which move away from each other
and a radiative term which disperses. There is a very extensive literature on this subject,
we refer for example to [3], [25], [20], [21], [6], [28], [27] (and references therein).

It seems that one of the first problem to address for the understanding of the long time
dynamics is the existence of non dispersive multisolitary waves. Apart from completely
integrable systems like the (KdV) equation or the cubic one dimensional (NLS) where
explicit multisolitary waves can be exhibited (see e.g. [31]), the existence of such objects
goes back to Merle [23] for critical (NLS) problems, and has later been extended by Martel
[18] to subcritical (KdV) equations and by Martel and Merle [19] for general subcritical
nonlinear (NLS) problems. See also Buslaev and Perelman [3] and Rodnianski, Soffer and
Schlag [25] for different approaches.

Let us observe that for a system like the subcritical (NLS) (4), the sum of two solitary
waves moving away from each other at constant speed is a solution to (4) up to an ex-
ponentially small in time correction. This suggests that there is essentially no interaction
between the two ground states, and that nondispersive multisolitary wave solutions can
be constructed with asympotic trajectories given by the free Galilean motion along any
chosen non parallel lines, [19].

1.2 Statement of the result

This paper concerns the construction of two soliton solutions of the Hartree equation. Note
that for the Hartree equation, in contrast with the (NLS) or (gKdV) case, even though
the ground state is exponentially decreasing in space, the nonlinearity is long range from
the slow decay of the gravitational field

Piop(r) ~ — as r — +oo.
r

The consequence is a strong coupling between the two solitons. In this paper, we claim
that this constraint implies a non trivial dynamics for the centers of mass of the solitons,
which — as one should expect from physical grounds — asymptotically converges to the
dynamical system of the two body problem in Newtonian gravity.

Now, we recall the well-known definition of the two body problem:



Definition 1 (Dynamics of the two body problem) A trajectory of the two body
problem with masses (A1, A2) € (R%)? is a solution (aq(t), as(t), Bi(t), Ba2(t)) to

S (o] 19112 (5)
B = 47T)\L2 HC?”S’ Bo = _ﬁ”g“sa B = P2 — Bi.

{éq:?ﬁl, G =203, a=az— o,

The center of mass evolves according to the free Galilean motion, i.e. Aocy + A\jdig = 0
and «(t) evolves in a fized plane. Moreover, the dynamical system admits the conserved

Hamiltonian: Q3
_ 2 - Q L2 i i i
Eo =8I A <)\1 + >\2) el

The dynamics are classified as follows:
(i) Hyperbolic trajectory: If Ey > 0 then a(t) describes a hyperbola with

lim Ho‘it)” =2\/E,. (6)

t——+o00

(ii) Parabolic trajectory: If Ey = 0 then o(t) describes a parabola with

im 1901 _ oo (7)

t—+4oo 3

(iii) Elliptic trajectory: If Ey < 0 then the dynamic is periodic in time and o(t)
describes an ellipse.

In the rest of this paper, we fix (A°,A\°) € (Ri)Q, and we consider a given solution
(ag°(t), a3 (t), B°(t), B5°(t)) of the two body problem with masses (A$°, AS°). We assume
throughout the paper that the center of mass is fixed at the origin and that the trajectory
lies on the plane {z(3) = 0} where = = (z(1), 2(2), 7(3)), i-€.

VE >0, APaP(t) + \Pa(t) =0 and  (a®))(t) =0, (8)

where a;(t) = (()1)(t), (@) 2)(t), (@) 3)(t)). Note that these assumptions do not restrict
generality by standard use of translation, rotation and Galilean invariances.

Our main result concerns the existence of non dispersive two soliton solutions which
asymptotically reproduce the non trapped dynamics of the two body problem in the fol-
lowing two cases:

1. Hyperbolic case without restriction on the masses;

2. Parabolic case with equal masses.

Theorem 1 (Existence of a two soliton with a non trapped trajectory)
Let (A, A5°) € (R%)? and let (a5°(t), a5°(t), B5°(t), B5°(t)) be a solution to the two body
problem with masses (A7°, A°) such that (8) holds.



1. Hyperbolic case. Assume that (a5°(t), a3 (t), 57°(t), B°(t)) is hyperbolic (Ey > 0).
Then, there exists an H' solution of (1) and ~1(t),y2(t) such that

2 00
- L -0 )\ _iyrisroe||
tl}—ni-loo u(t,x) - ()\?O)QQ ( )\(])0 € J =0. (9)

: -

Jj=1

2. Parabolic case. Assume that (a$°(t), as®(t), 57°(t), B°(t)) is parabolic (Ey = 0) and
A° = AP = \*®. Then, there exist an H' solution of (1) and aq(t), as(t), v (1),
~Y2(t) such that

2
. _ 1 €T — Oéj(t) iy ()i ()@ B
e |0 Z(AOO)?Q( JEs ) 5 (055 0,
j=1 N
2
(a5°) (k) (1) ‘
t—>+oo;‘ () (1) (2) (@) 3)(8)]

Comments on the result:

1. Constraints on the asymptotic trajectory. Note that for local nonlinearities with
weak interactions, like in the case of power nonlinearity (NLS) problems, the asymptotic
dynamics of the centers of mass can be prescribed along any prescribed lines, see [19]. In
contrast, in Theorem 1, the asymptotic hyperbolic trajectory has to be along two coplanar
lines. We expect this situation to be the only possibility.

2. Parabolic case. The behavior displayed by the solution constructed in Theorem 1 in
the parabolic case does not correspond asymptotically to an almost free Galilean motion
of each body, i.e. along two coplanar lines, which is for one soliton the natural motion
from the Galilean symmetry. Thus, the result of Theorem 1 in the parabolic case displays
a new nonlinear (critical) regime where the trajectories of the two solitary waves do not
correspond to asymptotically free solitary waves.

Note also from the proof that we do not know whether [la;(t) —a3°(¢)|| — 0 as t — 400
in the parabolic case. This question is related to the computation of a constant, which
does not seem to be explicit. However, if we set P> = {a§°(t), a3°(t), t > 0}, then

tginoo dist((a(t), aa(t)), P) =0,

which means that (aq(¢), a2(t))) asymptotically describes the same set as (a$°(t), a5°(t))
with different speed. See Appendix A.2.

3. Connection to existing literature. The fact that the Hartree problem displays
solutions which reproduce in some sense the point particle newtonian interaction is not a
surprise. This has been in particular observed by Frohlich, Yau, Tsai [9] where effective
modulation equations leading to the Newtonian Galilean motion for the center of mass



are derived in certain asymptotic regimes — but not for all times ¢ — +o0. In [10], Gang
and Sigal describe the long time behavior of the (NLS) equations in a trapping very well
localized potential and show how the Newtonian law of motion is here again driving the
center of mass of the ground state part of the solution.

4. Uniqueness. For the hyperbolic case, one may ask whether a solution satisfying (9)
is unique. By the method of this paper, one can expect a weaker statement, i.e. uniqueness
in a class smaller than (9). Uniqueness in general is an open problem, certainly related to
the -delicate- stability problem, see next comment. See [18] for a general uniqueness proof
in the (gKdV) case.

5. Stability. The main open problem after this work is the stability of the two soliton
solution as derived for some (NLS) and (gKdV) type problems, [25], [20], [21]. We expect
the instability of the parabolic trajectory and the stability of the hyperbolic one. Another
important open problem concerns the non existence of trapped elliptic type trajectories
which most likely are destroyed by the dispersive effects of the flow.

The proof of Theorem 1 relies on a refinement of the techniques developed by Martel
and Merle [18], [19], and proceeds into two steps.

e Construction of an approximate solution to all orders: The first step is to display
a general framework to compute an approximate solution to the two soliton equa-
tion with an arbitrarily high order error W where ||| is the distance between
the center of masses. Here our analysis relies on a finite dimensional reduction of
the problem. This kind of procedure is reminiscent to the computation of formal
ansatz and solutions in various nonlinear dispersive settings including for example
the description of singularity formations, [26], [24], [14], the description of the long
time dynamics of the (NLS) near a ground state, [10], or the interaction of two
solitons [22]. We propose here a systematic way of producing such approximate so-
lutions. The main advantage is that the approximate solution is now good enough
to somehow reduce the problem to an almost short range problem.

e Construction of the nondispersive two soliton: The second step is to build the exact
two soliton solution by solving the problem for the small remainder backwards from
infinity with a procedure which is reminiscent from the construction of nonlinear
wave operators -see for example [2] for a similar strategy-. The control of the re-
mainder relies on a space localization of the conservation laws and energy estimates
on the linearized flow close to a solitary wave. Such estimates are a consequence
of the variational characterization of @ as first exhibited by Weinstein [30] in the
local (NLS) setting, and some elliptic non degeneracy properties proved by Lenzman
[15] for the Hartree problem. While this strategy has the advantage of not requiring
any dispersive estimate, the localization of conservation laws creates large errors in
our setting due to the long range structure of the problem and the only polynomial
distance between the two solitary waves. In fact, it turns out that the closure of
these estimates is critical here with respect to the % decay of the gravitational field,



in particular in the parabolic case where we can only treat the case of an asymptotic
symmetric two body problem. Eventually, the success of our strategy relies in a cru-
cial way onto the the construction of an arbitrary large order approximate solution
from the first step, see Lemma 7 and Remark 4.

We expect this strategy to be quite robust and to apply to a very large class of situations
and problems.

Acknowledgements. J. K. is supported by NSF-Grant DMS-757278 and a Sloan Fel-
lowship. Y.M is supported by ANR Projet Blanc OndeNonLin. P.R is supported by ANR
jeunes chercheurs SWAP. Part of this work was done while J.K was visiting the Institut
de Mathématiques de 1’Université Paul Sabatier, Toulouse, which he would like to thank
for its kind hospitality.

2 Construction of the approximate solution

The purpose of this section is to construct a formal approximate two soliton solution of
(1) at any order of ﬁ’ see Proposition 1 and Proposition 2. Our strategy relies on a finite
dimensional reduction of the problem which is connected to the strategies developed for
example in [26], [24], [10], [22], [14].

