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FOCUSING DYNAMICS OF 2D BOSE GASES IN THE INSTABILITY REGIME

LEA BOSSMANN, CHARLOTTE DIETZE AND PHAN THANH NAM

We consider the dynamics of a 2D Bose gas with an interaction potential of the form N2=1w(N#.)
for B € (0, %) The interaction may be chosen to be negative and large, leading to the instability regime
where the corresponding focusing cubic nonlinear Schrodinger equation (NLS) may blow up in finite time.
We show that to leading order, the N -body quantum dynamics can be effectively described by the NLS
prior to the blow-up time. Moreover, we prove the validity of the Bogoliubov approximation, where the
excitations from the condensate are captured in a norm approximation of the many-body dynamics.

1. Introduction

Since the pioneering work of Bose [1924] and Einstein [1925], and especially after the experimental
realization of the Bose—Einstein condensation [Anderson et al. 1995; Davis et al. 1995], there has been a
remarkable effort to understand the macroscopic behavior of interacting Bose gases from first principles.
From the mathematical point of view, the theory of interacting Bose gases goes back to Bogoliubov [1947],
who proposed an effective method to transform a weakly interacting Bose gas to a noninteracting one,
subject to a modification of the kinetic operator due to the interaction effect. While the original work
of Bogoliubov focuses on the spectral property of bosonic systems towards a microscopic explanation
for Landau’s criteria of superfluidity, his ideas are also applicable to quantum dynamics. In the present
paper, we will justify Bogoliubov’s approximation in the dynamical setting for a class of Bose gases with
attractive interactions.

In the presence of large attractive interaction potentials, blow-up phenomena have been observed in
experiments with ultracold Bose gases [Bradley et al. 1995; Cornish et al. 2000; Donley et al. 2001].
In these experimental settings, first a repulsive interaction was used to prepare an initial state, and then
the interaction was switched to attractive by means of Feshbach resonances. When the strength of the
attractive interaction was increased beyond a critical threshold, a blow-up process happened, where a large
fraction of the condensate was lost [Roberts et al. 2001]. Heuristically, this behavior can be explained
by describing the condensate by the solution of a focusing cubic nonlinear Schrodinger equation (NLS),
which may exhibit a finite-time blow-up.

In the present work, we will focus on the instability regime for dilute Bose gases in two dimensions,
where the corresponding NLS is mass-critical. Before the blow-up time, we give a rigorous derivation
of Bose—FEinstein condensation and Bogoliubov’s theory; in particular, we prove that the many-body
dynamics are effectively described by the solution of the NLS, and that the kinetic energy of the system
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diverges in finite time. To our knowledge, this is the first result of this kind for dilute Bose gases in the
instability regime.

1.1. Mathematical setting. In the framework of many-body quantum physics, the dynamics of a system
of N (spinless) bosons in R? can be described by the linear N -body Schrodinger equation

{i&,\IJN(t) = HyYn (1),
W (0) = YN0,

where the wave function Wy (¢) belongs to Ls2 (R2N), the space of square integrable functions of N

(1-1)

variables in R? satisfying the bosonic symmetry
YNt x1,...,XN) = YN, Xo(1), - - - Xov)) forall o € Sy and x; € R?, (1-2)

where Sy denotes the set of all permutations of {1, ..., N}. We will work on a nonrelativistic system
with short-range interactions, where the underlying Hamiltonian is typically given by

N 1
Hy = Z(—Aj)‘l‘ﬁ Y wa(xj —xk), (1-3)
j=1 —li<j<k=n
where
wy(x)=NBwNBx), B>o, (1-4)

with a real-valued, even and bounded potential w. We do not impose any positivity condition on w;
in particular, the attractive case w < 0 is allowed.

When w is bounded, the Hamiltonian H} is self-adjoint on Lg(RZN ) with the same domain as the
noninteracting Hamiltonian. Therefore, the linear Schrodinger equation (1-1) has a unique global solution
Wy (t) = e HN Wy (0) with 7 € R, for every initial state W (0) € L2(R?Y). The major challenge in the
analysis of (1-1) is that the relevant dimension grows fast as N — oo, making it very difficult to extract
helpful information about the quantum system. Therefore, in practice, it is desirable to obtain collective
descriptions by reasonable approximations, based on suitable assumptions on the initial state. In the
present work, we will assume that the initial state exhibits the Bose—Einstein condensation (BEC), and
that the particles outside of the BEC have bounded kinetic energy. These assumptions allow a rigorous
derivation of effective nonlinear equations describing the BEC and the excitations which are computable
by numerical methods.

Roughly speaking, Bose—Einstein condensation (BEC) is the phenomenon where many particles occupy
a common quantum state. In particular, this is the case when the N -body wave function is approximately
given by a factorized state, namely

Un (1, X1, x2, .., XN) R @t x1)e(t, x2) -+ @1, XN) (1-5)

in an appropriate sense. Here the normalized function ¢(,-) € L?(R?) describes the condensate, and its
evolution is governed by the cubic nonlinear Schrédinger equation (NLS)

{iatso(t, x) = (—Ax +b o, x)|* — n(0)e(t, x),

1-6
0(0. %) = 9o x). (1-0



FOCUSING DYNAMICS OF 2D BOSE GASES IN THE INSTABILITY REGIME 283

where

b= /sz, w() = %b /RZ|<p(t,x)|4dx. (1-7)

The equation (1-6) can be formally obtained from (1-1) using the assumption (1-5) and the fact that
wn (x) = N2Pw(NPx) — bs(x) weakly.

The coupling constant b = [‘w plays a crucial role in (1-6). The focusing case b < 0 and the defocusing
case b > 0 correspond to rather different physical situations. In particular, we are interested in the focusing
case where the NLS (1-6) may blow up in finite time, even if the initial datum ¢(0) is smooth. The
possibility of the finite-time blow up is closely related to instability, which we will explain below.

1.2. Stability vs. instability. Since the 2D cubic NLS (1-6) is mass critical, it is well-known from
[Weinstein 1983] that the possibility of the finite-time blow up for H !-solution depends not only on the
sign of the interaction, but also on its strength. To be precise, let us denote the critical interaction strength
as the optimal constant ¢* > 0 in the Gagliardo—Nirenberg interpolation inequality

(/R2|Vf(x)|2dx)(/Rz|f(x)|2dx) > 1g* /Rzlf(x)|4dx forall £ e H'(R?).  (1-8)
Equivalently, ¢* = || Q ||i2 where Q is the unique positive solution of
—AQ+0-0°=0 in R?
(see [McLeod and Serrin 1987; Kwong 1989]). From [Weinstein 1983, Theorems 3.1 and 4.2], we have

two distinct regimes:

o NLS stability regime: b > —a*. The NLS (1-6) has a unique global solution for all initial data
@0 € H'(R?) satisfying |@oll;2 = 1.

e NLS instability regime: b < —a™. A finite-time blow up occurs, for example, if the initial data
@0 € H'(R?) N L2(R?;|x|? dx) satisfy ||¢o||z2 = 1 and

/R2|V<p0(x)|2dx+%b /R2|<p0(x)|4dx<0. (1-9)

In the instability regime, we refer to [Merle and Raphael 2004] for the universality of the blow-up
profile, [Merle and Raphael 2005] for a precise description of the solutions near the blow-up time, and
[Merle and Raphael 2003; 2006; Raphael 2005] for works on the blow-up rate. We also refer to [Merle
1993] for a complete characterization of the minimal-mass blow-up solutions in the special case b = —a™*.

Unlike the NLS (1-6), for the N-body quantum dynamics (1-1), the solution W (¢) exists globally for
every L2-initial datum. Nevertheless, we can still discuss stability and instability regimes by considering
the boundedness of the energy per particle.

* Many-body stability regime: The system is stable of the second kind if
Hy > —-CN (1-10)

for some constant C > 0 independent of NV (see [Lieb and Seiringer 2010]). In principle, (1-10) is stronger
than the NLS stability. By testing (1-10) against factorized states, we see that [w > —a*. However, the
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condition [w > —a*, or even [|w_| < a* with w_ = min{w, 0} the negative part of w, does not imply
the many-body stability (1-10), except if f < % [Lewin 2015]. The range of 8 guaranteeing (1-10) can be
improved for trapped systems; see [Lewin et al. 2016; 2017; 2018; Nam and Rougerie 2020].

e Many-body instability regime: If [w < —a*, then (1-10) fails to hold. More precisely, we have
Hy >—CN'*t2B, (1-11)

and the optimality of (1-11) can be seen by testing against factorized states and using ||wy || oo ~ CN 2.
In particular, (1-11) allows the energy per particle to diverge to —oo as N — oo, which is consistent with
blow up of the NLS (1-6).

