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DERIVATION OF THE TIME-DEPENDENT GROSS-PITAEVSKII
EQUATION FOR DIPOLAR GASES

ARNAUD TRIAY

ABSTRACT. We derive the time-dependent dipolar Gross-Pitaevskii (GP) equation from the
N-body Schrédinger equation. More precisely we show a norm approximation for the solution
of the many body equation as well as the convergence of its one-body reduced density matrix
towards the orthogonal projector onto the solution of the dipolar GP equation. We consider the
interpolation regime where interaction potential is scaled like N**~1w(N?(x —y)), the range of
validity of 8 depends on the stability of the ground state problem. In particular we can prove
the convergence on the one-body density matrix assuming @ > 0 and 8 < 3/8.
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1. INTRODUCTION

The phenomenon of Bose-Einstein Condensation (BEC) predicted in 1924 [7, [I5] and ex-
perimentally observed in 1995 [2], has triggered a vast interest in the mathematical physics
community. Initially analyzed for a gas of ideal particles, it has been a mathematical challenge
to prove its persistence in the presence of interactions. Most of the first studies on BEC focused
on the repulsive case, where the interaction is assumed to be non-negative or, at least, with
a non-negative scattering length. Alongside, as experimental physicists mastered the creation
process of condensates, it has been made possible to condense chemical elements with more
complex interactions. In particular, the realization of dipolar BEC was achieved in 2005 for
Chromium by Griesmaier et al [20] and is still an active domain of research [5], 30, [1].

The nature of the dipolar interaction opened the way to a great variety of new properties
such as a stable/unstable regime, the roton-maxon shape of the excitation spectrum [35, 2] or
the existence of a droplet state [12, [4]. See [24] for a survey. Yet, the dipolar interaction rarely
fits the framework of the standard mathematical analysis of Bose-Einstein condensation as it is
long-range and partially attractive.

In this work we give the first the derivation of the dipolar Gross-Pitaevskii (GP) equation from
the N-body Scrhodinger dynamics. The GP equation determines the evolution of the common
wave function of all the particles in the condensate. In the 3D case and in the Gross-Pitaevskii
regime, the rigorous derivation for a repulsive interaction was proven in a series of works by
Erdos, Schlein and Yau [16] 17, 18] 19]. This is the regime where the scattering length is of
order N~! it corresponds in the N body setting to a scaled interaction potential of the form
N2w(N-) for some fixed w € L'(R?). In this regime, the scattering process plays an important
role and has to be precisely taken into account. Like many other works in the subject, we will
focus on an interpolation regime between the Gross Pitaevskii and the Hartree regime where the
potential is scaled like N33~1w(NA.) with 0 < 8 < 1. This case is easier because no significant
correlation structure is expected to take place. In our setting, the difficulty comes from the
attractive part of the interaction potential that may cause instabilities, as we will discuss.

1



Removing the non-negativity assumption on the interacting potential or studying the attrac-
tive case is a difficult task since the system may not be stable of the second kind. For this
reason, the focusing case w < 0 is only globally well-posed in low dimensions (d < 2) [31]. The
derivation of the 1D and 2D focusing cases was provided by Chen and Holmer [I0] [IT] using the
BBGKY hierarchy method. It relies on compactness arguments and therefore does not give any
information on the rate of convergence. Later Jeblick and Pickl [23] using a method of Pickl [34]
gave another proof in the 2D case yielding a precise estimate on the rate of convergence in trace
norm for the density matrices. Then Nam and Napiorkowski [31] obtained the norm approxi-
mation of the N-body wave function. This result gives the fluctuations around the condensate
and implies the convergence in trace class of the density matrices. In these works, the range of
B depends on the stability of the second kind analyzed in [25] 28§].

For the 3D case, Pickl [33] could deal with 0 < § < 1/6 assuming the interaction w is
compactly supported, spherically symmetric and bounded. In [I3], Chong gave, under the same
assumptions and additionally that w < 0, another proof of the convergence of the density
matrices. Later, Jeblick and Pickl [22] proved the convergence of the density matrices in the
GP regime (8 = 1) for a class of non-purely non positive potentials, namely, for which one has
stability of the second kind. The class of potentials treated in this last work is quite specific and
does not include long-range interaction of the type considered here.

In this paper, we show, in the case of long-range interactions, the norm approximation in
L?(R3N) of the solution of the N-body Schrédinger equation by the solution of the Bogoliubov
evolution as well as the convergence in trace norm of one-body reduced density matrix towards
the orthogonal projector onto the solution of the dipolar GP equation. In particular, we remove
the non-negativity assumption on the interaction potential and we are able to consider the
dipole-dipole interaction (DDI), given by

1 —3cos(6,)?
Kdip(x) = |$|3( m) s
where 60, is the angle between x and a fixed direction along which the dipoles are aligned. The
exact type of potentials we consider will be detailed later. The derivation of the Gross-Pitaevskii
energy for the ground state of a Bose gas with dipolar interaction was studied in [37].

A quantitative method developed in [34] consists in applying the Gronwall lemma on the
expectation of the average number of particles outside the condensate which controls the distance
of the one-body density matrix to the orthogonal projection onto the solution of the Gross-
Pitaveskii equation. The next order, i.e. the norm approximation of the N body wave function,
requires the study of the fluctuations around the condensate. To do so and following the work of
Lewin, Nam, Serfaty and Solovej [27] where the authors analyzed the second order of the ground
state energy of a Bose gas, one re-writes the N-body Schriodinger evolution in the Fock space
of excitations and study their dynamics. In this new setting, one tries to verify Bogoliubov’s
approximation according to which the evolution of the fluctuation can be obtained by neglecting
the terms of order 3 and 4 in creation an annihilation operators. This transformation was
used in [26] to prove the norm approximation in the mean-field regime by the solution of the
Bogoliubov’s equation. In this paper, we follow the same method together with the localization
method of [31] where the idea is to use an auxiliary evolution equation defined on the restricted
Fock space of at most M excitations. This type of localization in the number of excitations was
already present in [29] 27] and also in [34].

Acknowledgment. This project has received funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 research and innovation programme (grant
agreement MDFT No 725528 of Mathieu Lewin). Part of this work was done when the author
benefited from the hospitality of the Mittag-Leffler Institute, in Stockholm, Sweden.
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2. SETTING AND MAIN RESULT

2.1. The effective equation. The purpose of this study is to prove the convergence to the
dipolar Gross-Pitaevskii time-dependent equation given by

i0pp(t) = (A + alp(t)* 4 bE = [o(t)|* — p(t)) ¢(t), (1)

where a € R accounts for the strength of the short range interaction, b € R is proportional to
the norm of the dipoles and

) =5 (o [ 1ol 40 [ K le@Pl0OP).