2.1 Derivation of the coupled equations

Let us start with computing the evolution equation in renormalized variables. Let

1 r—afl iy (t) ,iB(t)a
u(t,:c):)\2(t)v<t, )\(t)()>e”()eﬁ() , v=uv(t,y).

Then
1
10w + Au — P pu = v [MQBW + Av — v — @y2v (10)
—idMAv — X3(B - y)v —iX(@ — 20) - Vv

PG+ 5~ 1812 = 5 ag] (1, 520 ) e,

where A denotes the differential operator
Av=2v+y- V.

We compute an ansatz of a two soliton solution as ¢ — 400 by letting

u(t,x) = ul(tax) + UZ(tvx)
1 . . . .
_ b ) e (D) iB (1) b ) o 12(D) i (1)
)\%(t)m(,yl)@ e +)\%(t)1)2(,yz)€ €



where
z — a;(t)

;= =1,2. 11
yj )\](t) ) j b ( )

The nonlinear term is
¢|u‘2u = ¢‘u1+u2|2(u1 + ug).

By construction, u; and wue will have disjoint supports up to exponentially small correc-
tions. Hence we will not consider the crossed term for now (see Proposition 2 for details).
By rescaling,

1 .
Pluy 2 () = ﬁ%jp(yj)v j=1,2
J
and so

¢|u|2u - (¢|“1|2 + ¢|u2\2)u1 + (‘mml2 + ¢|u2\2)u2 + O(ef'ﬂ)

1 !¢|v12 + <)\1> ¢|v2|2 <>\1 - Oz2>\— Oé1>] vl(t,yl)e_i%(t)eiﬁl(t)'m
2

1 _ . .
+ !¢|v22 + <)\2> ¢|v1|2 <)\2 Y2 + e al)] UQ(t7y2)67W2(t)6162(t).z + O(ei’yt)‘

A1

Thus, we rewrite the equation

2

10w+ Au — P pu = Z
j=1

A4 qu (t x) VVJ (t)e ﬁ] (t)

with

. A (g — (1
Ea.:(t — 20,05 + Avs — v; — , , I 4+ (—1)7 .
q;(t, x) i\;0v; + Avj — v [gbv]z + Ploj )2 <)\j+1 yj +(—1) . ﬂ v;
iAjAjAvj XH(B; - yj)vj — iXj(dy — 265) - Vv

+ A3+ p — 1811 = B; - )y
J

and the convention of mod(2) summation:

j+1=1 for j=2.

2.2 Dipole expansion of the gravitational field

Let
a(t) = az(t) —ai(t), B(t) = Ba(t) — Bi(t). (12)



We expand the gravitational field created by the soliton ;41 on u;:

( Aj >2¢| : < Aj v+ (—1) 2 >:_ A / |Uj+1(§)\2 e
M) T A Aj+1 AmAjr Jrs o= (=107 (Aj+2§ = Ajy5) |

We proceed to the formal dipole expansion of the gravitational potential which main
contribution corresponds to the region |y;|| + ||¢]| < |l@||. Such a formal argument will be
justified in the proof of Proposition 2 below for functions v; with sufficiently fast decay at

infinity in space.

Let .
1 1 (-a !!C!!2>2
= —(1-2 + (13)
loe =<l el < el flalf?
and use a Taylor expansion:
N
1 ¢V
_ F . 14
o g 2 PO +0 (e (4

Explicit computations yield for the first terms:

[lee] lee]f?

Observe in particular that Fj is homogeneous of degree —k in a.
We thus introduce the approximated correction field of order IV:

1 ' 1 |3 S|
O F3<a,<>:[2 (%) —2H<HQ].

Na N,k,a
|U ﬁl?? Ys) Z ¢|W H‘Z;P (15)
with )
A= .
Noksappy ) = — : 2F (1), Ajp1& — Ajy;)dE. 16
o) =~ [ O R - v (10

2.3 Finite dimensional reduction of the dynamics

From the previous formal calculations, we aim at constructing an approximate solution to

(™)

the system: Eq; " =0 for j = 1,2, where

J +1|2

i/\jxj/\vj - 3(@‘ “y;)vj — iAj(dy — 285) - Vv,

+ NG+ = 1817 = B - )y
]

E¢N = iIN20w; + Avj — [ﬁb\v 2+ %’ il ]



We now proceed to a finite dimensional reduction of this problem and look for a solution

of the form ( : )
(i) = {V La(t)ﬁ(w,xl(t),xz(t» (w7)-

(™)

Here Vj(N) is stationary and hence v; depends on time only through the modulation
parameters t — («(t), B(t), A1(t), A2(t)) to be chosen:

o™ = g a;/;(j) Ak + 8‘3'((5) q+ 8‘3(;) B8
We obtain
B = AV v o o [ v
— iy MMV BNy () (17)
e [i: M) 8?;? X a‘gzv) s axg;v) (B 5] 4 s,
=

where SJ(-N) encodes the finite dimensional system of the geometrical parameters:

SN = —in(ay —28;) - vV = X33 - B§N)) Vi
— iy = MDAV X205+ = = 1812 = By - o)V
2 av(N) aV(N)
\2 . (N) Nk . J
+ z)\j’;[()\ M) —— 6)\ + (1) (e = 26) - — -
. ov )
+ (DG - B (18)

Now, we build an approximate solution using a series expansion of Vj(N) in (a, 5,1, \2)
with a prescribed structure. We need the following definition.

Definition 2 (Admissible functions) Let n € N.
(i) We define S,, the class of complex valued functions o(a, 3, A1, X2) : (R3\ {0}) x (R3\
{0}) x R%. x R — C of the form:

1 e

( ﬁa )‘17 )\2) W Z All)‘b/@(l)ﬁ ﬁks fll7l2,k17k2,k3( )7 niy,n2,n3 S Na
214,00,k k2, k3=0

10



where 3 = (By, B2), B3)) and fiy 1 k1 ko ks 8 @ complex valued C*° function of a away
from o =0 and homogeneous of degree —n in . Then, we set

deg(o) = n.
(iii) We say that a function 1 : (a, 3, A1, A2, z) : (R3\{0}) x (R*\{0}) xR%. xR} xR? — C
is admissible of degree n if it admits a finite expansion of the form

4

Y, B, A0, h0, ) = D o, B, A1, M) T (), 4 €N

m=0

where oy, € Sy, and T, 1s well-localized in x:
Vk > 0,V € R3, Hv’%m(x)H < e~Cmullell (19)

Then, we set

deg(¢) = n.
(iv) We say that a function ¢ : (o, 3, A1, A2, ) : (R3\{0}) x (R*\ {0}) xR} xR% xR? — C
is admissible of degree > N if it admits a finite expansion of the form

= tn, n5>N

n=N

with vy, admissible of degree n. We say that deg(v)) > N with abuse of notation.
We claim the following technical facts.

Lemma 1 Let (n1,n2) € N2. Let Y1, Yo be admissible of degree respectively ny,ns. Then:
(i) V19 is admissible of degree ny + na.
(ii) by, b2 is admissible of degree ny + no.
(111) VN > 1, qﬁﬁl’appwg is admissible of degree > 1+ ny + ns.
(iv) V1 <k <N, qﬁgl’k’appi/}z is admissible of degree k 4+ nq + no.

Proof. Properties (i)-(ii) are clear by the definition of admissible function of degree
n (see Definition 2) and the properties of homogeneous functions. Property (iii) is a
consequence of (iv).

Finally the proof of (iv) relies onto the fact that Fg((—1)7a, A\j11€ — \jy;) appearing
in (16) is a polynomial in (A1, A2) which coefficients are homogeneous of order —k in «
and k in (. Indeed, Fj(«,() is the k-th term to the Taylor expansion (14) of (13).

Then, we claim the following Proposition.

11



Proposition 1 (Expansion of the approximate solution) Let A;, A2 > 0, (o, 3) €
(R3/{0})? and N > 1. Let j = 1,2 with the convention j+1 =1 for j = 2. We can find
an asymptotic expansion

N
VIV () = Q) + DT (e B, M da), (20)
n=1
N al N al
MJ( )(Ck,ﬂ,)\l,AQ) - Zm§n)(a,ﬁ, A17)\2)7 Bj( )(067,8, )‘17)\2> - Zb‘(?N)(av/Ba /\17)\2)7
n=2 n=2
(21)

such that the following holds true.

(i) Tj(n) is admissible of degree n.

(i) mg.") € Sn, bg.") €S,

(ii) Approzimate solution of order N + 1: Let

5 (N) (N) (N) N,app (N)
qu - A‘/J B V; - |:¢)Vj(N)2 + ¢\\/}(J]:]1)‘2 V;
— iMMAv BNy ) (22)
2 (N) (N) (N)
o1% o1% 1%
; M(N) J J ) J . B(N)_B(N)
+ LEI F o * %4 B+ 93 (B 1)
~ (N) . .
Then Eq; * is admissible of degree > N + 1.

The proof of Proposition 1 proceeds by induction on N. We start with computing
explicitely the first two terms in powers of ||a/~!.
2.4 Computation of the first terms

First, we recall the following standard facts on the linearized operator around Q

Lif=-Af+f+0gf+20n@  L-f=-Af+f+dqf

which are consequences of the nondegeneracy of the kernel of Ly, L_ as exhibited in [15].

Lemma 2 (Inversion of Ly) Letn € N and f be real-valued, admissible of degree n.
(i) If (f,VQ) = 0, then there exists a solution to Lyu = f which is real-valued and ad-
missible of degree n. Moreover, if f is radially symmetric then u can be chosen radially
symmetric.

(i) If (f,Q) = 0, then there exists a solution to L_u = f which is real-valued and admis-
sible of degree n. Moreover, if f is radially symmetric then so is u.

12



Proof. (i) Introduce the Hilbert space H of all real-valued functions f € L?(R?®) which
satisfy the orthogonality relation

(f, V@) =0.