Our goal is to make a rigorous connection from the many-body Schrodinger equation (1-1) to the
NLS (1-6) in the instability regime.

1.3. Derivation of NLS from many-body dynamics. The rigorous derivation of the NLS from the many-
body Schrodinger equation (1-1) has been studied since the 1970s, initiated by Hepp [1974], Ginibre
and Velo [1979] and Spohn [1980], and has gained renewed interest since the 2000s with important
developments including the derivation of the Gross—Pitaevskii equation in 3D by Erd8s, Schlein and
Yau [Erdés et al. 2009; 2010]. We refer to [Benedikter et al. 2016] for a pedagogical introduction to the
subject and a detailed discussion of the literature. In particular, in the defocusing case (w > 0), we refer to
[Kirkpatrick et al. 2011; Jeblick et al. 2019] for the derivation of the 2D NLS (1-6) and [Chen and Holmer
2017; BoBmann 2020] for the derivation of the effectively 2D dynamics of strongly confined 3D systems.

In the focusing case (w < 0) in 2D, most of the existing works in the literature are based on the stability
condition [|w_| < a*. In this case, the focusing NLS (1-6) is globally well-posed, and its derivation
from the many-body equation (1-1) was given by Chen and Holmer [2017] and Jeblick and Pickl [2018]
under the technical addition of a trapping potential like V(x) = |x|*, enabling them to use the many-body
stability (1-10) for 0 < 8 < (s + 1)/(s 4+ 2) by [Lewin et al. 2017]. Since the stability (1-10) was later
extended to trapped systems for 0 < 8 < 1 [Nam and Rougerie 2020], the approaches in [Chen and
Holmer 2017; Jeblick and Pickl 2018] are conceptually applicable for that range of 8. After that, Nam
and Napiérkowski [2019] removed the trapping potential and derived (1-6) for all 0 < 8 < 1, still under
the crucial assumption [ |w_| < a*.

In the present paper, we will give a novel derivation of the focusing NLS (1-6) which covers arbitrarily
negative potentials w and all g € (0, %) Without the stability condition [|w_| <a*, one only has the very
weak bound (1-11) instead of (1-10), and to our knowledge, the derivation of the NLS (1-6) prior to the
blow-up time is only available for 8 < %, following the methods in [Pickl 2010; Chen and Holmer 2017;
Nam and Napidrkowski 2017a; 2019; Jeblick and Pickl 2018; Chong 2021]. Although we do not expect
our extended range 8 € (0, %) to be optimal, it is sufficiently large and in particular covers the physical
setting of dilute Bose gases where 8 > % Actually, we will derive (1-6) from a stronger result, namely a
norm approximation of the many-body quantum dynamics also describing the fluctuations around the
condensate in the spirit of Bogoliubov’s theory. That result requires further notation and explanation,
which we defer to the next section.
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We conjecture that our results hold for all 8 € (0, 00), and also for = S — 0 slowly such that
limy o0 log(N#)/N = 0. The latter scaling regime was considered in [Caraci 2021] for the repulsive
case w > 0. For the repulsive potential w > 0, it is also possible to consider the critical scaling regime
with wy (x) = e2Y w(NPx). In this so-called Gross—Pitaevskii regime, it was proved in [Jeblick et al.
2019] that the correlations at short distance leads to a subtle correction to the leading order where the
coupling constant b in (1-6) must be replaced by the zero-scattering energy of w. It is natural to expect a
similar result for the attractive case w < 0, but this remains an open problem.

It is also interesting to consider the derivation of the focusing NLS in one and in three dimensions.
In three dimensions, the focusing cubic NLS always has finite-time blow-up for all strength of the
interaction, and the asymptotic behavior of the many-body quantum dynamics has been established
for0 < g < % in [Nam and Napiérkowski 2017a; Chong 2021]. It remains open to understand the
case B > % In one dimension, the focusing cubic NLS is globally well-posed (it is mass subcritical), and
the norm approximation of the many-body quantum dynamics for all 8 > 0 has been derived in [Nam and
Napiorkowski 2019]. It is possible to obtain the finite-time blow-up in one dimension by considering a
quantum system with three-body interactions, and we expect that the techniques introduced in the present
paper is also helpful for the corresponding problem (see, e.g., [Nguyen and Ricaud 2024] for a related
model in the stationary setting).

Finally, we refer to [Michelangeli and Schlein 2012] for a pioneering study on the rigorous understanding
of the many-body dynamical instability for bosons. This work is based on a different setting where the
particles have a relativistic dispersion law and an attractive potential of the form |x| ™!, ensuring that the
corresponding Hartree theory has finite-time blow-up for a sufficiently large interaction coupling constant.
On one hand, the general idea of proving the instability by Fock space from [Michelangeli and Schlein
2012] is very helpful for us (see, in particular, Corollary 4). On the other hand, on the technical side,
the analysis in [Michelangeli and Schlein 2012] does not extend to our case. More precisely, while the
N -independent interaction potential considered in [Michelangeli and Schlein 2012] places the system in
a mean-field regime, controlling the N -dependent potential will be the main task of our approach.

2. Main results

Recall that we consider the Schrodinger equation (1-1) with the Hamiltonian Hp given in (1-3), where
wy (x) = N2Pw(NPx) as in (1-4). We will give rigorous descriptions of the macroscopic behavior of the
many-body dynamics Wy (1) = e AN @ ~N,0 when N — oo, including the NLS (1-6) as the leading-order
approximation, and a norm approximation in L2 (R2N)) as the second-order approximation.

We always impose the following condition on the interaction potential:

Assumption 1. Let w € L>®(R?) be compactly supported and w(x) = w(—x) € R.

We do not put any assumption on the sign and the size of w.

2.1. Derivation of the NLS. Let us recall the following well-known result concerning the NLS (1-6)
(see, e.g., [Cazenave 2003, Theorem 4.10.1]):
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Lemma 2. For every b € R and oo € H'(R?) with ||| 12 = 1, there exists a unique solution
¢ € C((0, Tiax), H' (R?))
of (1-6) with a unique maximal time Ty € (0, 00]. Moreover, if Tyax < 00, then

im o)1 = oo. (2-1)

max

For nontrivial interactions w, the many-body quantum state W (¢) is not expected to be close to the
factorized state ¢(¢)®” in norm (see Theorem 5 below). Therefore, the leading-order approximation (1-5)
has to be understood in an average sense, which can be formulated properly in terms of reduced density
matrices. For every normalized vector Wy € L? (R2V), its one-body density matrix yé,l ]i is a nonnegative

operator on L2 (R?) with kernel

)/é,l]i(x;y)zf Wa(x, X2, ..., xN)¥YN(V, X2, .., xNy)dxy -+ -dxpy. (2-2)
R2(N—1)
Equivalently, it can be obtained by taking the partial trace

v9Y =Tramn [Wa) (W (2-3)

Clearly, if W = ¢®", then y(l)

Uy = |¢)(¢]| (the rank-one projection onto ¢ € L?(R?)). In general, the

approximation

o) ~ lo)el (2-4)

with respect to the trace norm is an appropriate interpretation of (1-5). Our first main result is a rigorous
derivation of the NLS (1-6) from (1-1).

Theorem 3 (NLS evolution of the condensate). Let f € (0.3), 0 < oy < min(B, §. 1(3 —28)) and
let w satisfy Assumption 1. Let ¢(t) be the solution of (1-6) on the maximal time interval [0, Tyax) as
in Lemma 2 with initial datum ¢y € H*(R?), |l@oll 2 = 1. Let Wn () be the solution of (1-1) with a
normalized initial state Wy o € L*(R?N) satisfying
1
N Te((1 = Mgy (@) < Co g =1=lpo)gol. (2-5)

YN0

for some constant C > 0. Then for every t € [0, Tmax), we have Bose—Einstein condensation in the
state ¢(t), i.e.,

Tr|yg) o — le@) @] < CN (2-6)

for sufficiently large N, where Cy is independent of N and continuous on [0, Tiax).

The initial condition (2-5) means that at the time ¢ = 0, the total kinetic energy of all excited particles
outside the condensate ¢q is bounded. Thus, there are only few excitations, which is a key assumption
allowing us to control the fluctuations around the condensate ¢(¢) for all ¢ € [0, Tihax) by using an energy
method. The kinetic bound (2-5) has been proven for the ground state or low-lying excited states of
trapped systems with suitable repulsive interactions; see, e.g., [Seiringer 2011; Lewin et al. 2015b].
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In Theorem 3 we do not make any assumption on the sign of the potential w, but our result is mostly
interesting in the focusing case w < 0. It substantially extends the result in [Nam and Napiérkowski
2019] where the NLS (1-6) was derived under the stability condition [|w_| < a* and the smaller range
B € (0, 1) (see also [Chen and Holmer 2017; Jeblick and Pickl 2018] for earlier related results). Without
the stability condition, the derivation of the NLS (1-6) prior to the blow-up time is only available for < %
for instance by following the methods in Pickl 2010; Chen and Holmer 2017; Nam and Napiorkowski
2017a; 2019; Jeblick and Pickl 2018; Chong 2021] and using the uniform-in-N bounds on the Hartree
equation which we prove in Lemma 10.