The chemical potential p(t) is just a phase factor that we add for convenience but that can be
removed by a gauge transformation. The dipolar part is given by

K(z) = % (2)

where Q € L9(S?), for some ¢ > 2, is a pair function satisfying the following cancellation property
on S?, the unit sphere of R3,

/ Q(w)do(w) =0, (3)
S2

with do denoting the Haar measure on S?. This includes the dipolar potential with Qg,(x) =
1 — 3cos?(f,) where cos(f,) = n - z/|z| and where n is a fixed unit vector aligned with all the
dipoles. The dipolar interaction is a large distance approximation of a system of Coulomb charges
where the size of the dipoles is small compared to the distance between the dipoles. Hence, it
is physically relevant to consider interaction looking like K outside of a ball of fixed radius.
The convolution with K (in the sense of the principal values) defines a bounded operator in
LP(R?), 1 < p < oo [14] and corresponds to the multiplication in Fourier space by some function
K € L=(R3).

In order to simplify the computations to come, it is easier to work with the following approx-
imate Gross-Pitaevskii equation

{ o0 = (= s uxf = (D) "

where,
v =5 [ttt (e = g)luy(t.9) Pdady,
and wy(x) = N3w(NPz) for some interaction potential w : R® — R and some § > 0. Choosing
w =wo + bl |z~ g K (5)

where wo € L*(R*) N L%(R?), b > 0, R > 0 with a = [p; wo, one can show that the solutions of
(@) and (@) are close in L?-norm as is stated in Proposition [l below. For the truncated dipolar
potential, we also have [I4] the existence for all 1 < p < oo of some constant C), independent of
R > 0 such that for all f € LP(R?), ||(L3>rK) * fllro®s) < Cpllfll Lo rs)-

The regularity of the solutions of ([Il) and () has already been well studied. But since ()
depends on NN, one has to make sure that the Sobolev norms of the solution can be bounded
independently of N. We do so in the following proposition which is an easy adaptation of [6]
Proposition 3.1].

Proposition 1. Let a,b € R and let w satisfy (3), then the Cauchy problems (J]), respectively (1))

(with initial date ug), admit unique mazimal solutions respectively uy,p € C1([0,T), L?(R3)) N

CO([0,T), H'(R?)) for some T > 0. If @ > 0 (respectively a > binf K ) or if | Vug| p2(rs) is
3



small enough, the solutions uy and ¢ are global in time, T = +o00, and we have the following
bounds

lun @Ol sy + @)l g wsy < C, (6)
lun () || gz sy + 1o sy < Ce"t, when moreover ug € H*(R?), (7)

where in the last equation C depends only on |[uol| grgsy and C" on |luol| g1 (ws)-
Moreover, we have

|wo(k) — al < CI], (8)
for some constant C > 0, where a = [g5 wo, and if ug € H*(R®) then
exp(cy exp(cat
Jun(®) — Ol 2y < ORI )

where C, c1,ca > 0 depend on |[uol| g2 (ms)-

Remark 2. The assumption (8) is technical and could be reduced with a trade off on the rate of
convergence in (). This condition holds for instance as soon as |x|*wo(x) € L'(R?). Assuming
the latter, the parity of w actually implies (§) with on the right-hand side |k|**® for all a < 1.
In a similar way, we have automatically

n@f((k)‘ < CR%? (10)

with a constant C' independent of R and k. This can be deduced from the following formula [37)

Lemma 9|
cos (rk-w)—1
]l\x\<RK . ————— Q(w)drdo(w).

Proof of Proposition [ The existence and uniqueness are standard, see [9], and comes from the
regularity properties of the convolution with K [36]. We also have from usual techniques the
blow-up alternative, that is if 7" < oo then |[u(t)| g1 ®s) — oo as t — T. Hence if w > 0 then
we have

C— / V() + // fun () wy #* fun (O > [Vuy(0)]22 )
R3xR3

and similarly for ¢(¢). From this and the blow-up alternative we deduce global existence in this
case. If [|[Vugl|z2gs) is small enough, it is also standard that [Jun ()| g1 (rs) and [|o(t)| 51 (rs)
have to remain bounded [8] [3]. Hence the global existence yields in this case too.

The bounds on the growth of [|un (¢)[| g gs) and [[¢(¢) || g gs) are obtained via the same proof
of |6, Proposition 3.1] where the authors only used that w € LP(R?), for p > 1 and @ € L*°(R3).
Finally, the bound on [luy(t) — ¢(t)||z2(rs) is also obtained the same way as in [6, Proposition
3.1] using (8) and Remark O

2.2. Main result: derivation of the Gross-Pitaevskii equation. We consider N bosons in
R? interacting via a pair potential wy (z—y) = N3Pw(NP(z—y)), where w € LY/%(R3)NL2(R3)
is such that @ € L*(R?). Note that the interaction potential is possibly long-range and is
allowed to be (partly) attractive. The system is entirely described at any time ¢ by its wave
function Wy (t) evolving in L?(R?)®sV | the symmetric tensor product of N copies of L?(R3),
whose dynamics is given by the Schrédinger equation

iV = HyUy. (11)
Here Hp is the Hamiltonian of the system given by
al 1
j=1 1<i<j<N

Even though we are interested in the dynamics, the behavior of the ground state energy plays
an important role. In such a system where the interaction has a negative part, proving stability
4



of the second kind (that is, Hy > —CN for some constant C' > 0 independent of N) is a
difficult problem. In [37], it was proven that in the presence of an external confining potential
V(z) > C|z|® for some s > 0, if w satisfies (Bl) and § < 1/3 + s/(45 4 42s) the Hamiltonian Hy
is stable of the second kind. Note that with the only assumption that @ > 0, @ € L'(R3) we
automatically have Hy > —CN for all g < 1/3.

The goal of this paper, loosely speaking, is to show that if the initial wave function Wy (0)
is close to a product state <p(0)®N , then the propagated wave function Wy (¢) remains well
approximated by the product state (t)®V, where o(t) solves the non-linear Gross-Pitaevskii
equation (). This approxzimation is true at first order, that is we can prove that the one-body
reduced density matrix of Wy (¢) converges towards the orthogonal projector onto ¢(t). But this
fails as a norm approximation in LQ(RgN ) since Wy is never a pure condensate and contains
fluctuations around it. The dynamics of these fluctuations is encoded in the time-dependent
Bogoliubov equation that we define later on.

Before stating our main result, we recall the definition of the k-particle reduced density matrix

of a pure state ¥ € L2(R3)®sV

0 = Trp Ly W) (9] (13)

where |¥) (U] is the orthogonal projection onto W, or in terms of kernel,

k
F&)(xl,...,xk,yl,...,yk) :/\I’(xl,...,:ck,zk+1,...,zN)\If(y1,...,yk,zkH,...,zN)dzkH...dzN.