Then note that L, maps H N D into H, D being the domain of L, in L?(R3). It is
proved in [15] that the kernel of L consist precisely of the components of VQ. Hence for
v € HND, we have Lyv = 0 iff v = 0. Now consider the equation

L+U:f

for given f € H. Writing
u=(—A+1)"1o,

we can write the above equation as the following problem:
v+ EKv=f, K=Kio(-A+1)"", K= [pgev+2¢q,Q)-

The operator K : H — H and is compact. Thus, its adjoint K* : ' H — H, is also compact.
Moreover, from the information on the kernel of L., I + K* has a trivial kernel: indeed,
denoting the projection in L?(R3) onto (span (9, Q, 0z, Q, 813Q))L by II, we have

K*=To(-A+I)"'oK;
Hence the assertion (I + K*)v = 0 for some v € ‘H implies
v+ ((FA+D) o K)v=a-VQ
for suitable a € R3. Standard elliptic theory implies v € C°°(R?), and then
Liv=(-A+1I)(a-VQ).
Taking the inner product with a - VQ yields
0=((-A+1)(a-VQ),a-VQ),

which immediately implies a = 0, whence Liv = 0. But since v € H, the result in [15]
implies v = 0. Using now the Fredholm alternative for I + K*, we see that this operator
is invertible. Thus I + K is also invertible.

In order to obtain exponential decay for u, we use the well-known argument of Agmon
[1]. For f € H and 0 < ¢ < 1 assume a bound |f(x)| < e~“l*l. Write the equation above
with u € H as
u=(-A+1)"f—(-A+I)"oKu

Note that standard elliptic bootstrap methods imply v € H?(R?) and in particular u €
L>(R3). If we use the explicit kernel representation for (A + I)~!, we get the equation

ol o= lle—yl
u(z) = /11@3 mf(y)dy - /11@3 m[@bgﬂu +2¢qu Ql(y)dy,

13



Now choose 0 < § < %c such that Q(z) < e 91l and pick a large M >> 1. We now
estimate min{ M, e’l#l}u(x). First, we note that

—llz—yl
eéun/ e Fo)dy| < €.
w3 4|z —y||
Next, choose L large enough such that
e—(1=0)||z|| 1
(ﬁ@é’ o2y )’)”WHD(RC‘) < 5
Then we get
—[lz— 1
e
| min{ M, 6‘””}/ 7[¢Q2U+2¢QUQ]( )dy| < 5 sup min{M, e’1¥/} u(y)]]
4|z — y| 2 yers
—[lz=yll lz—yll
6|l e 67
+e \/ pgzudy| + | Q(y)dy|
[ wi<t dnllz =yl 9 o e — g 09

1
< = sup min{M, VI }|u(y)|] + C,
2yeR3

where C' is independent of M. Summarizing, we have shown that

min{ M, eanx"}u(m) < Cy+ 1 sup [min{M, e‘sHy”}|u(y)|]
2 y€R3

with Cp independent of M. Since sup,cgs[min{M, YN u(y)|] < oo, taking the supremum
over x € R? yields

sup [min{ M, 211} u(z)|] < 20,

z€R3
with Cy independent of M. Letting M — oo, we obtain the exponential decay of u(z). The
corresponding statement for the derivatives follows analogously, provided the derivatives
of f decay exponentially.

The statement concerning the admissibility is obtained by linearity, and (ii) is proved

like (i). Parity preservation is also is standard fact. This concludes the proof of Lemma 2.

Now, we proceed to the computation of the first terms of the approximate solution.
This will provide an initialization of the induction argument of the proof of Proposition 1.
Moreover, the exact expression of the first two terms is required in the rest of the paper.

22
—¢|2;?ff|z = W/‘”j—i—l(f)’ng
; A% (- &) 2 (y; - @) 2
O gragas [ [ a e ©F -G [P
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Order W We choose m\?) = bg ) =0 and V =Q+ T( ) such that:

J
A2[QI17-
—L+T 762 0.
AmAjallall
Note that (Q,VQ) = 0 and thus the existence of an admissible, real-valued and even

function T-(l) of degree —1 follows from Lemma 2.

Order | ” We set V =Q+ T 2 + T(2) where T @ s complex-valued and matches

7
the O( Hallz) terms. Flrst observe from the radlal symmetry of Q that [Q*(&)(¢-a)dé =0
and thus the order 2 term in the dipole expansion is exactly

[ 23Q|2,
¢ﬁgv“azpp = (=1) <J|W”L> (- y5).

Amdjlaf?

(1)

generates a contribution of degree (—2) to the imaginary part of qu
7 2) @)
9 b]

(1)

Moreover, T

through the term - 28. We thus look for m; such that we can solve the

following system:

(
J
s

0
_ (2) 2
L (Im(T}™)) + A5 —5

—0, (23)

—L+(R€(Tj(2))) - ¢2QT(1)T ¢(T<1)) Q
2

)\
w1 +2 (f orfd ) o] - e e
(302,
+(—1) (M> (a- y])Q —0. (24)

dmdjalal®

(2))

From Lemma 2, we may solve (23) with Im(T;”) admissible of order (—2) provided we

adjust the scaling parameter m§2) such that

(1)
—ym$(AQ,Q) = ”QHL2 “_A?(a; : Q) (25)

so that m( ) € 8.

Similarily, we compute b§-2) in order to have that the inner product of (24) with V@ is
zero, and this yields:

; Q||22 «
p@ _ (_pyn IQIIL €S, 2%
;=D dhi a3 7 (26)

15



Note bg) — b§2) is the first term in the formal expansion of 3. Thus, (26), written for
7 = 1,2 corresponds to the modulation equations on the relative position a = as — aq,

B = P2 — Pi: o
- s QI (1L 1) a
a=20 b=y <A1+A2> BE

that is the two body problem interaction in Newtonian gravity with masses /\%, )%2

Remark 1 From (24) and (26), we infer that Re(Tj@)) is even, since the term in b§-2)

completely eliminates the only odd term in the equation of Re(Tj@)).

Remark 2 Let us observe that there is no uniqueness in the choice of Tj(l)’(Q) as one can
always add non trivial elements of the non trivial kernels of Ly, L_. However, this would
wn turn modify the modulation equations and then one can explicitely check that in fact, the
same full function vj(-N) (t, z) would be produced in the end. Hence an asymptotic expansion
of this form to high order is indeed unique.

2.5 The main induction argument

We now proceed through the proof of Proposition 1 by induction on N.

Proof of Proposition 1

Step 1. Expansion of the order N + 1 error.

We argue by induction. The case N = 2 has been completely described in the previous
subsection. We assume N and prove N + 1. Let Vj(NH) = Vj(N) + Tj(NH), MJ(NH) =
M](N) +m§N+1)7 BJ(N+1) B(N)

=B+ bg.NH). Then an explicit computation gives:

(N+1)

B = (LR ) + A 0]

| ; a
— i [ (@) + (" T)AQ) + B — gt N Q

+ Err](l) + iETr](-Q) + Err](-g) + Err§4)

Err]m encodes linear type errors on the geometrical paramaters:

N+1
o _ (N) A p(N+1) (N+1) (k)
Err? = —i); [Mj AT; + (m; JA Z T;
k=1
N+1

BJ(N) .ijj(N—&-l) n (b§N+1)) " Z Tj(k:)
k=1

— 2

J . (27)

16



Err](-z) is the error due to the formal time derivation:

2 (N+1) (N+1) (N+1)
oV oT’; oT;
(2) 2 (N+1) Y5 (N)Z7J J
Errt — \2 A ¥/ .9
™ J ; lm'f ) VI B> Vi I
8V-(N+1) Nt Nt 8T-(N+1) N N
- | Y = e = B - B 29)
Err](-g) encodes the nonlinear type errors in the expansion of the gravitational field created
by vy
3 (N+1) (N+1)
Errj = ¢|Vj(N)|27Q2Tj + 2¢RE(V}(N)’T]_(N+1))(‘/]' - Q)
(N+1)
+ 2¢Re((Vj(N)7Q),7Tj(N+1))Q + ¢|T]§N+1)|2‘/} . (29)
Err§4) encodes the nonlinear type errors generated by the gravitational field d)fv’“p P.
(4) N,app N,app (N+1)
T (¢T;ivl+1)|2 ¢2Re(vj(fl>,T;N+l))> J
N+1,N+1, N+1 N+1,N+1, (N+1)
=+ ¢\Q|2 app(‘/j - Q) + ¢“G(N+1)|2_agz‘/j : (30)
From the induction hypothesis, we extract the error term of order N + 1 of E~q§N’n):
- _ R v
Egy ' = Y, FBaj
n=N+1
with ENqé-N’n) admissible of degree n. We then rewrite:
5 (N+1 N N
Eq "V = = [Ly(Re(m™ ™)) + 2305 - 5]
. N+1 N+1 5 (N,N+1) N+1,N+1,a
—1 {L_(Im(Re(Tj( + ))) + )\j(m§ * ))AQ] + Egq; - gb‘QJ';l harp
ESye
—l—ErrJ(-l) + iErrJ(-Q) + Errj(-s) + Errj(»4) + Z Eq; " (31)
n=N+2
Step 2. Computation of the order N 4 1 corrections.
Let us now compute the order N + 1 corrections. From (VQ,yQ) = —||Q||3. we may
chose BV Y such that

J

< (N,N+1 a
(AN @ + Re(Bgl N — gl Vo) vQ) =0

17



From Lemma 2, we now can solve for a Re(Tj(NH)) satisfying:
N N 5 (NN a
[L+(Re( ( +1))) + (b§ +1) y])Q} + Re [Eq§ _ ¢|Q\21 JN+1, pPQ} = 0.
Similarily, from the subcritical relation (AQ,Q) = 5 L1Q|I? 42, we chose m§-N+1) satisfying
~ (N,N+1 a
(=2 A + Im(Eq Y — gl N Q) Q) =0
and thus we can solve for:
B [L_(Im(Tj(N+1))) +( (N+1) )AQ] +Im [E §N N+1m) ¢|Q‘21 N+1,apr] —0

Observe now that ¢, Q|21 NHLapP () ig admissible of degree N +1 and thus from the induction

hypothesis and Lemma 2, we just count the homogenity in o and find that T]-(NH) is

admissible of degree N + 1 and m( +1) € SN+, bg.NH) € Sny1-
Step 3. Estimate of the error.