The speed of the divergence of C; as t — Tyax depends on the solution of the NLS in Lemma 2, but it
is beyond the scope of this paper to investigate the quantitative behavior of this nonlinear problem.

The following statement is a direct consequence of Theorem 3 and the definition of 7. in Lemma 2.

Corollary 4 (Many-body blow up). We keep the same assumptions as in Theorem 3, and assume addition-
ally that Tyax < 00. Then there is a sequence N(t) € N such that N(t) — oo ast /" Tmax and such that

N(t)

lim N()(\DN(t>(z) S CANINGO) = Tim TH-AYG ) =00 2-7)

The implication of Corollary 4 follows from a well-known argument (see [Michelangeli and Schlein
2012, Remark 2]): for every ¢ € [0, Tiax), the trace convergence in Theorem 3 and Fatou’s lemma imply that

lim inf Tr(1— A)yg!) () = Tr((1 = D)l e(0)]) = o) 71 g2). 2-8)

Therefore, if Thax < 00, then the one-body blow-up condition (2-1) implies the many-body blow-up
result (2-7). Note that (2-8) is only an inequality, hence the reverse direction, which would imply that
the many-body blow-up phenomenon does not occur at any fixed time ¢ € [0, Tn,x), cannot be deduced
from Theorem 3. We expect that this holds true, but a proof would require some additional analysis,
which we will not pursue in the present work. Moreover, it is an open question whether the number of
the excitations blows up as t — Tax.

We will derive Theorem 3 from a stronger result, namely the norm convergence of the many-body
dynamics (see Theorem 5 below). On the technical side, it would be interesting if one could prove
Theorem 3 directly using an analysis at the level of density matrices, but we do not see how to achieve
this (without going to the norm approximation).

2.2. Norm approximation. Let us now discuss the fluctuations around the condensate. For this purpose,
we first introduce the Hartree-type equation

{iatuw, ) = (<A o un () = v O)un @ 0) = h@un 0, o o
un (0.) = go ).
with
un0 =5 [, lun 0Py = p)lun (. )P dedy. (2-10)

The Hartree dynamics (2-9) plays the same role as the NLS dynamics (1-6) in the leading-order description,
but using the former is slightly more natural for the second-order approximation (see Lewin et al. 2015a;
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Nam and Napiérkowski 2017a; 2017b; 2019; Brennecke et al. 2019] for a similar choice). In particular,
(2-9) has a unique global solution, and ||z (?)| g1 is bounded uniformly in N and locally in time when
t €0, Trax), with Tyax given in Lemma 2. Moreover, since uy (t) — ¢(¢) in L2(R?) as N — oo, the
convergence (2-6) remains true if ¢(¢) is replaced by u x (¢) (see Lemma 10 for the details).

To describe the excitations around the condensate, it is convenient to switch to a Fock space setting
where the number of particles is not fixed. Let us introduce the one-body excited space

H1@) = un@)t cH=L*R? 2-11)

and the (bosonic) Fock spaces over |

N k k k
FFNO =P R crin=PRo.cF=PR. 2-12)
k=0 sym k>0 sym k>0 sym

Note that F (¢) and its subspace ]-"fN () are time-dependent via u y (¢), and they are naturally embedded
in the full Fock space F over $).

Let us recall the standard second quantization formalism, where the creation and annihilation operators
on F,a'(f) and a(f), are defined by

k
1 . _
(aT(f)X)(k)(xl,-'nxk):ﬁE FENxE Dy X1 X g1e o xg)  forall k> 1, (2-13a)
j=1

(a(f)x)(k)(xl,...,xk)=\/k—i—l/ dx]Tx)X(kH)(xl,...,xk,x) forall k>0 (2-13b)
R2

for all £ € L?(R?) and x = (X(k)),‘zozo € F. It is also convenient to introduce the operator-valued
distributions ai, ax by

() = [axfal. atn)= [axTtas. C-14)
which satisfy the canonical commutation relations
lax.aj]=8(x—y). [lax.ay]=[a}.al]=0. (2-15)

Using this language, we define the second quantization of one- and two-body operators as

k
dI'(T) =0 @ Z T; = [/T(x; x’)aiax/ dx dx’,

kz1j=1 (2-16)

dIH(S) =00 @ Z Sij = %////S(x,y;x/,y’)ajca;ax/ay/ dxdydx’dy’,

k=2 1<i<j<k

for T'(x, x") and S(x, y; x, y") the kernels of the operators 7 on $) and S on $? (see, e.g., [Solovej 2014,
Section 7]). In this language, the Hamiltonian (1-3) can be expressed equivalently as

1
HN = dFl (—A) + ﬁ sz(wN) (2—17)
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on $V. We also introduce the number operator on Fock space F,
N = dIy(1). (2-18)
where 1 this is the identity operator on ), and define the cut-off functions
15" = 1N <m), 1I"™=1WN>m) forall me (0,00). (2-19)

Following the approach in [Lewin et al. 2015a; 2015b], the N -body dynamics Wy (¢) € L?(RZN ) can
be decomposed as

ul N ®(N—k)
U0 = 3 un PV g, ) = 3 LN

k=0 im0 VW k)
for ®; the symmetric tensor product and where the vector
k
PN (1) = (5 ()= € FFV (1) C FL(t) (2-21)

describes the excitations around the condensate u  (¢) (see Section 3 for details).
Our goal is to approximate the N -body dynamics @ (¢) by the solution ®(¢) of the simpler evolution

6% (1) (2-20)

equation
10, D(¢) = H(2)D(¢
i0,0(1) = HO (1), .
qD(O) = qDOv
where H(¢) denotes the Bogoliubov Hamiltonian
H(t) = dTy (h(t) + K1 (1)) + %( / Ky (t.x, y)akal dxdy + h.c.). (2-23)
In (2-23), K (¢) is defined in the Hartree equation (2-9), and
Ki(t) =) K1 (0)q(1),  Ka(t) = () @) K> (1), (2-24)
where
q(t) =1=p@O) =1—lun(®)){un()| (2-25)
and the kernel of the operator K, (¢) and the function K> (¢) € $H2 are given by
I?t,x, =un(,x)wny(x—y)u s
1t x,y) =un, x)wy(x —p)un(y) 226)

Ka(t,x,y) = un(t, x)wn (x — »)un(y).

The effective generator H(¢) emerges from the Bogoliubov approximation when we write Hy in the
second quantization formalism, then implement the c-number substitution a(u ), a’ (uy) — /N, and
finally keep only the terms that are quadratic in creation and annihilation operators. Note that H(¢) is an
operator on the full Fock space F since A(t) does not leave $) (¢) invariant, but it does not contradict
the fact that ®(¢) € F, (¢) (see, e.g., [Lewin et al. 2015a] for a detailed explanation). Moreover, H(¢) is
N -dependent, although we do not make this explicit in the notation. The Bogoliubov equation (2-22) is
globally well-posed (see Lemma 7).

Now we are ready to state our second main result.
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Theorem 5 (Bogoliubov excitations from the condensate). Let € (0,3 ), 0 < o < min(., (3 —28))
and let w satisfy Assumption 1. Let up(t) be the solution of the Hartree equation (2-9) with initial
datum @y € H*(R?), ||go|| = 1. Let ®(t) = (¢(k)(t))k o € FL(t) be the solution of the Bogoliubov
equation (2-22) with initial datum &g = (¢0 ) reo € FL(0) satisfying || Dol = 1 and

(@o,dIN(1-A)Pg) =C (2-27)

for some constant C > 0. Let ¥y (Z) the solution of the Schrédinger equation (1-1) with initial datum

=0 V(N — k)'

Then, for all t € [0, Tyax), we have the norm approximation

o). (2-28)

N
“ Un ()= un@O®N P @, o® (1| <N, (2-29)

k=0

where the constant Cy is independent of N and continuous in t € [0, Tiax)-

Under the decomposition (2-28), the kinetic condition (2-5) is equivalent to condition (2-27) in
Theorem 5 (see Remark 6 below). Strictly speaking, the state ® o in (2-28) is not normalized in L2(R?V),
but the condition (2-27) ensures that

1> [ Wnoll* = 1= [LiysnyPoll? = 1 — (@g, W/N)Dg) = 1—-CN . (2-30)

In the mean-field regime f = 0, the norm approximation in the form (2-29) was first given in [Lewin
et al. 2015a], and higher-order corrections to Bogoliubov’s theory were recently derived in [Bomann
et al. 2021]. For repulsive interaction w > 0, the validity of Bogoliubov’s theory in 3D was extended to
0 < B < 1 in [Brennecke et al. 2019] and 8 = 1 in [Caraci et al. 2025] (see also [Nam and Napidrkowski
2017a; 2017b] for earlier results). We expect that the ideas from these works in 3D apply to handle the
repulsive case in 2D as well, possibly allowing a larger value of 8 in 2D. Our result is mainly interesting in
the attractive case w < 0 in 2D, where the validity of Bogoliubov’s theory was known only for 0 < 8 < 1
in the stability regime [ |w_| > —a* [Nam and Napi6rkowski 2019].