In the following we denote by Wy (t,z) the solution to (1) and un(t,z) the solution to (H).
We will denote by H := L2(R3) the one particle space and by HY := L2(R3)® the N particle
bosonic space. We define P(t) = |un(t)) (un(t)| the orthogonal projector onto uy (t) € L?(R3)
and Q(t) =1 — P(t).

To describe the excitations orthogonal to the condensate, we follow the technique of [27, 26].
Let us denote by H, = {un}' the orthogonal space of uy in H, then note that the N-body
wave function Wy admits the unique decomposition

N—-1 N-2
SN ®s 1 +uly

Uy = uy 800+u Qs 2 + ... + PN

with ¢ € Hf?sk for all £ > 0 with the convention that ¢y € C. The above decomposition allows
to define the unitary map

U N - HN — F (7‘[+)
\IJN — (I>N = @év:(] Lk -
The unitary transformation Uy is a one-to-one correspondance between a N particle state and
its excitations orthogonal to the condensate.
In the sequel we will denote by ®xn(t) = Un(t)¥ () the corresponding state describing the

excitations in the truncated Fock space F<V(#,). The Bogoliubov approximation consists in
approximating ®x(¢) by the solution ®(¢) of the time dependent Bogoliubov equation

i0,0(t) = H(t)®(1)
{ 2(0) = U (0) ¥ (0), (15)

where the Bogoliubov Hamiltonian H is the operator acting on the entire Fock space F(H) (not
only F(#H4)) given by

H(t) = // KQ t,x,y)aza, + Kao(t, x y)axay> drdy.
]R3><]R3

(14)

Where
h(t) = —A+wy * [un(t2)? + QUEL Q) — pn(t),  Ka(t) = Q1) @ Q(1)Ka(t) € H,
with K;(t) € B(H) is the operator of kernel

K1(t)(2,y) = un(t, 2)wy (@ — y)un(t,y),
5



and K (t) € H?2 is the function given by

KQ(t7 Z, y) - uN(tv 1’)?1}]\[(.%’ - y)uN(t7 y)
It was proven in [26] that the Cauchy problem (IHl) is well posed when (®(0),dI'(1—A)®(0)) < oo
and when uy € C°([0,T), H'(R3)) N C1([0,T), H ' (R3)). Then there is unique corresponding
solution of (IH), ® € C°([0,7], F(H)) N L.([0,T], Q(dl(1 — A))). We emphasize that even
if the Cauchy problem (I5]) is posed in F(#), the solution satisfies ®(¢) € F(H) as one can
verify by computing the time-derivative of the quantity |la(un (t))®(¢)||;2(rs~) and observe that
it vanishes.

We recall that the norm approximation of Wy (t) by Ux ®(t) is stronger than the convergence
of the one body reduced density matrix ') towards |uy (¢)) (un(t)|. This is why in our result
below the range of validity for the parameter § is wider when we look at the convergence of the
one-body reduced density matrix.

We can now state our main result.

Theorem 3 (Main Theorem). Let 5> 0 and let w = wo+b1lj,» g K where wy € L' (R*)NL*(R?),
b>0, R >0 and where K is given by (3). Let un be a solution of the Gross-Pitaevskii equation
@) on some interval [0,T) with T € Ry U {oo} such that (@) and {@) hold. Let (¥n(0))n be
such that
Tr((—A)2Q(O0)TY), 4, Q(0)(—A)1/2) < CoN ! (16)
for some constant Cy > 0 and Y (t) be the solution to the Schridinger equation (I1) with initial
condition Wy (0). Let ®(t) = (¢r(t))r>0 be the solution of the Bogoliubov equation (I3).
(1) If 0 < B < 1/6 then for all 0 < a < min((1 — 63)/4, (2 — 75)/4) we have

2

< Cpe?tNT, (17)
L2 (RSN)

N
Un(t) = > un(t)®F @ gi(t)
k=0

where Cq depends on o, Cy and |[u(0)|| g4 rsy and where C" depends on |[u(0)]| g1 (gs).-
(2) If 0 < B < 1/4 then for all 0 < a < min((3 — 1083)/4, (1 —45)/4) we have

I, ) = lun () (uy ()] lls, < Cae* N2, (18)

where Cy, depends on a, Cy, and [|u(0)]| garsy and C" depends on ||u(0)|| g1 (gs)-
(8) Let moreover assume that W > 0 and that W € L'(R3).
(a) If 0 < B < 1/5 then we have ({I7) for 0 < a < min((3 —1083)/4, (1 —505)/4).
(b) If0 < B < 3/8 then we have (I8) for 0 < a < min((1—-74)/2,(2—-508)/2,(3—-803)/4).

Remark 4. As said earlier, a priori estimates on the kinetic energy are crucial in our proof.
This is why the assumption w > 0 allows us to extend the range of 5. Assuming stability of the
second kind, one could improve it again.

Remark 5. Note that the range of B includes regimes where the stability of the second kind is
not established. In particular, when W > 0 we allow 0 < § < 3/8 which is above the threshold
1/3. In such a regime 8 > 1/3, the system is very dilute since the range of the interaction is
much smaller than the mean distance between particles.

The rest of the paper is devoted to the proof of Theorem [l

3. THE LOCALIZATION METHOD

3.1. Presentation of the method. To simplify notations, we will in the sequel denote by
upn(t) the solution of modified Gross-Pitaevskii equation (). The Schrédinger evolution ()
is unitarily equivalent to the following dynamics for the excitations outside the condensate.
Recalling that ®n(t) = Un(t)¥n(t), we have

{ 10PN (t) = GN ()P N (T)
Dy (0) = Un(0)¥ n(0),
6



with
Gn(t) = 15N (H(t) + En (1) 15N = UvHNUY

and En(t) is an error term which is given by

J:0
Ry = Ry = dU(Q(t)[wn * |un (t))* + K1 (t) — ﬂN(t)]Q(t))%7
iy = 2P alQ (v (1)
Ry = //KQ(t,x,y)a;‘:adedy (\/(N—./\][\;(ivl_N_ 0 ) 1)

By = 7zjvv o+ //// (10 QUwN Q) ® Q1)) (w,y, o',y ull, Dz da dy o' dy’
Ri= R = 5o [[[[ @@ 0 @uune) e ) ev.a' )i ayar ayas’ ay

This computation can be found in [26]. Besides this reformulation of the Schrodinger equation,
we will use the localization method which consists in using an auxiliary dynamics localized in
the truncated Fock space F<M (H) for M = N'79 for some § > 0. Having an a priori bound
on the number of excitations allows to control accurately the error terms above and hence also
the expectation of the kinetic energy dI'(1 — A), which itself controls the expectation of the
number of excitations N. More precisely, the localized dynamics is given, for 1 < M < N, by

{ i0,® N 1 (t) = TSMGN (O IM Dy (1)

Dy, ar(0) = Un(0)T n(0). (19)

We have denoted by 1M := 1 (N < M) the spectral projection associated to the number
operator N. The existence and uniqueness of the solution of (I9) follows from |26 Theorem 7].
Here as well, a direct computation shows that the time derivative of ||a(un (¢))®n . (t)]%2 (R3N)

a(un(t)®n ()7, (®3 ) and |]]1§M<I>N7M(t)H%2(R3N) vanish, see [31], 26], implying that &y (t) €
F(Hy) and Oy a(t) € .7:<M(7-[+) for all ¢ > 0.