We now estimate the error terms in the right side of (31). Note that the last term in
the RHS of (31) is by constrution admissible of order > N +2. It thus remains to consider

the (ETT](-k))1Sk§4.

° ETT](-l): Consider (27). From the construction of v](.NH)

J(NH) and B(N+1) and
fom deg(V™™) — Q) > 1, deg1) > 2.deg(B) > 2 and dea(*),

deg( §-N+1)), deg(bg.NH)) >N +1, Errj(-l) is admissible of degree > N + 2.

° Err]@): Consider (28). We observe that given v admissible of degree n, glf, g—% are

admissible of degree n while g—f is admissible of degree n + 1. We then use the
(N+1)

fact that deg( ) > 3 and the key degeneracy deg(BJ(-N)) > 2 to conclude that

Errj(?) is admissible of degree > N + 2.
o Err](?’): Consider (29). Then deg(|Vj(N)|2 - Q% > 1 and deg(Vj(NH) -Q) >1
together with Lemma 1 imply that Err§3) is admissible of degree > N + 2.

. Errj(.4): Consider (30). The key is to recall from (iii) of Lemma 1 that ¢g’ap P always
adds at least one to the degree of 1. Using again deg(Vj(NH) — Q) > 1, we conclude
that deg(Err](-g)) > N +2.

This concludes the induction step and the proof of Proposition 1.
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2.6 Definition of the approximate solution

Now we explicitely describe how to extract a high order approximate solution to (1) from
the profiles defined in Proposition 1.

Proposition 2 (Definition and accuracy of the approximation) Given N > 1 and
parameters P = (a1, a2, B1, B2, A1, A2) € (R3)* x (R%)? x (R)?, let

(Vj(N))P(yj) = Vj(N)(OQ — a1, B2 — B, A1, A2, y5), J=1,2

be the object constructed from Proposition 1.

Let t — P(t) = (on(t), as(t), Br(£), Bo(t), M (0), Ma(t)) and (1) = (1 (£), 3()) be C*
functions on a time interval I = [to,t1], t1 < +oo. Let a(t) = as(t) — a1(t) and B(t) =
Ba(t) — B1(t) and assume that the following controls hold: ¥t € I = [tg, t1],

ot
1< 1N o), sl < 28001 (32)
0< Aj(;(’) < Ai(t) < 2X5(t0), j=1,2. (33)
Define the approzimate two soliton solution by:
N N N
RM(t2) = Rp) (@) = RN (t2) + RYY (¢, 2) (34)

2

3 L <f'3—04j(t)> i (1) 45 (1)
= — (V. ) e Wilt) T
2w ro\ TR

Then RN satisfies

i, R™) + ARW ¢|R(N>|2R( N 4 Z M [ s } ()\(tj)()> e~ (OF185(1)
j=1"1 J

(35)

given by (18) encodes the dynamical system of the geometrical parameters and

(N)

where .S
UWN) collects the error terms and satisfies:

1
V)l < g

vz e RY, |wl e~ ONALAL 81 82 (lo =1 )| +]lz—a2 (®)]]) (36)

Proof. According to the computations leading to the derivation of the approximate
equation (17), there holds the explicit expression of W(V):

() _ (R V)
v 2¢Re(R§N>R§N))(R +R) (37)
2
Ly (24 <W> - OFiB; (0 | i ()+iB; ()
8 1M ()

HE)

Aj A; .,
N,app J . J
- ——yi+(—1
¢‘V(N)‘2 <)\]+1> ¢‘ J(i\fl) <)\J+1 Yj (—1) )\j—&-l)

19
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with qu-N) given by (22).
The first term in the RHS of (37) is estimated from the exponential localization in

space of the profile Rg.N):

(N)

N N N
26 B+ B < Cllo o = (R85
1 2

Re(R{™ RN

A

IRM R 4 e Onannas o lr—ea @ +la—oa (b))
L2

< e ONALAg 68l D+ lz—cn (D) +Hz—az (@)l

where we used the standard Hardy-Littlewood-Sobolev inequalities.
According to Proposition 1, the term Eq§N) in the RHS of (37) is admissible of degree
> (N + 1) and estimate (36) follows for this term.
It remains to estimate the third term in the RHS of (37) that is the error induced by

the dipole expansion of the gravitational field created by V( ) . We claim that:

)\ ;i e
Napp J
. —1)

AjllyslI<
< Cwaremm(L+ g )N [HH]NH“’JrlA " ] (33)

0

(V)

The exponential localization of Vi

N,app Aj ? Aj ] 1)/ o
¢W(N>‘2— o) P oy (S

Aj+ 41 Aj+1

in y; then implies:

efCN)\L)\zﬁlﬂz Hyj ”

V) <
Vi S T e

which concludes the proof of (36).

Proof of (38): We first observe from exponential localization of Vj(NH) and the defini-
tion (15) of the dipole expansion that: Vy; € RY,

)\ >\j e
— s+ -1 ]>
<)‘J+1> ¢|VJ+1 (%’Hy] =1 Aj+1

We may thus restrict our attention to the region Aj||y;|| < %. We then split:

/\ Aj e )
— s+ (=1 ?
<)‘]+1> ¢‘VJ(+1) <)\]+1y3 =) Aj+1

% / Vi ©P
47T)\j+1 R3 HOé— (—1) ( j+1£_)‘]y])”

+

N, N
’¢ ?Jej)o ) < CN,MJQﬂLﬂz(l + Hy]”) 1

dg
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. z2 / ! ]+1( &)I? e
Ardjtn | Iapen<lel o= (=1)7(Aj418 — Ajw)l

v P
v+ stz el o — (— 17 (g€ — Ajynndf]

From the exponential localization in space of Vj(frvl) and Hardy-Littlewood-Sobolev:

| ]+1( )‘2 (N ) 2
dg < Cun ||V o
'/I§II>”105“ llor = (=17 (Ag1€ = Xyl 7|, e ||Vivt ez et ]| 5
< eicN’A17>‘27B11B2”aH'
Now for Aj||y;|| < ||1060|| and \j1€] < ”10H, we use (14) that is the uniform estimate:
N
||a|| 1 (1+ [EIp*
Viall > 1, V¢l < ==, =D Fi(a, Q)| S ON—— i —
[lov = ¢l ; e[|+
to derive:
22 2
| VEOP ] e )
Amdivt [ Inalgi<tad llor = (=17 (3418 = Azl Vi
(1 + [ly; DN
< ONe,Bu6 ”a”fvﬂ ! CLOPA+ el Hde

and (38) from the exponential localization of Vj(+1)' This concludes the proof of (38).
This concludes the proof of Proposition 2.

3 Reduction of the problem

In this section, we reduce the proof of Theorem 1 to a bootstrap argument i.e. Lemma 5.
The reduction proceeds into two steps: a compactness argument assuming a uniform
estimate (section 3.1) and a proof of the uniform estimate assuming that the bootstrap
holds (section 3.2).

This approach follows the strategy developped in [23], [18] and allows us to use an
energy type method for the construction.

Let (A{°,A°) € (R%)? and a solution

P(t) = (ai®(t), a3° (1), Br° (1), B3° (1), AT%, A°)
of the Newtonian two body problem:

dl = 2/81 5 Oégo = 2,8807 aOO = 062 — Oé?o,
foc N (o] P foe QU5 oo (39)
= Iy Toep P2 = —Im ‘f" TasTP
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satisfying
Az (1) + A5 (t) = 0, (aj){5)(t) =0, (40)

and either of hyperbolic type with any masses

1. Q% 1 1 1
Ey = 1”0400”2 - = +

m AP A [l

or of parabolic type with the restriction of equal masses:
Ey=0 and AJ° =\ =A™,

Recall that the two particles move away from each other with a speed depending on
the regime

Hyperbolic regime: [|a ()] fod Cpoot, [|6%(t)|| +r;oC > 0, (41)
: . . 2 . C
Parabolic regime: | ()] o Cp=t3, [|B7()] T (42)

By rotation invariance, in addition to the assumption that the P> trajectory takes place
in the plane {:Jc(g) = 0}, we may also require without loss of generality that in this plane,
the line {x(;) = 0} strictly separates the two particles, in the following sense

ape(t) 5 (t)

.. - .. o
lim inf @ >0, liminf 2~
t—+o00 t——+o0

- (—€1) >0, (43)
where yu =1 or %, depending on the regime.

3.1 A compactness argument

Let us first show that the system of modulation equations inherited from Proposition 1
and (18) may be solved from infinity with asymptotic behavior given by P>.

Lemma 3 (Integration from infinity of the refined modulation equations)
Let MJ(N), BJ(-N) be given by (21) in Proposition 1. There exists a solution
N N N N N N
PO = (0™ (8), 05" (1), 81 (1), 85 (1), A7 (0,25 (1))
of the system

)'\gjli) _ Ml(]]VV) (a(N)jVB(N)’ )\%1:)’ )\gN)) )'\gN)N: MZ(N]\)[(a(N)’ﬂ(N)y)\]gVN)’)\éN;])v
6 = 26 ) =26 o) = af™ ™) 5 = gV _ 500 (ag
S(N N N N S(N N N N

P = B (@™, 300 3V A, Y = B @, 500 3, A7),

?

on [Ty, +00) for Ty large enough, satisfying in addition:
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1. Hyperbolic regime:
Cpe

1
t2

1P(t) = P (1) < -

2. Parabolic regime: Assume \° = A\°. Then, Vj = 1,2,

2

(a5°) (k) () - i Cpee

S ] @) @ 0]+ 188 (1) — B @) |+ A () - Al < 25

(N) J J J
k=1 (aj )(k)(t) t3
)\gN) (t)agN) (t) + )\gN) (t)agN) (t) =0 as t— +oo.
Proof of Lemma 3. See Appendix A.
Remark 3 In particular, there holds using (41), (42) as t — +oo:
la™ @) 2 Cpet, 16M ()| 72 Cpe >0 in the hyperbolic case, (45)
2 (V) (V) Cp~
™M (@)]] o2 Cpeeta, 877 + 11857 )] < —P>= in the parabolic case. (46)
[e%¢) t3

We claim the following uniform backwards estimate, which is the heart of the proof of
Theorem 1.