There have been many works devoted to the dynamics around the coherent states in Fock space,
initiated in [Hepp 1974; Ginibre and Velo 1979; Grillakis et al. 2010; 2011; Boccato et al. 2017]. Our
method is also applicable to this setting, but we skip the details. We refer to [Lewin et al. 2015a] for
a detailed comparison between the N-body setting and the Fock space situation, and [Benedikter et al.
2016] for further results.

The ideas of our proof are explained in the next section, and the full technical details are provided
afterwards.

Notation. We will use C > 0 for a general constant which may depend on w and ¢y and which may vary
from line to line. We also use the notation C; to highlight the time dependence. When it is unambiguous,
we abbreviate the L2-norm and the corresponding inner product by || - || and (-, ), respectively.
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3. Proof strategy

In this section we explain the main ingredients of the proof. We will focus on Theorem 5, which implies
Theorem 3. Our approach is based on Bogoliubov’s approximation where the fluctuations around the
condensate are effectively described by an evolution equation with a quadratic generator in Fock space.
The main mathematical challenge is to justify this approximation by rigorous estimates. Let us first give
an overview of the proof strategy, and then we come to the detailed setting.

As an important input of Bogoliubov’s theory [1947], we expect that most particles are in the conden-
sate u y (¢), which is governed by the Hartree equation (2-9). The first step in our analysis is to establish
several uniform-in-/N bounds for the Hartree dynamics, which is nontrivial due to the instability issue.
These one-body estimates require a careful adaptation of the analysis of the NLS (1-6) in [Cazenave 2003],
which will be discussed in Section 4. In the following, we will focus on the many-body aspects of the proof.

In order to extract the excitations, namely the particles outside the condensate, from the N -body wave
function Wy (¢), we use the unitary transformation U (¢) introduced in [Lewin et al. 2015b]. This is a
mathematical tool to implement Bogoliubov’s c-number substitution [1947], resulting in the evolution
DN (t) = Un(t)¥n(¢) on the excited Fock space ]—"fN (¢) where the generator Gy (f) was computed
explicitly in [Lewin et al. 2015a]. Thus, we can rewrite (2-29) in terms of excitations as

|®n (1) — D(1)|* < C; N2 (3-1)

for all ¢ € [0, Tax), Where ®(t) is the solution to the Bogoliubov equation (2-22).

The main difficulty in proving (3-1) is the lack of the stability of the second kind (1-10). More precisely,
with an arbitrarily negative potential w, we do not expect to have a good lower bound for the generator
Gn(t) of ®n(7), which in turn prevents us from obtaining a good kinetic bound for @ (7). A key
observation in [Nam and Napiérkowski 2019] is that a weaker version of the stability (1-10) holds if we
restrict to a space of few excitations. Rigorously, for the truncated dynamics @y a(7) € .FfM (t) which
is associated to the generator 1M G (1)1=M with a parameter M = N 1=6 5§ € (0,1), it was proved
in [Nam and Napidrkowski 2019] that ®y as satisfies an essentially uniform kinetic bound, and hence
| ®n,ar(t) — D(2)] can be controlled efficiently (see Lemma 7 below).

Thus, by the triangle inequality, the main missing ingredient for (3-1) is a good estimate for the norm
| ®n(t) — P, ar(?)]. For this term, we cannot use the analysis in [Nam and Napiérkowski 2019], which
crucially relies on the stability condition [|w_| < a*. The main novelty of the present paper is the
introduction of a new method which does not require any information about the full dynamics ® . This
kind of idea was previously used in [Nam and Napiorkowski 2017a], where various propagation bounds
were established by Cauchy—Schwarz inequalities of the form

(PN, APN M) = PN [ APN, M- (3-2)

However, this approach is insufficient to handle the dilute regime where > % because the Hilbert—Schmidt
norm of the operator with integral kernel w (x — y)u y (x)upn(y) diverges as N B. An alternative would
be to follow the approach in [Nam and Napidrkowski 2019], which avoids the Cauchy—Schwarz argument
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described above and uses a different strategy, relying on the a priori estimate (O, d['j (1 —A)®y) <
Cie(N + N 28) ([Nam and Napiérkowski 2019, Lemma 10]. However, in the instability regime, we
do not have the a priori bound (1-10) but only (1-11). This leads to the much weaker kinetic estimate
(®p, dT;(1—A)®y) < CN'+2B which is not sufficient to close the argument in [Nam and Napiérkowski
2019] for B > 1.

To improve the Cauchy—Schwarz argument, we write 1 = W~ with a suitable weight W > 0 —
eventually we choose W = (1 + dF2(|wN|))1/2; see (3-22) —and split (3-2) into

(PN ADN )| < {ON WTTAWON pr) | + (BN WV, A]O N ar)|. (3-3)

The first term on the right-hand side of (3-3) looks similar to [(®x, APy, ar)| but it is easier to bound

by the Cauchy—Schwarz inequality provided that we can bound ||A*W™!®y || in terms of |® | in

an average sense. For the second term on the right-hand side, we gain some cancelation due to the

commutator [W, 4], which eventually ensures that |W™![W, A]® . a|| is much smaller than || ADy a7
Now let us provide further details of the above ingredients.

3.1. Reformulation of the Schriodinger equation. Our starting point is a reformulation of the Schrédinger
equation (1-1), following the method in [Lewin et al. 2015a; 2015b].

Let u () be the Hartree evolution in (2-9). To factor out the contribution of the condensate, we use
the excitation map Uy (¢) : HN (t) — FJS_N (¢) defined by

N N—k

a(un(t))

Un() =P a)®* (— , (3-4)
Pt V(N =k)!

where ¢(¢) = 1 — |lun(¢)){(un(¢)| as in (2-25). It was proven in [Lewin et al. 2015b] that Uy (¢) is a

unitary transformation and its inverse is given by (2-20), namely

N N ot ®(N—k)
- a'(un(1)) k)
Un@*® =3 un®)®V 0 g, ¢® =
= AN
forall ®= (¢k)/]€\’=0 € }'fN (7). Heuristically, the mapping U provides an efficient way of focusing on the
fluctuations around the Hartree state u 5 (1)® ; in particular, Uy (t)u y (£)®N = Q is the vacuum of F | (¢).
It was also proven in [Lewin et al. 2015b] that, for f, g € £ (¢), we have these identities on ]—'fN (t):

UNaT(uN)a(uN)U]’{‘, =N —-N,
Und'(f)a@un)Up, =a" (/)VN -N,
Una'(un)a(g)Ux = VN —=Na(g). (3-5)
Una'(f)a(@)Uy =a' (f)a(g).

If Bose—Einstein condensation holds, then, in an average sense, N < N in F fN (t). Therefore, (3-5) can
be interpreted as a rigorous implementation of Bogoliubov’s c-number substitution [1947], where a(u x)
and af (u) are formally replaced by the scalar number /N .
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Remark 6. From (3-5) we have Uy, dI'(¢4q)Uy = dI'1(¢Aq) for any operator 4 on $). Consequently,
(2-5) is equivalent to (2-27).

Now we consider the transformed dynamics
PN (1) =Un@O)WN(). (3-6)
The Schrodinger equation (1-1) can be written in the equivalent form

{iazq)zv(f) =GnN@)PN (),
PN (0) =Un(0)*Un,0-
Here, the generator Gy (¢) can be computed explicitly, using the second-quantized form (2-17) and the
rules (3-5) (see [Lewin et al. 2015a, Appendix B]), as

(3-7)

g (1) = (10, Un () Un (1) + UN(V H Uy (0) = 3 3~ 15V (6 + 6)1=N (3-8)

with =
Go = dT'y(h) +dI'(K) ]]Vv__/;/ +dTy (q(2)(h + A)q(1)) ;v_—/\{ : (3-9a)
Gy =—2a"(g()(wy * |uN(z>|2)uN<z>)vaL_7v, (3-9b)
G, =/ K> (t.x, p)alal dxdy ‘/(N_A]/v)(ivl_N_l), (3-9¢)

61 = [[[ [0 ®a0unis g yix' yun e xalalay drdy ax'ay N o)
1
Ga = 1 dl2(g() ® ¢(NwNg (1) ® (1) (3-9¢)

Recall that A(z) is given in (2-9), and K;(¢) and K,(¢) are given in (2-24). In the above notation,
wy denotes the function wy : R?> — R in G (¢), and the two-body multiplication operator wy (x — y) in
G3(2) and Gy ().