3.2. Estimate on the kinetic energy. We start by proving that the assumption (I€)) is enough
to bound the whole energy of W (¢).

Proposition 6. Assume ({I8) then for all t € [0,T)
(Un(t), HvU N (1)) = (U (0), Hy P (0)) < CN.

Proof. The equality follows from differentiating (¥ (¢), Hy ¥ n(t)) and the use of (II]). We focus
on proving the inequality. By the Cauchy-Schwartz inequality we have that

Trp (~ATY) ) < 2Tey (P(0)(~A)P(O)LS) ) + 2 Tra(Q(0)(—A)Q(O)TY) )

C
< 2| Vu(0) |72 + 257 < O, (20)

7



where we have used assumption (I€]). Similarly
wy(x —y) =P(0) @ lwy(z —y)P0)® 1+ P0) @ luy(z —y)Q(0) ® 1
+Q0) ®1lwy(z—y)P(0) @1+ Q0) ® luy(x —y)Q(0) ® 1
< wy * |un (6 (y) + 0wy = fun ()1 (y) + (1 +77)Q(0) ® Lwy (= —y)|Q0) © 1
< 2<(szv * [un (0)12 )| a2 ey + nllwn # [un (8[| /2 ga) ) (= Ay)

(LY n a2 ) Q(0) @ 1(=4,)Q(0) © 1)

for all n > 0, where we used Sobolev’s inequality in the last inequality. Since w satisfies (Bl), we
have

[ * Jun () 3372 < (lwoll 1 sy + C)llun ()17 sy < C
for some constant C' > 0 depending only on |[u(0)|| 51 (rs) and
llwn | * fun @)l s < lwnll e @s) lun s a0 gs) < CONY 4 [w]| e )

where €,&’ > 0, ¢/ < 1/2 are such that
L D
1+e 3/2—-¢ = %
and where C' > 0 is some other constant depending only ||u(0)]| ;1 (rs). Hence we obtain
wy (z = y) < C(L+ N (=) + (1+77)Q(0) ©1(-4,)Q(0) @ 1,

for all e,n > 0. From this, we deduce
(WNHNON) = N (Trp(=ATG)) + Ty (wy (@~ y)TG), )

N

< 2N Trp(~ATY) ) + ON Trpz (1 + pN¥/ 0y (A 1) )
+CThe((1+77'Q(0) © 1(-A,)Q(0) ® DT
< ON(L 47N/ 49) Teyy (—ATH) ) + (1 4+ 571 Tr (Q(0)(-A)Q(O)T ), )
for all €, > 0. Now using the assumption (20) and (I6) we obain
(UNHyUy) < CN(1+nN38/0+)y 4 (1 4~ HopN !
and taking n = N—3%¢/(14+2) for ¢ < 38 proves the result. U
Denote by

N
) 1 1
ey =info 3 E —Amk—}—m E wn(z; — xp)
k=1 1<j<k<N

A computation shows the following.
Corollary 7. For allt € [0,T),
(Pn (1), dT(1 = A)Dn (1)) < 2(Un (1), HVUn (1)) — 2en < C(len|+ N), (21)

We will need the following two intermediate results. But first, we establish the convention
that throughout the rest of the paper C;. denotes a constant that can always be bounded by

C.e"t where C. depends on & > 0 and [w(0)]| 43y and C" > 0 depends on [|u(0)]| g1 (sy. It is
easily verified in the proofs using Proposition [Il In this way we can retrieve the right hand-side
of the estimates of Theorem [l

Proposition 8 (Kinetic estimate for the truncated dynamics). Let 0 < < 1 and M = N¢
with 0 < a < 1—p, let e >0, Then, for N large enough, we have

(@ (t),dT(1 — A)par(t)) < CpNPTE,

for some constant Cy. > 0.



Proposition 9 (Kinetic estimate for the Bogoliubov dynamics). Let 0 < 5 < 1 and let € > 0,
we have

(®(t),dT(1 — A)D(t)) < CpNOTE,
for some constant Cy. > 0.

The proofs of Proposition 8 and Proposition [0 are similar and we will only give the one of
Proposition 8 It is a consequence of the following lemmas whose proofs are postponed until the
end of the proof of Proposition

Lemma 10. Let B,e > 0. There exists some constant Cy. > 0 such that for A € {H(t) +
dT'(A), 9;H(t),i[H, N1}, we have

LA <O, <N F NP T lar(1 — A)) ,
for any n > 0.
Lemma 11. Let0 < § < 1. Foreveryl <m < N, e > 0 and for A € {En(t),EN(t),i[En(t), N}

we have
m m [ m .

Proof of Proposition[8. Let ¢ > 0 and define ¢, = (1 — 8 — «)/2. We use Lemma [I1] with ¢,
and Lemma [[0] with . For N large enough we have

1
A(t) = Cp 1M (N + N5+€) + 1=y (1= = S1EMAD(1L - A),

hence we only need to control the left-hand side to show the proposition. For this we use
Gronwall’s lemma

;t@N M (1), A(t) P, n(t))
= (O, (8), B AN e (1)) + 1@ ar(8), 15V G (1Y, A()] @ as (1))
= (On,ar(t), (OH(t) + OEN(t) + O1Cro(NPFE + N ) Dy s (1))
+ (DN (), 1M GN () 1=M CL NPy e (1))
< Cre(®nm(t), A(t) PN (1)),
where we used Lemma [[(] and Lemma [I1] in the last inequality. O

The proofs of Lemma [0 and Lemma [[] require the following intermediate results. The first
one, Lemma [I2is a slightly adapted version of [32 Lemma 9]. And the second one, Lemma [I3]
is a estimate on the three body term of the error in the Bogoliubov approximation.