Proposition 3 (Uniform estimates) For N > 1 large enough the following holds. Let

PWN)(t) be the solution obtained from Lemma 3 and let v(N)(t) = (’yiN) (t),’yéN) (t)) satisfy

- J(N) _ 1 (N2 A(N) (V)
J=12, 7 ——Wﬂlﬁj " =8 a7
(A7)

N
Let REDUZT),A,(N) (t) be defined by (34).
Let a sequence T,, — +oo and uy(t) be the solution to

10ty + Auy, — ¢\un|2un =0, ¢|un|2 = _m * |un‘2a (47)
N
Un(Tn) = Rgp(zzr) (Tn)~
Then there exists Ty = To(IN) independent of n such that:
~ B0 1
> <
Vi >1, Ve [Ty, T, ‘un(t) Rt o < (48)
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Let us prove Theorem 1 as a direct consequence of Proposition 3.

Proof of Theorem 1. This proof follows the lines of the one of Theorem 1 in [21].
By time translation invariance, we suppose without loss of generality that Ty = 0 in
Proposition 3.

By (48), it is clear that there exists C' > 0 such that for any n, ¢t € [0,T,],

[un (8| 1 < C. (49)
Now, we claim the following compactness result.

Lemma 4 There exists Uy € H'(R3) and a subsequence (u,) of (un) such that
U (0) — Up in L2(R3) as n — +oo.

We sketch the proof of Lemma 4. Note that local convergence in L? for a subsequence
is obvious by the H! bounds. The lemma thus follows from the following uniform L?
localization property

Veg > 0, 3Ag = Ap(eo), such that Vn > 1, / [un (0, )| *dz < e. (50)
llzll>Ao

Note finally that (50) is a consequence of (48) (here Ty = 0) and simple computations.
See the proof of Lemma 2 in [21] for more details.

Consider now the global H'! solution U (t) of

{ iU+ AU — ¢2U = 0, @2 = 47rH1"|| < |UP, (51)

(t,z) € R x R3, U(0) = Up.

Fix t > 0. For n large enough, we have T,, > t and by continuous dependence of the
solution of (1) on the initial data in L?(R3) (see [4]), we have

U (t) — U(t) in L?(R3) as n — +oo.

Since wu, (t) — RrY)

PO (1) is uniformly bounded in H', it follows that

N N .
U () — REDU)\’)(t) —~U(t) — REDU)V)(t) in H'(R?) as n — 400,

and thus, by (48), we obtain

N) 1
V20, [U(t) = Rty llm < - (52)
8

Therefore, Theorem 1 follows from the definition of R( )

PO (1) in Proposition 2 and the

properties of P(M)(#) described in Lemma 3.

24



3.2 The bootstrap argument

We now focus onto the proof of Proposition 3 which relies on a bootstrap argument based
on energy type estimates.

N)

Proof of Proposition 3. Let N large enough to be chosen and let R;(N)(t) ) () be

chosen as in the statement of Proposition 3.

Let uy,(t) be the solution to (47). As long as the flow evolves close to the two solitary
wave flow, we may from standard arguments (see e.g. [19], Lemma 3) use the implicit
function theorem to prove the existence of a unique C! geometrical decomposition of the

flow: N
un(t,x) = Rﬁ”(t)),w(t) (z) +e(t, x)

(see (34)) with
P(t) = (a1(t), az(t), B1(t), B2(t), Ar(t), A2(t)),  Y(t) = (m1(2),72(D))
chosen such that the following orthogonality conditions hold: for j = 1,2, let
(6. 7) = XDt Ay (D) + g (1) OO Qs O, 0), (53)

then:

Re(e(1), @) = Rele; (1), 5;,Q) = Im(e;(), AQ) = Im(e;(1),VQ) = 0. (54)
Observe from (47) that:
P(T,) = PM(T), A(T) =7M(T), e(Th) =0. (55)
We claim the following bootstrap lemma which is the core of the argument:

Lemma 5 (Bootstrap) For N large enough, there exists To(N) > 0 large enough such
for all T* € [Ty, T,], if:

le®llm < &,

vie [T, { Sae M0 - A0+ 18 - 87| < i (56)
520 [ ® =01+ llag - o] <

then: .
< 1
el < )
vie T, { Yoo MO - AV 01+ 18- 801 < e )

S5 [ =V @1+ llay = oV | <

—~

<

—

<
2,
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From a standard continuity argument, Lemma 5 proves that (57) is indeed satisfied on
[Tg, ] Thus, Vi € [To,T ],

Q

(N) (N) (N) (N)
l|wn (t) — RP(N)( AN (¢ H < lun(t) — Rp(t)ﬁ(t)H + ”Rp(tm(t) - RP(N);},(N)(t)H < g

which implies (48) on [Ty, T;,] and concludes the proof of Proposition 3.
The rest of the paper is devoted to the proof of Lemma 5.

4 Control of the dynamics in the bootstrap regime

This section is devoted to the proof of Lemma 5 which relies on energy type — and not
dispersive — estimates on e.

4.1 Control of the modulation parameters

We focus onto the proof of the control of the modulation parameters (57) which is a
consequence of our specific choice of orthogonality conditions (54).

We follow the notation of the proof of Proposition 3. We simplify the notation R(t) =

R(A(?) V) = = Ry(t) + Ra(t). First observe that (45), (46) and the bootstrap assumption

(56) imply on [Ty, Tn] for Ty large enough:

lla(?)]| o Cpt, |B(1)]] o Cpo > 0 in the hyperbolic case, (58)
2 Choo . .
()| I Cpts, ||Bi(t)]] + [|B2(t)] < ! in the parabolic case. (59)
o0 3

Step 1. Structure of the modulation equations.
Let us denote by Mod(t) the errors of the modulation equations with respect to the
law predicted by the dynamical system P(N):

N : N : 1 :
Mod(t ZII%—%HHIA =M 4185 = BN+ B + 5z — 18517 = 85 a1 (60)
J

where M) = MM (P) = M (@, 8.\, 0), B = BY ><P>=B§N><a,ﬁ,xl,xz>.

Now, we write the equation for . From (3 5) nd e — R, there holds:

Q

i0e + Ae = 2¢p, R — dr2je = + N (e) (61)

2
Z g [ (N)} O‘j(t))efifyj(t)Jri,Bj(t)-r
Aj(t)

J=1



with

N(é‘) = ¢|8|2R + 2¢Re(s§)8 + ¢|E|28. (62)
Next, we compute the modulation equations using the orthogonality conditions (54). It
suffices to take the inner product of (61) by four given functions exponentially localized

around each center of mass (a;(t))j=12. Let ©; = ©;(x) be a given function with some
decay at infinity and let

1 — it L
@(t,x) = P@j <JU;J()> 677/}/j+7fﬁj'1’ |@(t,a:)| < efCHx—aj(t)H.
7 J

We compute from (61) after an integration by parts:

% {Im/s@} - Re/s 10,6+ A0 = % o  — G120

R T 1 A (2)]O - R 1 gWN) e~ (D+iB; (1) -z gy
—Rel [0+ A +3 R J 3 [ e .

We now use the fact that the approximate modulation equations for scaling and Galilei
are both of order O(W) and the localization of © around «; to derive:

1

10,0 + AO — 2¢Re(®§)R — ¢|R2|@ = o [i)\?at@j _ Lj@j] (yj)e—i'}/j(t)—‘riﬁj(t)-x
J
1 - T—Q T—o
2¢pe(omy) fj+1 + O (’04”2 + Mod(t)) e~ Olle—ar]+llz—azl)

where we defined the linear operator close to V}(N) by:

L;©;=-A0;+0;+20 —= VIV 4 Alelz:
Y T TmAjallal

Re(©; VM) " ©; (63)
J

Note that we have approximated the field created by the VJ(Jer) by the first order of its

dipole expansion thanks to the space localization of ©; up to an O( ||O}||2) term. We thus

obtain the preliminary system of modulation equations:

d _ T, TP
= {Im / s@} = Re / e [x% [Mgat@j —Lj@]} () e (65 (1)
J

I | N)s— Cn el
— 2Re/5¢Re(®}%j)Rj+1+)\]3Re(/S]( )@j)+0 (‘QHNH + TE + Cn|le]3

(64)

Step 2. Approximate null space.
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If we replace L; by the exact linear operator close to the ground state, then the choice of
orthogonality conditions (54) corresponds to the null space of L and generates modulation
equations that are quadratic in €. In our setting, we claim that the choice (54) reproduces
the null space structure for L; up to an O(W) which is enough for our analysis.

Indeed, let us rewrite the equation of Vj(N) (22) as follows:

Ay _y @ [y o AR T
j j VYR dxdgallall|

) e~Cle=ail (g5)

1
]2

We then let the group of symmetry of (1) act on this equation and differentiate with
respect to the symmetry parameters to get:

Lj(iVj(N)) =0 <||‘j”2> e Cllz=asll " (phase), (66)

Lj(AV;(N)) =2 -1+ 470\)\3”@’] Vj(N) +0 <’0}H2> e~Cllz=asll - (scaling), (67)
j+1

Lj(VVj(N)) =0 <“;“2> e~Cllz=asll - (translation), (68)

Li(iy;viV) = —2vvi™M + 0 (Ha1||2> e~ Cle=asl - (Galiles). (69)

We now compute the modulation equations from (54) by using (64) with successively
Q; = iVj(N), AV;.(N), V‘/}(N),iij/}(N). Observe that for these four functions,

100, = 0 (Mod(t) L1 2) ~Cllo=ay|
x| [lex]l

and thus (66), (67), (68), (69) yield:

CMod(t) Cn llell g 2
+ + Onllell5- (70)
[le]] ol N a2 !