3.2. Simplified equations. Following Bogoliubov’s heuristic ideas [1947], we consider a simplification
of (3-7), where only the quadratic terms G¢ and G, in the generator are kept. This leads to the Bogoliubov
equation (2-22), whose well-posedness is well-known; see, e.g., [Nam and Napiérkowski 2019, Lemma 5].

Lemma 7 (Bogoliubov dynamics). Let w satisfy Assumption 1, let un(t) be the Hartree evolution in
(2-9) with initial state po € H*(R?), and let &y € F (0) be a normalized vector satisfying (2-27). Then
the Bogoliubov equation (2-22) with initial condition ®g has a unique global solution

@ € C((0.00). F) N LE((0. 00), Q(dT' (1 - A)))
and ©(t) € F (t) for all t > 0. Moreover, for every t € [0, Tiax) and € > 0, we have
(@), dT (1 - A)P(1)) = CreNF, (3-10)

where Tax is given in Lemma 2 and the constant Cy ¢ is independent of N .
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Proof. The global well-posedness of ®(¢) is shown in [Lewin et al. 2015a, Theorem 7]. The kinetic
bound (3-10) follows from the analysis in [Nam and Napiérkowski 2019, Lemma 5] and the uniform
bounds of u (), which will be given later in Lemma 10. |

In order to estimate the difference || @ (1) — O(¢)]|, we follow [Nam and Napiérkowski 2019] and
introduce the truncated dynamics @y a7 (7) € ]-"fM (z), which solve the equation

{iatq)N,M(l) =1=MGn ) 1=M Dy (1),
Dy (0) = 1M @

As explained in [Nam and Napiorkowski 2019], the main advantage of (3-11) is that the truncated

(3-11)

generator is stable, namely
15MGN (0)1ZM > 1dT (—A) — Cy e N® (3-12)

for all ¢ € [0, Trhax) and M < N. This allows us to establish an efficient kinetic bound for ®x as(?),
which is not available for ® . Consequently, it is much easier to compare @y, a7 (7) with the Bogoliubov
dynamics. We collect some known properties of @ a7 (¢) in the following lemma.

Lemma 8 (Truncated dynamics). We keep the assumptions of Lemma 7. Let M = N 1-4 for some
constant § € (0,1). Then (3-11) has a unique global solution ®n pr(t) € ffM(t) with t € [0, 00).
Moreover, for every t € [0, Tmax) and € = £(8) > 0, we have

(PN, (1), dT (1 = A)Pyar(1)) < CreN° (3-13)
and
. 2 £ K i -
Ion a0~ 0012 = C*( 3+ 57 ) G-14)

Proof. The global well-posedness of @y as () follows from the general method in [Lewin et al. 2015a,
Theorem 7] (see also [Nam and Napidrkowski 2019, Section 6]). Given the uniform bounds of u  (¢) in
Lemma 10, the bounds (3-13) and (3-14) follow from the arguments in Lemmas 11 and 15 in [Nam and
Napioérkowski 2019], respectively. O

3.3. From the truncated to the full dynamics. Given Lemma 8, the missing piece for the proof of
Theorem 5 is an estimate for || @y (¢) — Py, ar(?)]|. The main new ingredient of the present paper is the
following bound:

Proposition 9. We keep the assumptions of Lemma 7. Let M = N =8 for some constant § € (0,1). Let
@y and @, s be solutions of (3-7) and (3-11), with initial data ® 5 (0) = 1=N @, @ 7 (0) = 1=M @),
respectively. Then for every t € [0, Thax) and every € > 0, we have

1 NP
[®N () — P ar ()] < C,,eNs(ﬁ + W) (3-15)

Eventually, we will take § > 0 small, hence the condition 8 < % is needed to ensure that the error term
NB/M?3/2 on the right-hand side of (3-15) is negligible.
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In order to prove Proposition 9, by norm conservation of | @ (¢)| and || Py ar(?)], it suffices to
show that (®n (), Py ar(?)) is close to 1. For technical reasons, it is more convenient to consider
(Pn(2), fAz/[ @y am (7)) with far a smoothened of version 1=M To be precise, we fix a smooth function
f :R—[0,1] such that f(s) =1 fors < % and f(s) =0 for s > 1, and define the operator f3s on F by

N
=fl—]. 3-16
ne=1(5) (-16)
We will deduce Proposition 9 from a Gronwall argument and the estimate
! NB
— cI>N(l) Jar®nm )| = CreN Ny (3-17)

It remains to explain the proof of (3-17). Let us drop the time dependence from the notation where it
is unambiguous. From (3-7) and (3-11), we have

d o~
‘a(‘PN(l), Fa®nm ()| = |3(PN. [On. [31PN,M)| (3-18)
since O pr € ]—"fM and f ]‘2/[ 1=M — f}\le Then it is straightforward to decompose G into the sum of
G; as in (3-8). Since fjs is a function of NV, only the particle number nonpreserving terms G, G, and
(3 contribute to the commutator.
One of the most difficult terms is the quadratic one !(@ N, G2, f 1\2/[]@ N.M)|s

operators hit ® . Since G, only changes the number of particles by at most 2, the commutator with fAZ,I
allows us to gain a factor M ~!. Therefore, estimating (3-18) essentially boils down to proving a bound for

i) [ v aruneun o= i@y alajenan) (-19)

In [Nam and Napiérkowski 2019], a variant of this term was estimated using a kinetic bound for ® 5
based on the method in [Lewin 2015] and the stability condition [ |w_| < a*. In the present paper, since
we are considering a general potential w including the instability regime [w_ < —a*, we only have

(®y, dT(1—A)Dy) < CN'H2B, (3-20)

which can be deduced from a variant of the energy lower bound (1-11). However, the latter bound is too
weak, and inserting it in the analysis in [Nam and Napiorkowski 2019] produces a solution only for 8 < %

Another idea, which can be extracted from the approach in [Nam and Napiérkowski 2017a], is to
handle (3-19) by the Cauchy—Schwarz inequality

(On.alal®n ) < PN lllalal ®narl. (3-21)

(To be precise, a variant of this argument was used in [Nam and Napidrkowski 2017a] to compare P
directly with the Bogoliubov dynamics ®.) The advantage of (3-21) is that no information about ®; is
needed. However, since we have to couple (3-21) with the singular potential wy (x — ») in (3-19), we
eventually obtain a large factor ||[wy || z.co ~ N 22, and the final bound is only good for g < %
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Thus, to cover the extended range 8 € (0, %) new ideas are needed to handle (3-19). In the present
paper, on the one hand, we will not rely on any information of ® p;; moreover, instead of using directly
(3-21) we will further decompose (3-19) by introducing a weight given by

R:=dlLh(Jwy])+1 = % /dx dy |lwy(x —y)|aia;axay + 1. (3-22)

By inserting 1 = R™V2RY/2 we can write
alal =R72alafRY? + RTV2RY2 ald]) (3-23)

Then, using the triangle inequality we can bound (3-19) by
1 -
o J[ax vl ux )Ty -l ey, R 2alal R 20 )

1
+ a7 J[[ax s eyl luy Ol o= (@ RRY. alaflon ). 324

The key point is that although the first term in (3-24) looks similar to (3-19), it is much easier to control.
Indeed, by the Cauchy—Schwarz inequality, we have

1 —
a7 J[ax 0 vl ux Ol = )l ey, R 2alal R 20 )]

1 _

=7 J[axr v ux Ty = pllaxa R 2 on IR0
1 1/2

< 3 ([[aravtone=aar 2oy )

1/2
x( f/dxdy|uN<x)|2|uN(y)|2|wN(x—y)|) IRV Ol (3-25)

Then, by the definition of R, we can bound

//dx dy |LUN(X _y)| ”axay'R,_l/2(I)N”2 = ((DN,R_I/Z sz(llUNDR_l/z(DN)
< onl? (3-26)

without relying on any information on ® ;. The other factors in (3-25) can be bounded efficiently using
|lwn |1 < C and good estimates on @ ps and u y, given that R can essentially be controlled in terms
of the kinetic energy; see (5-3). All this allows us to bound (3-25) by C; ;N ¢/ VM ||® ||, which appears
as the first error term on the right-hand side of (3-17).