Lemma 12. Let H > 0 be a self-adjoint operator on H. Let K : $ = $* — $ be an operator
with kernel K(z,y) € $%. Assume that KH'K* < H and that H='/?K is Hilbert-Schmidt.
Let x1,x2 : R — [0,1] then

B ar() + 5 [ [ (K Walape) + FEmhatee w() dody
> HPK s (23)

Proof. The proof is a simple adaptation of the one of [32]. For ¥ € D(H) we have
<\mﬁl\y> = Tr(HY 2~y HY?) + R Te(K*ay),

where the operators vg : 9 — $ and ay : H — H* are defined in the following way. For all
1,9 €9,

(f.ywg) = (¥, a*(9)a(f)V), (f,awg) = (¥, x1(N)a*(g)a”(f)x2(N)T).

9



Here a*(f) and a(f) for f € $ are the creation and annihilation operators in Fock space. Let

J : 9 — H* defined by J(f)(g) = (f,g) for all f,g € ), then we have

()@ 5 ()

_ <\p { (a9 (0) + el ) ((alora )+ (e

(1= aM))a (galg) + (1 - e ))a*(Fal f)}\I/> ~o.

Hence we have by [32, Lemma 3| that
vy >0 and g >ag(l+ J’}/\pJ*)_la\p. (24)

The rest of the proof proceeds as in [32]. We only need to prove it for ¥ such that v and ay
are finite-rank operator, in which case we have

ITr(K*ay)| = |Tr(ag K*)| = [Te((1 4+ JygJ*) YV 2ag HYV2H V2K (1 + JygJ*)Y?)
<1+ Jye ) Pag H' P ||us | H 2K (1 + JywJ*)?)||us
< Tr(HY2&(1 + JygJ*) LagHY?)Y?
X Tr((1 4 Jyg J)YVPKH YK (1 + JygJ*)Y?))12
1/2 1/2
< (Tr(Hl/Zle/Q)) (Tr(KH—lK*) +Tr(H1/2WH1/2)>
< Te(HY g HY?) + Te(KH'K®),

where we used ([24) and the assumption K H ' K* < JH.J*. Inserting this in (Z3) concludes the
proof. O

We now turn to another standard intermediate result.

Lemma 13. Let w € LS/(R3), f € L(R3), x1, x2 € L®(R). Then we have for all n > 0

(Xl / / Ut Jayazayda dy x2(N) —|—h.c.>

< Nwll o5 e |1 £l oo sy (mxa V2N + 7 x2(N) 2N AL (-4)) .
Proof. We recall the Cauchy-Schwarz inequality for operator:
+(AB + B*A*) <nAA* +n"'B*B,  Vn>0.
We will use it for A = x1(N)a; and B = f(z)w(x — y)aza,x2(N), we obtain for all n > 0

i(// x1WN) f(x)w(x — y)ayazayde dy xo(N) + h.c.)
< / X1 (N)ajayxa (V)dy

/(// w(r —y ) (@ w(@’ — y)x2(N)a, Zaxfayxg(J\/)dxdx’>dy, (25)

The second term above is x2(N)Tx2(N) where T is the second quantization of the operator T
defined by

T(6)(x,y) = w(x — )/ (z) / W@ — @)l y)da’

10



for all ¢ € H'(R3 x R3). It satisfies
2

(&, T) 2 (s xps) = / ‘ / w(z —y)f(2)¢(z,y)dz | dy

< [ 10l oy ey 6, )l

< ol ey ey | 192680, eyl

< HwHis/S(RB)HfH%oo(RS) (¢, (-A®1) - ¢>L2(R3xR3) :
Hence this yields the bound
@) < N x1(N)? + O H[wl|Foss oy I 17 sy N X2 (V) *dT (= A)
from which we obtain the desired result, using that /' < dI'(1 — A) and optimizing over . [

3.2.1. Bogoliubov’s approximation: proof of Lemmallll We follow the proof [31]. We emphasize
that the inequalities (Z2)) hold in F<™(H), that is

(®, AD) < 1™ < C.y4 /#(@,dm —A)®), VP e FSM(H,).

Nevertheless, when possible, we will try to obtain first general estimates in F(H) and then take
the projection on F=™(H, ).

Let us begin by noting that [Rg, N| = [R4,N] = 0, [R1,N] = R1, [R2,N] = —2Ry and
[R3,N] = Rs. It is therefore sufficient to prove [22)) only for A € {En(t),HEN(t)}. From
Holder’s inequality and the continuity property of the dipolar kernel K, see for instance [14]
Theorem 4.12], for all 2 < p < 0o, there exists some constant C,, > 0 such that for all f € LP(R3)
we have for all N > 1,

lwn * fllems) < CpllfllLows)-
From this it follows that

1B (B)llop < Colluny (1) )
10K (®)llop < Colluny (8) o a1 Bet (1) o ey

Similarly we have
|wn * fll oo m3) < Coll fll 2(r3)-
Using this with the Hartree equation () we obtain
10cun (t)[| Loo ms) < C(1 + Co)||ull gra(ws)-

For the particular case p = 2, we can take Cy = ||@]| o (g3). Finally, we recall that dI'(1) = N
and that for any f € L?(R?®) we have

a*(fa(f) < |1 f172@s)N-
We will now pursue and estimate separately the terms involving R; for j = 0...4, where we
recall that Ey(t) = 1 Z?:O(Rj + R}).

Step 1: Bounds involving Ry. We have
~ 1-N
+Ry = +dD(Q(t)[wy * [un (t)]* + K1(t) — pNDIQ() —
< C'J\L2 2 n 2 ~ 4
< O | llww * Juw (017l oo sy + @] oo ey l[un (B Lo sy + 101 oo sy [[unv ()| 74 ey

N2
< -
_CtN7

11



which, after noting that A' < dI'(1 — A) and projecting on F<"™(H. ), gives (22)) for the Ry
part. We turn to the estimate of 0; Ry and start by computing
0rQ(t) = — |0run (1)) (un ()| — lun (t)) (Grun(t)],
from which we have
10:Q(E)llop < 2[un ()| L2(rs)|Ovun ()| L2 (r3)-

Using the Cauchy-Schwarz inequality for operators we obtain

iatRo = i%/dl“ <8tQ(t)[wN * ‘UN(t)‘z + I?l(t) — MN(t)]Q(t) + h.c.>
F 1 Rdr (Q)wy » RO + 85 (1) ~ i ()0

N? ~
< O (10QUIZ, + lhow * fun (O o sy + 1 K112,

o+l = ROy (£)un ) | o @) + 10K Bllop + C )

NQ
<CtN

Projecting on F=<™ and noting that A" < d['(1 — A) gives the result.

Step 2: Bounds involving R;. Recall that for any f € L?(R3?) we have a*(f)a(f) <
1112 (Rg)N . Hence, using the Cauchy-Schwarz inequality we obtain

£+ 1) = 72 (SR Qo +lu(0Plux (1) + e

2

< 077]\/7\{/2 +0a* Q) [ww * lun (8)*Jun (8))a(Q()[wy * uy (8)]*|un (t))

< CNTV2(n+ 7w * [un (P un ()72 @ NN
n+n'N

N1/2
Projecting onto F<™ and optimizing over 7 gives the result. The term O;R; is dealt with
similarly.