2
Mod(t) < Z Re/Ed)Re(@Rj)Rﬂ‘l +
j=1

We now use the dipole expansion on the term QSRe(@RT)v as in section 2.2, the orthogo-
nality condition Re([eR;41) =0 from (54) and the nondegeneracy relations [ AQQ # 0,
[ 4:Qd;Q # 0 to conclude:

———_ G . el _ A (el
Re/€¢Re(eRj)RJ+1 - ”a|Re(/8RJ+1) + O ( ||Oé||2 =0 HaHZ :

Injecting this into (70) yields:

Cy  lella
Mod(t) < +
laf N le?

+CnlellFp. (71)
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Step 3. Integration of the modulation equations.
We now prove the estimates on the parameters of (57) as a simple consequence of (71).
We inject (56), (58), (59) into (71) to get for T, > Ty(N) large enough,

1

Vi€ [T, T,), Mod(t) < - (72)
ta

From (21), the definition of /\ , BN (see Lemma 3) and the explicit structure of
MJ(N), BJ(.N) of degree > 2, there holds:

.
A= AN 185 - 8

1
< o + M0 (P) = M (PO 4 B () - B <P<N>>u

ta
1 C _c C
< 4 = a@™ (N) )\ _ ) < ]
Hence from (55): Vt € [Ty, T,],
200 = X0+ 180 - 80 < s (73)
J J J J YR
We now integrate the translation parameter and find from (72) and (73):
- M+~ < ¢
lag = a{™| < clig;t) - B )l + S o
from which: V¢ € [T, T,],
N C
los(t) =i (0)]l < —- (74)
N2t
Next, we estimate the phase parameters from (72), (73) and (74):
LN (V) (V) -y e — aEN)II 1
=3 < C LI = A7 +118 =657l + 85 — B ”‘FW +g
< Y
and thus: Vt € [Ty, T,],
() =AMy < C
i) =5 ()] < [ (75)

Finally, (73), (74) and (75) now yield the estimate for the parameters in (57) for N large
enough.
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4.2 Control of ¢ in H!

We now focus onto the proof of the bootstrap estimate (57) on e.
Let us consider the energy conservation:

2Hy = 2H(R+¢)=2H(R) — 2Re(c, AR — §yppR)

/ Vel + [ ol =2 [ 1Vonml +2 [ onuamlel = 5 [ V6P

We add to the quadratic and higher order terms of this conservation law a localization
of the two other conservation laws, namely L? norm and momentum conservation, on
each solitary wave. We obtain a functional which is almost conserved by the linear flow
governing the equation for £ (61) (see [19] and [21] for similar technique).

Let W(x) = W(x(y)) (recall the notation x = (1), Z(2), Z(3))) denote a smooth non-
negative cutoff function such that ¥(r) = 1 if z(q) < —1 and ¥(z) = 0 if () > 1. We
distinguish the two cases of the asympotic dynamics P being a hyperbola or a parabola:

1. Hyperbolic regime: According to (58), we may find a constant C' = Cp such that

Di(t,x) = xy(%), bo(t,x) =1 — 1 (t,z)

localizes around each center of mass a;(t), that is ¢;(x) = 1 around «;(t) (i.e. in
some region of the form |z(;) — (a;)(1)(t)| < Ct). We then let

Cj(t7 x) = d}j(tv m)

2. Parabolic regime: According to (59) , we may find a constant C' = Cp~ such that

ity x) = t) Vol x) = 1=y (¢, z)

localizes around a;(t) (|z(1) — (o)) (t)] < C’tg). In this case, we let

1

Cj(tvx) = 5

The point is that the common notation ¢; will allow us to perform part of the proof for
the two regimes at once.

In both cases, we define a functional in €(¢) which aims at localizing in space the global
conservation laws:

1
/ Vel + [l =2 [ 1Vonml +2 [ Snuamlel = 5 [ V6P

+ Z ( 2+||BJH2>/CJ|€|2_2/BJ/wj Im(Vee)
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Note that for the parabolic case, the L? term does not contain a cut-off (the proof would
not work, this is where we will use A\{® = A$°), while the momemtum term does contain a
cut-off. For the hyperbolic case, both term contain a cut-off so that any A3° is possible.

We first claim the following coercivity property of the linearized energy which is a
standard consequence of the variational characterization of the ground state and the choice
of the orthogonality conditions (54), together with the nondegeneracy of the kernel of the
linearized operator L close to @ as proved by Lenzmann [15]:

Lemma 6 (Coercivity of the linearized energy) There exists a constant ¢y > 0 such
that under the orthogonality conditions (54), for any t > Ty large enough,

G(e(t)) = colle(®) 17 (77)
Proof of Lemma 6. See Appendix B.

We now claim the following energy estimates on € which is the core of the proof:

Lemma 7 (Global energy estimate on ¢) There holds for N, T, > Ty large enough:
vt € [Ty, T)],

d Cy e(t)|13 1
dtg(s(t))‘ <C (tNH Ll (iHH ) (78)

with constant C' > 0 independent of N.

Remark 4 Observe that (77) and (78) formally imply a structure:
C t)13

tN+1 t

d
el
2
A fundamental difficulty here is the gain % only in the control of the error terms O(%)
mostly induced by the localization of the conservation laws. This size comes in the hyper-
bolic case from the distance ||a(t)|| ~ t. In the parabolic case, the situation is much worse
lla(t)|| ~ t3 and hence we need to restrict to the symmetric case, see estimates (83), (90),
(91) below. Reintegrating (79) backwards from infinity, we see that we may bootstrap an in-

Jormation |[e||3, < L~ only if N is large enough, hence the requirement of an approzimate
t2

~

solution to a large enough order.

Let us postpone the proof of Lemma 7 and complete the proof of Lemma 5.

Proof of Lemma 5.
We may now conclude the proof of (57). Here the key is the fact that the constant N

in (78) may be fixed as large as we want. We integrate (78) in time so that from (55) and
(56): Vt € [T%, T,

T,
< =N <——<+——F%¢<
1G(e(t))] /t <TN+1 + 7_1+N>dT - N + Nt> Nt

2

ol
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for t > T, > Ty(N) large enough, where C' is independent of N. From (77) and (57), this
implies:

C

colle@®lfn < —x

t2

and (57) follows by fixing N such that
Ncgy > 8C.

This concludes the proof of the bootstrap Lemma 5 assuming Lemma 7.

We now turn to the proof of Lemma 7. We point out the key point of gaining the —£2~ le ”

degeneracy in the RHS of (78), the power ¢ being sharply enough to close the bootstrap
estimate as in the proof of Lemma 5.

Proof of Lemma 7. Let us split:

G=G1+G2+Gs
with

Gi / Vef? + / ozl — 2 / 1V o + 2 / breerm el - / Vel

G2 = Z <)\2 +||ﬂﬂ||2) /CJ|€|2 g3 = _2/B]¢] Im(VeE).

Step 1. Estimate on G;. We compute:
ZGit) = —2Im / i0he | e = 0% — 20 () R — 20 o) — G R — Bppee]

+ 2/6‘2¢Re(3tRR) +4Re/€atR¢Re(eR) +2Re/58th5|E|z.

We now observe from (34) and from computations similar to (10) that: Vj = 1,2,

: N) | \3// N
atRj(t,:L‘) = )\4[ )\26t ( ) )\j)\JAV;( )+2)\§’(ﬁjy])VJ( )
— g VY i By a v (E= W) it 0 iy 1)
()
and thus from (56), (20) and (41), (42): Vj =1,2,
OR: = —928.-VR:+i 1 W) R, +0O 1 1 —Cnllz—ayll
tiv; = _ﬁj' gt T;"’Hﬁ]” it HO‘H2+t7% €
(L 2 1Y o-Cnlle—ay
= —208;-VR;+1 FJFHBJH R; + 0O n e AR (80)
J
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We now use the localization properties of R; around «;, inject the equation for e (61) and
get using (80), the estimate of W(¥) (36), the estimate on the geometrical parameters (72)
and the bootstrap estimate (56) for cubic and higher terms in ¢ to derive:

2 2
d. _ Cnlle@®llar | le@®)llzn
Cﬁgl—jz::llcld—i-O( N1 + " .

with
Ki; = _4/ |5|2¢Re(ﬁj'VRjﬁj) (81)
1
— 4 <||ﬁj||2 + )\2> /Im(eR )qSRe(ER /Re eB; - VR; )qﬁRe (F)
J

Step 2. Estimate on Go. We claim that:

d (1 -
$g2(t) = 4;(A?+||ﬂj”2>/lm(5Rj)¢Re(aR) (82)

o <CN||€(t)|H1 . ue<t>\§p> |

tN+1 t

We argue differently in the hyperbolic and parabolic regimes:

1. Hyperbolic case: From (58), the distance beween the two solitary waves in the hyper-
bolic regime is lower bounded: |a(t)| > Ct, C > 0, which allows the estimates:

C

IVGON +10:G1 = - (83)
Moreover, ||3;(t)|| +|A\;(t)] < t(/; from the equations of motion. Thus, from (61) using also
(56), (72):
d (1 1 L le (@)1l
u (AQ ¥ w?) / cj|s|2] = (AQ + mn?) [ mtiorege) + o (U

) _
_ (A?+ ||5jy|2> [Q/Im(VCj'VEE) —|—4/Im(5CjR)¢Re(sR):|

g 21
v o (O Ty ey o) (54

and (82) then follows from (71).
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2. Parabolic case: From (59), |la(t)| ~ ¢5 in this case, and thus [|3;(t)|| + |\; ()] < &.
t3
1

i2,

d ¥5) C 1 %,
% = 22( 2+IIBJH2> [ 1Ry o+ 0 (LSOl L)

- 42( 7 T ||5]H2> /Im(5Rj)¢Re(eR)
CallOln 1Ol

+ O (A = Xe| + 1B = 182l le(@®)132) + O < (N :

Since using (71) and arguing as above, we get

We now claim that: o
A1 = Xa| +[IB1]] = (1820l < " (85)

and (82) follows.