We still have to bound the second term in (3-24). This term looks complicated, but in principle, we
gain a huge cancelation from the commutator [Rl/ 2, aia;] due to the fact that R is a “local operator™.
To make it more transparent, we can use
Rl/ 2 _ l OOL R
7Jo JsR+s

ds (3-27)
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to write, for any operator B,

[R/2, B] = [R, B|——. (3-28)

B 0 R4+ R+s

I[R+s B]_l Oods o :

In particular, a straightforward computation shows that
[R.alal]=[dT2(lwwl).alal] (3-29)

— o (= plala) + [dz (wn G =0+ luy @ - ) alaala:

Let us take |wy (x — y)|ala;r, from (3-29) and insert it in (3-28). The corresponding contribution from
the second term in (3-24) can be controlled by

R-1 /2
| [misen] @

a7 | a5 [fexay iy ety ) oy (= 9P Jaxa, 0

The resolvents (R 4 s)~! are important in two respects: one the one hand, they provide sufficient
decay in s via the estimate (R +s)~! < (1 4+ s5)~'. On the other hand, they compensate for the singular
interaction, which is similar to the argument in (3-26) although |wx|? is way more singular than |w /.

To combine these two ideas, we apply the Cauchy—Schwarz inequality on R? x R? to (3-30), where

we write
lwn | = Jwy | T 2wy | (3-31)
for & > 0 small. We estimate the term coming from |wy|'~¢/2 using
R~ 1/2 1/2 Rl —& 1
dr (|lwy|?~ 8) . (3-32)
R+s (R—i—s)2 (1+s)1+‘8
Here, we used that
dra(lwy [279) < (dDa(jwy])* ™ <R, (3-33)

which relies heavily on the locality of R, namely dI", (Jwp|) is the second quantization of a two-body
multiplication operator (see Lemma 12). For the term coming from |w N|1Te2, by calculating the
L2-norm of |wy|'T¢/2, which appears in (3-31), we eventually obtain C,,,SN"‘NB/M3/2, the second
error term on the right-hand side of (3-17). The cubic term (D, [G3, f; A%I]dD N, M) can be handled similarly.
This completes our overview of the main ingredients of the proof.

In our analysis, the restriction to 8 < % seems a purely technical limitation. We conjecture that it
could be improved. For example, one would be able to cover all 8 > 0 if the higher-moment estimate
(PN N bp N.Mm) = CpN?® were established for all b > 1. At present, however, we are not able to

show that, and we will only use the first moment bound (b = 1) from Lemma 8.

Organization of the paper. In Section 4, we establish uniform-in-N estimates for the Hartree dynamics.
The most technical part of the paper is contained in Section 5 where we prove Proposition 9. From this,
we conclude the main results in Section 6.
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4. Uniform estimates for Hartree evolution

In this section, we consider the Hartree evolution 5 in (2-9). By Assumption 1, it is globally well-posed
in HX  k e {1,2,...}, for any fixed N by [Cazenave 2003, Corollary 6.1.2]. However, it is a priori not
clear whether ||u (¢)|| g« is bounded uniformly in N for fixed ¢ € [0, Timax). In the following lemma, we
prove such uniform bounds for all times prior to the NLS blow-up time Tiyax.

Lemma 10. Let w satisfy Assumption 1. Let o € H*(R?) and Tpax be as in Lemma 2. Then, for every
T €0, Thax), there exists a constant C = C(T, ¢g) > 0 such that, for all t € [0, T| and all N sufficiently
large,

lun(@)llLee = C llun(Dllg2@ey = €. [10run ()|l g2@e2y = C. (4-1)
Moreover, for ¢(t) the solution of the NLS (1-6),
lun (@) =90l 2@z < CN 7. (4-2)

For interactions satisfying the stability condition fR2 |w—| < a*, (4-1) has been shown in [Nam and
Napiorkowski 2019, Lemma 4]. As explained in [Nam and Napidrkowski 2019], the key point is to get
the uniform bound [|un (?)[| g1 g2y < C, and the rest follows from a rather general argument. In the
stability regime considered in [Nam and Napiérkowski 2019], this bound follows immediately from
energy conservation and (1-8), namely

Elun (0] = | Vun @] + 4 /f dx dy (1 ) Pun G — )iy (6. )2
> IV O = L)l lun @)1
> ||VuN<z)||2(1 - %) (4-3)

For a general w in Lemma 10, the estimate (4-3) is not available, hence the estimate of ||un (?) || g1 (r2)
is more complicated. Instead of studying u  directly as in [Nam and Napiérkowski 2019], we will focus
on the difference

On (1) =un (1) — o). (4-4)
We will bound 6 (¢) by a bootstrap argument consisting of two steps:
(D) IfF|On@)| <8 = +/a*/(B32|w| 1), then | VOxN(?)|| < C. This follows from energy conservation
and the a priori bound |[¢(7)[| 1 (g2) < C on [0, T].
(2) If ||On (s)|| < & for all s € [0, 7], then [|On(7)]| < N8 <« § for sufficiently large N. To prove this,
we use Step 1 and Gronwall’s lemma.
The conclusion thus follows from the continuity of the map ¢ — |0 (¢) || and the initial condition 6 (0) = 0.
Now let us go to the details.

Proof of Lemma 10. For simplicity, we consider the solutions u () and ¢(z) of (2-9) and (1-6) without the
phases pn (¢) and (), respectively. Due to the gauge transformation u x — exp{—i fot (s) ds}up, this
does not change the N -dependence of the estimates (4-1). Let § = /a*/(32 |w| ;1) with a* as in (1-8).
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Step 1. Assume that |6 (¢)|| < 6 for some 7 € [0, T']. Using the energy conservation of (2-9) and the fact
lwnllp1 = lwllz1, we can bound

elun (0] = Elgnl = Vol + 1 [[ oo (x = o) dxdy
< IVeol® + 3 lwllLtlgoll7s < C. (4-5)
On the other hand, using (1-8) and the assumption |6y (¢)| < é, we can bound

1

———[IVONO)]*.
16 [lw]| 1

s 202 2
1ON ;4 = —IVONOI® =
a
Combining with 1 [VOy (1) < [|Vun (1)[|? + | Ve (t)|%, we find that

ENlun (O] = [Vun > = 5 lwl L1108 () + (D)1 74
> (5 IVONOI? = [VeOII?) = 4llwl L1 (188 Ol 74 + @@ 74)
> 2 IVON(1* - C, (4-6)
where we used that | Vo(z)|| < C on [0, T']. Consequently, (4-5) and (4-6) imply that | VOx (?)]*> < C.
Step 2. Let s €0, ¢] and assume that |0 (s)|| <. Then, dropping the time dependence from the notation,
we find that
310 1ON O] = |3(On. (wa * [un PN + (wn = (un|* = le1*)e + (wx * o> — b |o|*)e)]
<10l lzos (Jwn * (un|® =) | + [wn * 101> =5 lol*])
=0l l@llLee (A1 + A42). (4-7)
On the right-hand side of (4-7), we have ||y (s)|| < § by our assumption, and ||¢(s)| L < C since

¢(s) € H*(R?) [Cazenave 2003, Theorems 5.3.1 and 5.4.1] and Sobolev’s embedding H?(R?) C L>®(R?)
[Lieb and Loss 2001, Theorem 8.8 (iii)].

Estimate of Ay. Using
lunl? = 1l?| = |(lun] = leD(un] + )| < 16n1% + 210l 1051, (4-8)

we can bound
Ay < lwnlLi (08117 + 2 el lOn 1) < C 16N]l. (4-9)

In the last estimate, we used (1-8) and the bound || VOx (¢)]|?> < C from Step 1.
Estimate of A,. Observing that b = @ (0) and ¥y (§) = W(&/NP), Plancherel’s theorem yields

| Lo

B . |<p/|\2{|L2 <CN~A. (4-10)

Here, we used ||Vg|| < C and the fact that w is Lipschitz.