Step 3: Bounds involving Ry. Define y(z) =1— /(N —2)(N —2—1)/(N —1) forz < N
and note that 0 < x(z) < /(N —1). Writing Q(¢t) = 1 — |un(¢)) (un(t)| in the expression of
Ry and expanding, we obtain after a simple computation that

<, N.

Ry = (2a*(uN(t))a*([wN * Jun (0)Plun () — 2pn (8)a* (un (t))a* (un (1))

// t,r)wn(x —y)u(t,y)asa dxdy)x(/\/). (26)

In the expression above, because of the a*(uy(t)) appearing in normal order, the first two terms
vanish when the expectation is taken against an element of F(H,). We therefore focus on the
last term. Applying Lemma [[2] we have

+ (]19” // u(t, z)wn (z — y)ult, y)azaydz dy x(N) + h-C-) L=
< € (M= )IZ I = Aa) ™ uy (Ewy « (un (1) )G, +n7'd0(1 = A))
<. (nN2 N+ LTl - A))

T _dr(1-A).

< Cie NIB—=

12



We have used that

11— A2) ™ Pun (wn * (un (1) e, < (1= )™ 2un ()llea., llox * (un (t) s,
< Cllun ()l ps+es lwn ]l pors+er msyllun (8) | po-e2 (ra)

S Ct 6N6/2+€7

where we used Holder’s inequality in Schatten spaces and the Kato-Seiler-Simon inequality: for
any p > 2 and f,g € LP(R3)

1F@)g@lle, < Collfllrms)lgllLes),

for some constant Cj, > 0. We choose €3,e2 and ¢ such that

11 1 B S 3501 1 B
2 3+e3 6-—e’ = 6-—e2 6/5+ 1’ 6/5+¢e

We continue with the estimation of 0;Rs. Differentiating (26]), we have

Op Ry = 2(CL*(@fUN(’f))a*([wN * Jun (8)PJun (1)) + a* (un (t))a* (0 ([wn * |un ()*]un (1))
— Oppn(t)a” (un (t)a® (un (t) — 2un (H)a™ (Dpun (t))a” (un ()

/ deu(t, v)wn (x — y)u(t, y)aya,dx dy)x(./\/).

Again, when taking the expectation with an element of F (), all the terms above containing
a*(upn(t)) in normal order vanish. Hence, it remains to estimate

£2157 (0" Dyun (1))a* ([wy * fun (O)Jun (1))
- / Opu(t, v)wn (z — y)u(t,y)aya,de dy)x(./\/)]lgm + h.c.

< 4]10cun (8) [l 2w [Twy * fun (8)]Jun ()] 2@s)x (M)IN

m m2 _

Here we used again Lemma [[2]and a similar argument as for estimating ||(1—A)
(un(t)-)|ls,. Projecting on F=™ and optimizing over 1 yields the desired estimate.

_1/2uN(t)wN *

Step 4: Bounds involving R3. Again, a computation shows that
Rz = ]]\\777__;\/ (//// wy (z — y)u(t, v)a,aza,dz dy — dT(T(t))a(un(t))
— dD([wy * [un (0)]])alun (1)) + a* (w * lun (&) Pun (b)) a(uy (8))a(un (1))

+a* (un (t))a(un (t))a(w * lun () *un () — 2/~6N(t)a*(UN(t))a(uN(t))a(uN(t))> ., (27)

where T'(t) is the operator defined by T'(t)(¢) = wy * (un(t)¢) for all ¢ € L?(R3). It is bounded

with norm less than [ @] o0 gs)[lun ()| o ®s). Dealing with Rj, and for the same reasons as

previously, we only need to estimate the first term, which we do using Lemma [I3] We proceed
13



as follows:

////wa— aamaydxdy—l—hc)

<CONTV? lwn || pors gy lun ()| Lo (msy (PN + ') dr(1 = A)

-1
<o A

gz T = 4),

for all > 0. Projecting on F=" and optimizing over 7 gives the result. We now continue with
the estimates involving 0; Rs. Differentiating (27)) we have

oy = VN ( / / / / wy (@ — y)Bult 2)a%apa,de dy — dC(OT())a(ux (1))

— dD(T(t))a(Opun () — AL @ ([wn * [un (6)P])alun (1)) — AL ([wy = [uy (£)]*])a(deun (1))
+a" (Op(w * lun (1) Pun (1))aluy (8))aluy (£) + 20" (w * luy () Pun (1) a(@run (1) alun (1))
+a" (Qpun () a(un (t))a(w = [uy (8)*un (1)) + a” (un () a(@un () a(w * luy () Pun (1))
+a* (un (t))alun (£)a(@y(w * [un (£) Pun (8))) — 20pn (t)a* (un (t))alun (t))a(uy (¢))

—2un(t)a* (Grun (t))a(un (t))a(un(t)) — 4/~6N(t)a*(UN(t))a(atuN(t))a(uN(t))> :

Again, any term containing a*(un(t)) or a(uy(t)) in normal order vanishes when taking the
expectation with an element of F (). It remains to estimate

£V < ][ wnte~ vaat e a0 dy - ar@o)a@e)

— AT ([wy * |un (t)|?])a(dyun (1)) + h.c.)
< CON~'/2 <||wN||LG/5(R3) 10cun ()| oo rsy (RN +171) AL (1 = A) + 1 a* (Dpun (¢))a(Gun (1))

+ ()" (AT (T ()T (T (£)*) + dT([wy + |uN<t>|21>2)>
< C,N~1/? (Nﬁ/2 (PN 407 1) dT(1 = A) + 17| Oun ()| 72 @y N

+ ) (1T, + o« lun (8) P13 as) ) V?)
< N2 (p\ 47 dD(1 - ),

for all n > 0. We used the Cauchy-Schwarz inequality and Lemma [[3] to obtain the second
inequality. Projecting on F<™(#H, ) and optimizing with respect to 7 > 0, we obtain the desired
result.

Step 5: Bounds involving R4. From twy(z —y) < NﬁHwHLg/Q(Rg)(l — A,) one has

+Ry < ONPHT(Q(1)(1 — A)Q(1))AT(Q(t))
<o ar@u - a,)Qu).
14



Next we turn to

Oy R4 = ﬁ ////(@Q(U ® QwyQ(t) ® Q1)) (z,y, 2",y )aya,azayde dydz’ dy' + h.c.