Proof of (85): We estimate from (60), (72) and \;(7T},) = )\E.N)(Tn) from (47): Vt €
[T(]aTn]a

M) = 2] < ) = AV @1+ AV @) = AN @]+ e () - AN (@)
< [ Modryar + DM 1) = AV o)
< i pM@ AN, (6)

8

We now estimate from the definition of Py and (25):

LN) () ||ﬁ || W) 1

Now observe from Lemma 3 and the symmetry assumption on the asymptotic trajectory
in the parabolic case that

lim MY () = AP =A% = lim AV(0)

t——+o00
and thus the time integration of (87) with [|aN)(t)|| ~ £3, 18| ~ 73 yield a first

estimate \)\gN) (t) — )\;N)( B < < . Reinjecting this bound into (87) we eventually derive:

NN) OEYOIES (88)

~+ | =

which together with (86) yields (85) for A1 — Azl
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We argue similarily for 8. From (60), (72) and 5;(T,) = ﬂ(N)( T,), there holds: Vt €
[T(Ja Tn]a
181(t) + B )| < 1181(8) = B @) + 18 (8) + B (0]l + 182(0) — B8V (1))
1
< 1B @ + 85 @))- (89)

8

We now estimate from the definition of Py and (26):

(N) _ (V)
SN a0 < A=A L )
H/Bl +ﬂ2 H ~ ||a(N)||2 + ||a(N)||3 ~ 2

where we used (88) in the last step. Integrating this with lim;_, 4 ﬂ%N ) — limy 4 oo ﬂ%N )
0 from Lemma 3 yields:

—_

N N
18 + 851 5

which together with (89) concludes the proof of (85).

Step 3. Estimate on Gs. First we have, since ||3(t) < Cts,

jt [—2Im(pB;1; - Veg)] = —4/Re (iate Bﬂjije—i—ﬁjqu . Va])

/ 2 Tim(B00; - Veg) + O (II £(1)]12,: )

We now observe in the hyperbolic case that (58) implies:
C
15OV (Ol < - (90)

A fundamental observation is that the same estimate holds in the parabolic case. Indeed,
from (59):

C c
Hﬁy()H<*+Hﬂ ‘)l < =
ts t3
and hence o
185 (O Vb ()|l e < T2 <4 (91)
t3

This means that the localization in space of the kinetic momentum is harmless in the
parabolic case even though both solitons are not far apart thanks to the explicit decay in
time of the Galilean parameter. Note that by the same argument

C
18 )10 )2 <
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From the previous observations and (61), (56), (72), we derive

d
dt[ 2Im(Bj1; - Veg)]

= —t [ re (10 39+ e+ oy ve] ) w0 (I H)

C 1 %1
N _4/Re <[2¢Re(sE)R+¢\Rl2€]ﬂj¢j'VE) +O< NLJE\/(LHH L e zHH >

o Cwlle® e eI
= 8/36(55j7/’j'VR)¢Re(aR) +4/|52¢Re(¢jgj.vRR) +O< !N(JF)JH + " o

and thus from the localization properties of ¢; and R;:

2
d _
%gg(t) = E 1 S/Re(eﬁj . VRj)¢Re(a§) +4/ |8|2¢Re(ﬁj~VRjR7) (92)
J:

0 <CNH5(t)HH1 . |5(t)||?{1> '

tN+1 t

+

Step 4. Conclusion. We add up (81), (82) and (92) to get exactly:

2
ig(t) =0 (CNl;(i)lnHl + Hg(tzHHl)

and (78) follows.
This concludes the proof of Lemma 7.

A  Proof of Lemma 3

A.1 Hyperbolic Dynamics

Let P°°(t) be chosen as at the beginning of section 3 in the hyperbolic regime. Let
0<e< %. Let Ty > 1 large enough to be defined later. We define Q2. 7y = € the set
of functions P(t) = (aq(t),aa(t), Bi(t), B2(t), A1(t), A2(t)) defined on [Tp, +00) such that
[||P]|]| <1 where the norm |||.||| is defined as follows

2

IPI=Y" sup {#llas(t) = @l + 7718, = B + 7520 = A7}

j=1 te[Tp,00)
Now, we consider the map I' which corresponds to solve the dynamical system (44)
where the functions B](N), M ](N) are defined in Proposition 1. For P(t) € Q, we set

FP(t) = (FOél (t), Fa2 (t), Fﬂl (t), Fﬁg (t), F)\l(t), F>\2 (t)), t e [To, OO),
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where (as usual a(t) = aa(t) — ay(t), B(t) = B2(t) — i(t))
" 2(-5()

Taj(t) = as™(t) + / B;(r) + B°(7)dr,

DB (1) = Jim B3 (1) / B™ (a(r), (), M (7), Aa(r))dr,

o= [ M @), B M) Aalr)i
Now we claim

Lemma 8 There exists Ty large enough such that I' maps ) into 2. Moreover, we have
the contraction property: let P,, P, € €, then

1
PP, = TR < 511172 = Bl

We note that this lemma immediately implies Lemma 3 via a standard Banach fixed
point argument.

Proof. We show that I" maps €2 into 2. The contraction property follows in identical
manner by forming the difference equations.
First, we consider I';. Here we have, by ||| P||| < 1,

[Tej(t) — a5 ()] = || /too 2(8;(r) = B5°(7))dr || S 75
Thus, choosing Ty large enough, we get
IPayj(t) — a5*(t)]) <t
Next, we consider I'3;(t). Note from (39) and (26) that we have
50 = Jim (0~ [0 (@ (7). () X AT
Thus,
ro;(t) = 717 (0 (n), B A A) - b (alr), B(r), M (7). Aa(r))dr

Yils ft j (04(7'), B(1), M (7), Aa(T))dT.

Using the expression of b§-2) in (26), the estimates on bgn) for n > 3 and the assumption

[|P(®)]]] <1, we get (for € > 0 small enough)

St

/t TBO (@ (1), 52 (), A2 AF) — 5 (a(r), (), (1), ha(r))Ndr
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<t72

~

N o)
Z/ bgn)(a(T),ﬁ(T),)\1(7'),)\2(7'),)([7'
n=3 t

whence we have shown ||I'G;(t) — ﬁ;’o(t)H < ¢~2+1. Choosing Tp large enough, for ¢ > Ty,
we infer
IT3;(t) — B[ < 72>

Finally, we consider I'A;(¢). Since m§2) € S, we have |m(.2)| < t72, thus we get

J
ITA;(t) — A3 S t~1%% whence

DA (1) = AP ()] <t

if Ty is large enough. This concludes the proof.

A.2 Parabolic Dynamics

Here we prove the following:

Lemma 9 (Existence of almost parabolic trajectories) Let A\{° = AP = A* and
P>(t)(age(t),as°(t), B0(t), B5°(t)) be a solution of the two-body problem (39) of parabolic

type satisfying (40). There exists a solution (aq(t), aa(t), B1(t), B2(t), A1(t), Aa(t)) of (44)
defined for t > Ty with Ty large enough satisfying: Vj = 1,2,

2
@0 [, e
> oy~ F @1+ 150 - 3700+ v -1 < T )
and
’)‘1(75)0‘2(’5)"‘/\2(75)041(75”—>0 as t — +oo. (94)

In particular, the asymptotic trajectory is given by the same parabola like for P>°.

Proof. Step 1. Leading order dynamics.
First, we claim that the equation of motion of PXV) (i.e. (44)) can be rewritten as
follows:

£, = ca(ep) 4 g5 (a,8,71,A2) =19

A Q29T L fileBAie) (95)
. — C20(Aj— j 0,71,
G =285, =G [+ + 23, 2T 4 Sladuu)

where ¢, c1,ca,c3 are explicit functions of (A, «,3). Note that the same constants
co, €1, C2, c3 appear for both j = 1,2, because of the assumption A\{® = A5° = A>°. More-
over, the functions f;, g; satisfy the bound

il S el ™+ 181+ 3300 [y = A%+ lall (A = 2%)%], (96)
191 S el =+ 352 [IA = A%+ el (A = x%)?] (97)
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as long as ||| > 1, [Aj — A+ [|8] < 1.

Indeed, the structure of (95) is deduced from a expansion of the gravitational field (16)
to the order ||| =3, and from structural symmetry properties: both Tj(l) and Re(Tj(Q))j:Lg
are chosen radially symmetric (see Remark 1).

Let us introduce an intermediate system P(9PP):

(app) __ i(app) _ i(a _ c3(alarp) glapp))
)\1 P )\ Pp) _ \(app) — €3 e

plapp)

-(app) _ oplapp)  Alapp) _ (—1)7 (app) (app) 2ea0(@PP) (\(app) _ )\o0)
a7 =207 B =5 e el YT e
and which implies the law for a/(@7p);
alarn) — oplarn) glamw) — _ coa\aPp) c1a(@P)  2cyqapp) (N(@pp) _ \oo) (08)
’ o[ ot [CTIE

We claim that there exists a solution to P(*P) which asympotically converges to P> in
the sense of (93).

Let us first observe from (98) that %( (@rp) A ¢(@P)) = () and hence the movement is
planar. We assume that o(??P) stays in the plane {w 3) = 0}. Choosing polar coordinates
(r,0) in this plane, o(®P)(t) = (r(t) cos §(t), r(t) sin 9(15), 0), we rewrite the system as

1"29 =ag > 0,

/\(app):%r7 .