-
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In summary, inserting (4-9) and (4-10) in (4-7), we arrive at
35105 ()I1* = C(I1On () 1> + N72F). (4-11)

Consequently, we obtain ||6x (7)|| < CN~# by Gronwall’s lemma since 6 (0) = 0.
Conclusion. Define
ty =sup{t €[0,T]:||On ()| < 6}. (4-12)

Assume that /7™ < T'. By [Cazenave 2003, Theorem 4.10.1], the map [0, T'] 5 = [|6 (¢) || is continuous,
hence ||y (s)|| < & for s € [0,7™]. By Step 2, this implies that
[6n )| <CN P < (4-13)

for sufficiently large N, which contradicts 73" < T'. Hence, 17** > T, and consequently

lOn ()| <6 forall £ e[0,T].
By Step 1, we get ||VOy(1)||*> < C. Therefore,
lun Ol < 1O8NOllgr + @l =€ forall £ €[0,T1. (4-14)

The remaining estimates in (4-1) can be deduced from the H!-bound as in [Nam and Napiérkowski 2019,
Lemma 4], using Duhamel’s formula. The bound (4-2) also follows from the above argument, where
the error term N ~# comes from (4-10). O

5. From the truncated to the full dynamics

In this section we prove Proposition 9. As explained in Section 3.3, the key step is to prove the propagation
bound (3-17). We use (3-18) and (3-8) to decompose

3
d
SOV, [ Pn ()] = 3 [(ON (G + G, fi7]Onm))| (5-1)
j=1

with G; given in (3-8). In the next subsections, we will handle the cases j = 1,2, 3 separately, and then
conclude (3-17) as well as Proposition 9.

As a preparation, let us collect here two auxiliary estimates which will be used repeatedly in this
section. The first one is a simple Sobolev-type estimate.

Lemma 11. Ler W € L5(R?) with s € (1,2] and denote by W(x — y) the corresponding two-body
multiplication operator. Then

A0 (IW(x = »)]) < GollW || Ls @2y N dT (1 — A) (5-2)
as operators on F.

In particular, Assumption 1 guarantees that w € L17¢(R?) for every & > 0, hence Lemma 11 implies
that
Al (Jwy (x — p)]) < CeNN dTy (1 — A). (5-3)
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Here we used the fact that

/ lwy (x)|% dx = N2B@=D /|w(x)|a dx forall a > 0. (5-4)
R2

Proof. Using Sobolev’s embedding L% (R?) > H'(R?) with 1/s’ + 1/s = 1 [Lieb and Loss 2001,
Theorem 8.8], we have
J[exariwee=nireol =6 [axiWe =l 1o s

= CsllWllLs ey (S (A= Ap) [ L2m2xm2) (5-5)

for all € H'(R? x R?). Therefore, we have the two-body inequality
W(x =) = GlIW |y (1= Ay) (5-6)
for each y € R2, which implies the second-quantized form (5-2). O
The second estimate is concerned with the second quantization of a two-body multiplication operator:

Lemma 12. Let A > 0 be a multiplication operator on $ such that A(x, y) = A(y, x) and let s €[1, 00).
Then
dI'2(4°%) = [dT2(4)F. (5-7)

Proof. On every k-particle sector 5%, k > 2, we have

N
dhp(A%) = Y A} < ( > AU) = [d2 (AP (5-8)
1<i<j=<k 1<i<j<k
This concludes the proof since dI";(A4) preserves the particle number. O

5.1. Estimate of the linear terms. We consider first the linear terms in (5-1).

Lemma 13. For every t € [0, Tax) and € > 0, we have

* - N®
(N [(G1 +GY). fil®nm)| < Cre Nk (5-9)
Proof. From the definition of 3 in (3-8), we obtain
DN [Gr. [ Pam)| =2 (N, aT () (Wi * lun|?)un) w1 Py, ar)| (5-10)
with
— 1
o= (2 Ge) - 50)) @1
N —1 M M
where we used that g(j\/')al = aig(./\/ +1). For f as in (3-16), we have
C <
= N_jsm (5-12)

MVJN
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in the sense of operators on ]-"fN (t). We will use the simple bound

a()a’(©v) = a’ a) + [v]* < W+ D]v]?
where v = q(¢)(wy * |un|?)uy satisfies

Ioliz2 < | wn * lun®un| ;2 < llwnlpillunllzzlunlize < Co

(5-13)

(5-14)

by Lemma 10. Therefore, by the Cauchy—Schwarz inequality, we deduce from (5-10) and (5-13) that

(N, [Gr, fil®w )| <2 0wl (g wn s lun Pun) NV + DT IV + D201 Dy

(N +1)3/2
MN

Né‘
VN

=

<M
1= q)N,M H = Ct,s

In the last estimate, we used that
INY20 N )12 = (PN, NON.ar) < Cr e NG,

which follows from the kinetic estimate (3-13) in Lemma 8. Similarly, we also get

N8
(PN [G]. [P, m)| < Cre Nici
since
(DN [GT. [if]®nm)| =2|(®wn.alq)(wn * |un|?)un)D1 PN p)|.
where

[

7= () ()

as an operator on F=~ . From (5-15) and (5-17), we obtain (5-9).
P 1

5.2. Estimate of the quadratic terms. We turn to the quadratic terms in (5-1).

Lemma 14. For every t € [0, Tax) and & > 0, we have

B
(DN [Ga. [f]®Pn, )| < Ct,s(% + %)N{

NS

(PN, [G}. figl®Nnm)| < Cre—r -

(5-15)

(5-16)

5-17)

(5-18)

(5-19)

(5-20)

(5-21)

Proof. The bound (5-20) is one of the most difficult estimates in this section. We use the strategy explained

in Section 3.3.
Step 1. Let us abbreviate

_ \/(N—N)(N—N—l)(fz(%) fZ(N+2))

N -1

(5-22)
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<N
as an operator on F - For N > 2, we have
C
|wy| < —17M/2, (5-23)
M

We also observe that in the relevant estimate for G,, K = ¢ ® ql? 5 in (2-24) can be replaced by K 5 as
for any x, x’ € F1(¢) we have

<x, //dx dy Ka(x, y)uN(X)uN(y)ala;x’> = <x, //dx dy K (x, y)uN(X)uzv(y)alaIx’>. (5-24)
Hence, we can write
(. [62. fi1enar) = [[axayun - pun@uyo)Oy.dlafortyn).  (525)
By writing
ala; = R_l/zaia;Rl/z + R_I/Z[Rl/z,ala}:] (5-26)

with R = dI>(Jwy|) + 1 as in (3-22) and using the triangle inequality, we find that

(N, [Ga, [af]ON,m)| < €1+ & (5-27)

where
& = // dx dy [y (x — )| @) uy )] (@ R 2alal RV 2w, ) 5.28)
&2= [[axariuw =l v @l vl |@x. 7R dalononar]. (529

Step 2. Now let us estimate £;. By the Cauchy—Schwarz inequality,

“1= // dx dy [wy (x — )] Jun ()] Jun )] laxay R™2 05 | R 20, @y a1l
1/2
< (//dx dy lwy(x — )| |uN(X)|2|”N(J/)|2)

* (/[ dxdy lwy (x = p)llaxayR™" 2qI>N||2)1/2||R” 20D, pmll. (5-30)
From Lemma 10, we can bound
[ av o=l ey Py 0IP = luy BslluniZalonll <€ 630
Moreover, (3-26) yields
[Jaxaviun = lasa, 2 ox]? < oy < 1. (5:32)

From Lemma 11 and the kinetic estimate in Lemma 8, we get

(@01 A2 (lwN )P, pr) < CeNE (P, pr. M AT (1= A) P ar) < Cre MN . (5-33)
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Combining this with (5-23) and the fact that R commutes with w,, we find that

C C;N¢
RY 20, ® 2< — (®On . RO < SrelV 5-34
IR w2 On ™ = 75 (PNam- RON M) = — 0 (5-34)
Inserting (5-31), (5-32) and (5-34) in (5-30), we conclude that
C[ 8N8
& = — o (5-35)
VST AT [®n]

for every constant & > 0.

Step 3. We turn to estimate the second term &, which is more involved. Using (3-29) and (3-28), we get

[Rl/z,aTClT] — l /oods
Xy 7 Jo

Rt lwn (x — y)|ax yR+

= ds/dz

£ = // dx dy [wy (x — )| [un ()] [y )] [{@x. RV2RY2. ata oy @ a0)|

<C(&,1 + &), (5-37)

1
_ — atatat (5.36
IwN(x |+ wn (v —2)l)ayagal 2tz (5-36)

This allows us to write

where

821—/0 dsf//dxdylwzv(x | |uN(x)||uN(y)|‘ Oy, = -l wquN,M)" (5-38)

52,2=/0 dsﬁ/f/dxdydzmv(x—yn|wN(x—z)||uN<x)||uN(y)|

R—I/Z
R+s

1
R+s

Talat
X dyaya,az

(P,

w2 ®N M) ' (5-39)

Estimate of £, ;. By the Cauchy—Schwarz inequality, we find for any constant ¢ € (0, 1) that

o0 —1/2
1< d dxd - —— >
a1 = [T [faxay o=l lux 0] Jasas T on | | ontwn|

00 1/2
5/0 dsﬁ(//dxdy|wN(X—y)|2+8|uN(x)|2|uN(J/)|2)
_1/2 2\1/2
(//dxdylwzv(x yI|IPE )