1
e 1 1o
e [ e et © Qe )«
X <8tu(t, x)a* (un(t)) + u(t,z)a™ (&guN(t))) ayazrayde dy da’ dy’ + h.c,
Again, since we are interested in taking the expectation of an element of F(#), we can ignore

the terms containing a*(un(t)) or a(uyn(t)) and consider the remaining terms where Q(t) is
replaced by 1. Then the same computations as in the proof of Lemma [I3] but replacing x1 by

a* (Dyun (t)) give
iﬁ ( / / wy (& — y)ult, z)a* (Byun ()0 ayaz dz dy + h.c.)

<

1 _
e (M1 (O s N + 77 N 102 e () e sy VAT (1 = )

<G dr(1 — A),

N1-6/2
where we have optimized over 1 > 0. Projecting on F=™ concludes the proof of Lemme [1l [
3.2.2. Bogoliubov stability: proof of Lemma[Ill Recall that

H(t) + dT(A) = dT(1 +w  [un (1)* + Q1) K1 (1)Q(t) — pn (1))

+ <// K (t,z,y)aza,dr dy +/ Ks(t, =, y)aza,dx dy> .

For the first term we have

+dT(1+wy * [uy (1)) + QK1 (D)Q(t) — pn (1))
< (1 o # [un (P o qws) + 1K Ollop + lin (8)]) N

We expand the second term and we use Lemma [12]

i(/ Ks(t,z,y)aza,dr dy —i—h.c.)
- i< / / wx (@ — y)ult, 2)ult, y)atasde dy

— 20" ([wy * [un (8)]Jun (8))a* (un (8)) + 2pn (t)a* (un (t))a* (un (1)) + h-C-) (28)

< C(ll(1 = Aa) ™ un (B + (un (t) )&, +n7'dr(1 - A)
+lfwn * fun ()P Jun ()| 2@l ()| L2 sy + ”uN(t)H%Q(R?’)‘NN(t)‘N)
< Cre (M +nN#* 4 71d0(1 - 4)),
for n > 0. We then evaluate
OHI(t) = dT (2w + R@ruy un (1) + 0RO K (DQL)) — upan (1))

+/ O K (t, x,t)aza,dx dy +/ 0 Ko (t, x,t)aza,de dy .

15



For the first term we have

£dT (wN « R(Bun () un ()0 QO K1 (1)Q(1)) — 8tuN(t))

< (HUJN x R(Opun () un (t)) || Lo @2y + 101 (E) |l op

+ B () lopl 1O (1) | 22 gs) + 1o (£)] + 1>N

< N
To estimate the second and third terms, we differentiate (28]) and obtain that

i(/ O Ko (t, , y)aza,dr dy —i—h.c.)

-+ (2 [ wnte =~ p@atta)utt.azagae dy — 200 @l ux (@) Flux (0)a" (ux (1)
+a* (e (0 u ())a” (G (1) + 20, (1)a” (e (1)a* (u (1)

+2un(t)a* (Orun(t))a™ (un(t)) + h.c.)

< C(nll(l = 8y) " P0un (tywn * (un(t) )&, + 701 - A)

o (1190 [eon * fuay (1) PJuaay () 2 e v (D) 2 e
([l (8)PJun ()l ey 9 () 2 e

+10n O un ()12 @s) + MN(t)HuN(t)HL?(RS)HatuN(t)HL?(RS))N)

< Cpe (N 4 9NP* 7 lar(1 - 4)),

where we used the Cauchy-Schwarz inequality and Lemma
Finally, since

i[H,N] = // iKs(t,r,y)azay —}—ZKQ(txy)azay)dxdy,
we can estimate this term in a similar manner as before and obtain the desired bound. O

3.3. Norm approximation. We follow and adapt the arguments in [31], we obtain the follow-
ing lemma.

Lemma 14. Let M = N'7% with § € (0,1), then we have

1 N3B+e)/4 N(B+e—1)/2
1@ () = ®w,na (8) |72 mony < Cre (W + (Jen| + N)V4 ( VA iV

Proof. The proof follows the one of [31], it differs in that it uses Lemma [[3] to deal with three
body terms and that one has to be a little bit more careful when estimating the two-body terms.
We have

1@ () = @nar()[|72@any = 2(1 = R(PN (L), Prv,na (1)) -
Let M/2 <m < M — 3 and decompose

(On (1), PN (1)) = (N (1), 17O N 0 (1)) + (P (1), 17" DN s (1))
16



The second term is estimated using the Cauchy-Schwarz inequality
(P (1), 17" s ()] < NP ()| L2 mamy [ 17" @ v ar ()] L2 sy
< (@ (t), (N /m) @y ar (L))
< CM~Y2, (29)

We now want to prove that the first term remains close to 1. To this aim we compute its time
derivative

d )
SO (1), 157 11 (1)) = (@ (1), G (6), 15" (1)
and consider its average over the parameter M/2 <m < M — 3

M-3

ﬁ D (@ (), iGN (1), 1@ (1))
m=M/2

The gain obtained by averaging comes from the fact that the commutator [Gy(t), 15™] is local-
ized in {m — 2 <N <m+ 2}. As was shown in [31] we have

M-3
Z iGN (1), 157 = Apxa(V)? + Aaxa(N)? + hec.,
m=M/2
where
//// (HwnQ(t) @ 1) (z,y, 2,y )u(t, z)ata ay/dxdydx dy/
— a*(Q)[w * lun (t)un ()| *Jun ()N
= A3
/ Ks(t,xz,y)a, dxdy,
and
x1(N)? = 7”]]\7_1/\/ L(M/2<N <M -3),
x2(N)? = VN _Ajf\;(ivl_/v_ D [M(M/2—1<N <M-3)+1(M/2<N <M -—3)|.

Note that since ®n(t), Py a(t) € F(Hy), we can replace Q(t) by 1 in the expression of the
quantities (®n(t), A x;(N)®n a(t)). We have

(@n(6),(Aba (V) + h.c.)qw,M(t»‘

1
2

1
< ONTY2(@ (1), ol yoss oy 12N M2 (A 4 7 VAT (1 = A)) D (1))

‘(@N(t), </ iwn(z — y)u(t,z)x1 (N — 1)a} ayayX1(./\/)dx dy + h.c.) <I>N7M(t)>‘

1
< (B (1), wnll pors sy LZMPHIEM2 (0o 0y TN AD(1 = A)) By (1)) 2

< Ct,sf\fl/z||ZU||L6/5(R3){Nﬁ/2 (mM +ny ' M(len| + N)) x

1
« NB/2 <772N5+5 + nz—lMNB—l—a) }2

S Ct75N_1/2NB+8/2M3/4(’6N‘ +N)1/4

17



We have used that
(@n,m (), NOn (1) < (@nar(t), dT(1 — A)Pp i (t)) < Cp NPT
and the estimate (2I]). Next we have

(PN (1), Apx1(N)* @ (L))