.. ; 2¢o (A(@PP) _ )\ e
1"—7“92:—7%’4—%—1-702( — ),

We now use the classical change of variables u = % and rewrite the system as an ODE for
u = u(f). From

d dbd 5 d

dat — dtdo " do’
we compute:

. du . 2 2d2u
r=—ay—, T=—apu ——

do’

and hence the new system:

dAarp) 1 du
d%Q = 349>
ad (%% + u) =g — c1u — 2c(A(@PP) — X)),

We are led to compare the solution o of

(roo)zéoo:ao CL2
2( d°u™> 00\ __ : 0[O0\ __ 0
gy F) =0 be PO = L @)
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with a(%P) solution on (—fy, 0] of the system:

(a ) U a (e.) a o
dAd;: — _%03%&, Aarp)(0) = A% A@pp)(g) — \>© = _%63u(9)7
a%(% +u) =co— (c1 — 2coc3)u = cg — cqu, u(0) = %(0) =0.

In fact, the system reduces to a linear one and the solution is explicit, but we do not need
analytic formulas. The solution admits the following asymptotics near 8 = 0:

9 2
w(B) = ~202(1+0(9)), r(0) = —2(1+0(6)), A () = x* - L862(1 + 0(0)).
2ag cob 2ag
We compute the asymptotic time dependence using
. 4ad6
_ .25 %
ap =16 = 6(2)04(14—0(9))
which yields:
4ad \ 3 1 9¢o\ 3 1
o) =— (=) (1+0(7), r()= (=) (1+0() (99)
3¢t 3 t3
_1
A@PP) (1) — X® = —¢g <9;°) “ia 4 0(%)) (100)
t3

Similarily, we compute:
a3\ 3 AN I
0 (1) = — <§C(2;> (1+0(2)), () = <9°> Baroly, o
and hence the polar curves
(r(t) cos(0(t)),r(t)sin(6(t))) and (r*°(t)cos(6°°(t)), r>(t)sin(6°°(t)))

are asympotic to each other as t — +oo. In particular, we have the asymptotic behavior
of the cartesian coordinates of a(*P);

1 1
a 9cot?\ ? 1 a 6adt 3 1 a
ol = (*57) 00, o= (%) arory), ofPn =0

t3 co ts
(102)
We now solve for (a1 (t), as(t)) solution to PPP) by letting
a a
a9 = 57 a1 = —5 (103)

thanks to the symmetry in j = 1,2 of the system P(®P) and hence the o(9?P) (t) curve
also has a center of mass fixed at the origin. Equations (99), (100), (101) now imply (93)
for Plarp),
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Step 2. Solving the full system.
We now claim that we can find a solution to the full system P®Y) such that

22 Jlaj(t) — AP ()] — 0 as ¢ — +oo. (104)

Recall that P(V) has been rewritten so that the following holds

v as(aef) | ogi(aB A Ae) -

{ o ‘+ —HQHQ S Aj=A%) | flenBA1,02)
S — _ co clo 2 Ca(Aj— a,B,M1, 2 .
&=20, 20 =i + i + S T T e = L2

where f = fo — f1 satisfies (96). We let a(t) = o ®P)(t) + 5(t), \;j(t) = APP)(t) + p;(t)
and linearize the system around o), \(9P)  Let us show how to bootstrap an estimate

E
| >

IO < =, 16l < (105)

~+
N
~+
ot

1 (O] + o (8)] < - (106)

for some large enough K; the claim then follows by a fixed point argument as in Appendix
A.1, and thus will be omitted.

The main linear term is expanded as follows

o alarp) 4§ alapp) 1 alarp) . § 16]]20(1)
— _ + _ (app) .
[olF ~ Ta@ 407~ ol o |~ a2 Jader]
We now observe from the explicit law (102) that
alewp) . § 16]O(1)
= = plap) — HeA )
o T
and so
40
(app) 1 (1)
cox co 9
- — — | =26 —O(]|6 )
HEERECRIE + 012 25(2) + 2+%O(H |+ 110]1%)
—4003)
Using the bootstrap (105), (96) and (102), the linearized system takes the form:
. 1 .
3
1
o1 [ B with F(t) = 2€2T0(1). (107)
d= o =209y | +F(t) 3
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An explicit solution is given by:

w\»—‘ w\»—t ol
~+~
win

1
H—

LE“”(”d+-L$ﬂF \(r)dr]
[ T)ridr —t3 [T°F (2)(T)T3dT
Al F(3) (ryrsdr — 3 [ Fg)(

W\H

5(t) =

from which (105) is obtained with better constant.
To prove (106), we have from PW):

2

laterp) |22 P latapp)|3

2 2
: . 1 — alapp) 1
DILVEPIEIINS ool 3 1y = X)) 1 o)
j=1 j=1

1 1
I = A9 + o)

A

which implies (106) by integration in time.
We may now prove (94). Indeed,

Pa(®)ar(t) + M (Das(®)] S (lua @ + B + 161 <

~+
»M»—A‘ —

where we used ag o) 4 Oz(app) =0 from (103).
This concludes the proof of Lemma 9.

B Proof of Lemma 6

The proof follows exactly the same lines as the proof of Lemma 2.6 in [21]. We proceed
into four steps.

Step 1. First, we claim that there exists ¢ > 0 such that for any real-valued v € H'
(0,Q) = (v,yQ) =0 = (L+v,0) > c|vlfn, (108)

(1,AQ) = (v,VQ) =0 = (L_v,v) >c|v|?. (109)

Indeed, estimates (108)-(109) follow from the arguments of [29], proof of Propositions 2.9
and 2.10 and the fact that the kernels of Ly are explicitely known from [15] (the kernel
of L_ is spanned by @ and the kernel of L, is spanned by the components of VQ).

Step 2. Second, we claim that for all ¢ € H' satisfying the orthogonality conditions
(53)-(54), and Ty large enough, we have

Gi(e) = collell (110)
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where

Gie) = /|Ve\2+/¢|3j|2|5|2_2/|V¢Re(st)|2

1 —
+ (/\?Jr IIBj!!2> /\slz—z/ﬁj - Im(Vez). (111)

Let Qj(t,x) = %Q(ﬁj&@)e—ivﬂt)“ﬁj(t)'x. By the definition of V")

in Proposition 1,

the definition of R; in Proposition 2, and the properties of the functions Tj(n) we have

C oy C
[(Rj — Qj)(t,z)| < ol Vel < e el

Thus, if we define

6,0 = 19+ [ar,plef -2 [ 196n0, 2

(Alzﬁr ||ﬁj|!2> /IEI2 —2/ﬂj - Im(Veg), (112)

5 C
1Gj(e) = Gj(e)] < gllellfp-

_l’_

we have

Then, by standard computations (see e.g. proof of Claim 7 in [21]), we have

Gj(e) = (L+ Re(g)), Re(e;)) + (L-Im(e;), Im(e;)) + O(Ha(lt)”)\k\\?p,

where ¢; are defined in (53). Thus, (110) follows from (108)-(109) and |[e||z: < Cllej| g-
Step 3. The function 1; being defined as in Section 3.2, let

Giy(e) = /%Z)jV€|2+/¢|Rj2|5|2—2/|V¢Re(séj)2

Kg+mm>/%m%a/wmimvml (113)

C
Gipsi(e) 2 C/%’(IVE!2 +lel?) — glldl?p- (114)

_l’_

Then, we claim that

Proof of (114). Let £; = €,/1;. Proceeding as in the proof of Claim 8 in [21], we have
. C . C
Jvest = Sl < fulver < [19e2 + el
3 3
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and ;3; - Im(Veg) = 3; - Im(VE;E;).
Next, we have

[omeleP = [ ompleiP+ [ ompleP - v,)
and
[ Vonery P = [ neenyReleR) = [ e yReleR)  (115)
[ Sneeuyny Belet + )Ry, (116)

Thus, by the decay properties of ¢ and R;, we obtain

- C
] [ emplel =2 [ Wonaery = [ anelesf +2 [ (9one,n| < lelfn.
From these estimates, we obtain
L C
Gjw(e) = G(&) - g”‘sHHl' (117)

By standard arguments (see e.g. [19]), since for ¢ large £; almost satisfies the same or-
thogonality conditions as e, we obtain by step 2, G;(&;) > c[|&;|3, — %”6”%{1 and (114)
t3

follows.

Step 4. Conclusion. We decompose G(e) as follows

2
G(e) = Y. Gule)
j=1

+ /¢R|2(|31|2|+|Rzl2)|5|2 (118)

= 2 [ (VonemP = Womenyl - Vo) (119)
1

+ 2/¢Re(sR)|5’2_ 2/|V¢|5|2!2- (120)

By the decay properties of Ry, Ra, the term in (118) is easily controlled by C/t. The terms
in (120) are nonlinear in ¢, and we obtain by the Hardy-Littlewood-Sobolev inequality

1 C
[ onenlel|+ 5 1o < Cllelf + Iel) < el

ta

where we have used (56) for the last estimate.
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Now, we estimate (119). First, by the decay properties of R;, we have

1
ly — 2|

'/ ¢Re(6(t)R1)Re<6(t>R2(t>)‘ =C / e MmOt y)|e 717022, 2)] dydz.

We cut this integral into two pieces depending on |y — z|| > 3|z or [y — 2| < 3|z]|.
The first part, i.e. when |ly — z| > 1|z||, is easily estimated by ﬁHEH%Q using Cauchy-
Schwarz inequality. For the second part, we observe that if |ly—z| < 3||a| then |z —az]| >
lae = el = lly = eall = 12 = yll = 3lla]l = |y — aa]| and so

e ly=c1 Ol g=7lz=a2®)] < g=y-ar M)l g~ 3rllz—a2®] < o= Irly-ar®llo=lall

Thus,

1
L/m e My=aa@llg (¢, ) |2 Olle (¢, 2)| dydz
ly==I<3 ] ly — 2|

< Ceitel / e~ =1 Olle(t, )| |e(t, 2)|dydz < Cllaf|ze 1N ||||2,.
ly—zI<ilal

Gathering these estimates, we obtain

2 C
G(e) 2> Giule) — < llelln-
j=1

2
t3

Using (114) and 91 + ¢2 = 1, we find G(e) > clle||3,, — %||5||%{1 which gives the desired
t3

result for Ty large enough.
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