= (@n (), x1 (N = 1)a™(Q(#)[w * [un (t)*Jun ()N x1(N) w1 (1)

< ONTV2@p (1), 1M ™ (Q(t) [w # [un (1) PJun (£)a(Q(1)[w * un (8)PJun (£) @ ()2

X <‘I>N7M(t), 1SMN2(I)N7M(15)>1/2
< Cllfwn * lun ()P Jun ()| L2@s) N2 (@ (), TSN ON (0) V(@0 (8), TNy ar (1))
< Ct,EN*1/2N(5+6)/2M'

The term with (®n(t), x1(N)?(A})*®n ar(t)) is dealt with similarly. Finally, we apply Lemma 2]
as well as the Cauchy-Schwarz inequality to bound the last term,

(@ (1), (Aaxa(N)? + h.c)®nas(t))

(®), ( [ vt = pulziuaapaeedy + h> ¢N,M<t>>‘

< (eI — Aa)™2ux(thy « (u(0)) 3, + 1~ @x(Dar( - Ajex())
1/2
x <?7'HX2( Mol = A0) ™ Pun (Bywn = (un ()-)I[&, + ()~ (@n,ar(£)dT (1 = A)‘I>N,M(’5)>>
< (o= 4@y (0).ar(1 - Aoy () x
< (0 NP 4 o)™ @ (1), AT (1 — A) By (1)) 2 (30)

Now we use again that (®y (), d['(1 — A)®yas(t)) < CpeNPTE and that (O (t),dl(1 —
A)Pn(t)) < C(len|+ N). After optimizing over  and 1’ we obtain

en| + N)/AN3(B+e)/4
@ < ¢, AN .

Hence we have shown that

1 ) M-3
i | Z (DN (), 15Dy (1)) '

m=M/2

1/4 \r3(B+e) /4 1/4 pny(B+e—1)/2
<o, <<|eN| + NN el + M) + N<5+51>/2> @)

On the other hand, recall that ®x 3/(0) = ®5(0) = ®(0), so that for M/2 <m < M — 3,
(@x(0), 1= D1 (0)) = (@(0), 1="(0))
=1—(®(0),1°"®(0))
> 1— (8(0), 1™ (V/m)B(0))
>1-CM L. (32)
18



Gathering (29), (3I) (B2)) we obtain
Hq)N(t) - q)N,M(t)H%Q(RSN)
1/4 N3(B+e)/ 1/4 n7(B+e—1)/2
“c ( L (el + N)ANSGH (fex| + N)YAN >

M1/2 M M1/4
O
As in [31] we compare the Bogoliubov dynamics and the truncated one.

Lemma 15. Let M = N® with 0 < aa <1 — 3, let N be large enough, then we have

1 NP+e M M
2
@) = ®n0 (D) 72 (many < Che <M1/2 T Tyt N(1252€)/2>

Proof. The proof is similar as the one in [31] except that we use the estimates of Lemma [ITl As
before, we have

12(6) — @ ar(B)]z gy < 2(1 — R{By s (1), 2(1))). (33)
We let M/2 <m < M — 3 and decompose
(P (1), D(1)) = (Pvar (1), 15T D()) + (Pwv,na (£), 17 D(L)).
The second term is bounded by the Cauchy-Schwarz inequality
(P (8), 177 ())] < (177D s (4)]][[17 R ()]
< (@ (), (N /m)@war (D) x (@(8), (N /m)®(t)"/?
<COyML (34)

As in the proof of Lemma [I4] we will show that the first term remains close to 1, we compute
its time derivative

(@ (1), 1570(0)) = i ar (1), (G (1) — HI=™ 4 iHL157) (1),

The first term is estimated using Lemma [Tl and the Cauchy-Schwarz inequality, we obtain

(Pnar(t), (Gn(t) — H)L="0(2))

= [( @, (1), 1Y (G (1) = H)L=M =70 (1 )>‘

< oo (2(0). | = D9(0))" % (D ar(t). | e dD(1 - AN @y ()
Scte\/Nl 3532 (35)

where we used Proposition [ Proposition @ For the second term, the same computations as in
Lemma [I4] show that

1 M3 NB+e
N2 > (@ (), i), 1570 0)| < G (36)
m=M/2

where we have used that (®(t),dT'(1—A)®(t)) < C;cNP+e. On the other hand, as in Lemma [T4]
we have

(®n,1(0), 157®(0)) = (2(0), 15" @(0)) > 1 - CM . (37)
Gathering (35),([B0) and ([B7) we obtain

. B NB+e / M
%<®N7M(t),]l§ (b(t)> Z 1-— Ct,E (M ! + M + N1—36—35> :
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Together with ([33) and (34]), this concludes the proof. O
3.4. Proof of Theorem 3l

Proof of 1). The triangle inequality and Lemmas [[4] and [l give, for all £ > 0

[2n () — @(t) | L2@sny < (@ () — Py (B) || L2many + [P, () — R(F)[| L2 (msmy
1 14 N3B+e)/4 B+e/2-1/2
§Ct,a<w+(’eNH‘N)/ ( M + M/A

NB+e M >

M N1-3(8+e)
Using that |ex| < N3+ and taking M = N'/2 and e small enough we obtain
[®n(t) = R(E)] r2(ran) < Cie (]\77(6671)/@rE + N7(7572)/4+€) )
for any € > 0 small enough.

Proof of 2). Using Lemma [I4] and Proposition [§ we have

(@ (8), Do (1) = (@ (1), (@ (1) = By s (1)) + (B (1), Doy (1)
< 1) ey (1280~ B (Ollgeom, + (Bar(t) Ty w1

1 N3(B+e)/4  NB+e/2-1/2
SCW(WH!WHNW“( VA VI

4 N_1<(I>N7M(t),df(1 — A)‘I)N,M(t»)

38/243¢/4+1/4 76/4+e/2—1/4
§Q£<1 +<N +N >+NWQ.

M1/2 M M1/4

Taking M = N® with 8 < o < 1 — 8 we obtain after optimizing over «

N
ITG) ) = luw (D) fun ()] s, < (@ (1), TN (1))
<. <N7(3710B)/4+€ i N7(174B)/4+€> :

for any € > 0 small enough.

Proof of 8). Using that when @w > 0 we have the bound |ey| < C (N + Ngﬁ), the same compu-
tation as before with M = N~(1=/2 and assuming 1/6 < § < 1/5 shows that

@ () — B(t)|] f2mony < Cre N~A-50 44,

for any € > 0 small enough. Now take M = N® with § < a < 1— 3, with the same computation
as before, after optimizing over «, we obtain
N

ITG @) — lun (@) (an (@) lley < (@ (1), x5 ()

< Cie <N’(1*5)/2+E + N—(@-5B)/24¢ | N7(3785)/4+5>

)

for any € > 0. O
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