R+
By Lemma 10, we obtain
// dx dy [y (x — )Pl )Pl ) < ey oo lun 1221wy 0 s

< C,N2B(+e) (5-41)

Axdy dDN

0] . (5-40
R+sw2 N,MH (5-40)
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Moreover, using that

//dxdy|wN(x WPt alasay = dTy(wy %) < (@Ty(wy))> ™ <R (542)

by Lemma 12, we can bound
[ exarione =y

R-1/2

R+s

2 -1/2 -1/2
R R
Dy =< @y, dDa(lwy]*79) d>N>

R+s R+s

“laxay

RI—S

1
Sov o) E g O

In the last estimate we used that R > 1. Moreover, using again the fact that R commutes with w;, we find
with (5-23) that

2
C
P <— —  (onm.17M20
HR—i—Swz N.M _M2(1+s)2< N.M N,M)
N Cre
< |oyy o Tt _pNe 5-44
_M2(1+s)2< NM> T NM> M3(1+5)2 (5-44)

Here in the last estimate, we used the kinetic bound in Lemma 8. Inserting (5-41), (5-43) and (5-44) in
(5-40) we find that, for every constant ¢ € (0, 1),

&1<C d Vv N2B(1+e)
21 ”/0 s s (1+s)1+8 M3(1+s)2
N (+e)B+e/2 d N (+e)B+e/2
=< Cte a <Cte——=7— (5-45)
’ M3/2 0 (1+S)1+8/2 > M3/2
Estimate of £, ». Similarly, for every constant ¢ > 0 small, by the Cauchy—Schwarz inequality,
[e.e]
e22= [ a5 [[[avayaz oy (o=l luy =2l @l i )
Moy REVPWADT2 4 4y WYV
, ddala,~—"—w
N R+s A
o0
< Juxlie [ ds V5 [[faxdydzionGe= il =2)
R™V2W + 1)—1/2 (/\/+3)1/2
X |laxaya;z RT3 w2 PN, M
R—1/2 H-1/2 1/2
EC,/ (/[/dxdydz|wN(x y)|2 *laxaya; %\/’_:_ ) Dy )
s

N +3)1/2

z

(fo|

1/2
dx wy (x —2)? / dy |wN(x—y)|8) - (5:46)




306 LEA BOSSMANN, CHARLOTTE DIETZE AND PHAN THANH NAM

In the last estimate, we used the uniform bound ||un||Lce < C; from Lemma 10. Using again (5-42) and
R > 1 we find that

[[faa azton -y

_<R—1/2(N+ 1)~1/2

RPNV |

R+s

Ax0ya;y

_ RNV +1)7/2
. dTa(wy [V —2) TN D q>N>

R+s R+s
oy BT o N1 (5-47)
NV Ry N T (A rsite

Since w is bounded and compactly supported, we get
/dx|wN(x—z)|2/dy|wN(x—y)|8SCNZ’%. (5-48)

Moreover, using (5-23) together with N2 < M dI'; (1 — A) on F=M and Lemma 8, we have

(N +3)1/2 e NN +3)
d T w,® = — S ® 5-49
/ S L R R 22\ O R+ 5)? M (5-49)
C CieN°®
<—— (O M. N < 5-50
< M2(1+s)2( N.M N.M) = M1 +5) (5-50)
Therefore, we deduce from (5-46) that
00 1 NE N(ﬂ+1/2)e
&, <C d N2Pe <Cpo—e—o. 5-51
2,2 = t,s/(; S\/E\/(l +S)1+g \/M(l +S)2 —= “te \/M ( )
Putting (5-45) and (5-51) together, we conclude from (5-37) that
NA+e)B+e/2 A (B+1/2)e
&y = Ct,g( P + N ) (5-52)
Conclusion of (5-20). Inserting (5-35) and (5-52) in (5-27), we obtain (5-20).
Step 4. It remains to prove (5-21). Similarly to (5-25), we can write
(O (65 i) = [[dxdvun(x - iR D Oy axtsB2bny) (5
with
— JIN=-N+)N-N+1)( ,(N-2 2N
= — — -54
@ . =) -5 (5-54)

as an operator on }'JS_N . This term is much easier to estimate than (5-25) since now two annihilators
hit @ ps. To be precise, we have

(5-55)

_ C
w < —
@2l = 37
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similarly to (5-23). Therefore, by the Cauchy—Schwarz inequality,

(@65 f21war)] < // dx dy Jw (x — )] Jun (O luw O)] 1D |l axay@2 @y

1/2
< ||<I>N||( [Jaxar =) |uN<x>|2|uN(y)|2)

1/2
X (//dx dy lwy (x — )| ||axay52¢N,M||2)

~ 1/2
< C{@war. A2 (lwn @22 v ar)
Cre e 1/2 ‘
= e (Pn,M. NNAL (1= A) PN pr) /7 = Ct,aﬁ- (5-56)

Here we used again (5-31), Lemma 11 and the kinetic estimate in Lemma 8. Thus, (5-21) holds true.
This completes the proof of Lemma 14. O

5.3. Estimate of the cubic terms. Concerning the cubic terms in (5-1), we have the following bounds:

Lemma 15. Let @ € F 1 (¢),1 € [0, Tax) and &€ > 0. Then

: 1 NB
(®n.[Gs. f3f]®Pn,m)| < Ct,g(ﬁ + MW)NE’ (5-57)
N&‘
(PN, [G}. fa]®n.m)| < Cre Nk (5-58)

Proof. Again, (5-57) is much more difficult than (5-58). We will proceed similarly to the quadratic terms.

Step 1. Analogously to (5-23), we define

B e

as an operator on ]—"fN , which satisfies

C
o3| = 1M, (5-60)
Moreover, similarly to (5-25) we can write
1
(PN, [G3, f]\zl]QDN,M) = \/_ﬁ //dx dy wy(x —y)uN(x)(CDN,aia;aya)ﬂDN,M). (5-61)
By decomposing ala;ay as
aia;r,ay = R_l/zaia;ale/z + R_I/Z[a;rca;ay, Rl/z], (5-62)

we obtain
(DN, [G3. faf]PN,Mm)| < &3+ & (5-63)
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where
1 _
£ = // dx dy [y (x — )] lux @] (xR~ 2atalayR 2wy 0y a1 (5-64)
1 _
fi=— [[ dx dy [y (x — )| lux )] | (@ RV alalay. RV ws®npr)|. (5:65)

Step 2. Let us first estimate £3. By the Cauchy—Schwarz inequality,

1 _
£ < // dx dy [wn (x = )] Jun (O] laxayR™20 x| lay R 203 Dy a1

lun|lroe (// —1/2 2)1/2
< —F dxdy |lwy(x — axa, R Dy
i yl Ml llaxay |

1/2
x( f/dxdy|wN<x—y)|||ay72”2w3<I>N,M||2) . (5-66)

We can simplify the right-hand side using (3-26) and Lemma 10. Moreover, by (5-60) and Lemma 11,
Cs

lw3)>*NR < N2 dI'y(1—A) < CeNedT (1 —A) (5-67)

on F=M Combining this with the kinetic bound in Lemma 8, we find that
[ xar o= lla, R0 en il = oyl @xar. os PN RON, 1)
< C,N?¢ (5-68)

for every constant ¢ > 0. Therefore, we deduce from (5-66) that

C[ 8N8
&3 ——. (5-69)
TOUN
Step 3. Now we turn to the complicated error term £4. A direct computation shows that
[dF2(|wN|),a;rC ] lwy (x — y)|achr ay /dz|wN(x Z)|aT TaTaZay, (5-70)

and with (3-28) this yields

12, 1 [
[R ay] = ds
T Jo

*|wn (x—p)lalala,

_/ ds/dz

Thus, by the triangle inequality and the bound ||un ||L < C; from Lemma 10, we can split

R+s R—I—

1
|wN(x z)|a;rc }L, J;azayR+S. (5-71)

o= [[arayiune—pllun @y, R lalalas RV sy )|

< Cr(€4,1 +E42), (5-72)
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where
—1/2 1
E41 = \/_f ds x/_//dxdylwzv(x »)| K N7 ala;ayR+Sw3q>N,M>‘, (5-73)
fa2= = [ a5 o5 [[faxarazon -l -2
N
R7YV2 444 !
X <®N, RT3 aaya, azayR+ a)3<I>N’M>‘. (5-74)
Estimate of £4,1. By the Cauchy—Schwarz inequality we have
1 [ore] \/_ ) —1/2 1
€41 = — d dxd — o d
4,1_\/—/‘ S 5[/ xdy |lwy(x—y)| axayR+ NH‘ay,R_i_SC% N,M‘
1 . R-1/2 2\1/2
<— dxd ¢
as s  ffaxar o= asa, T on| )
2N1/2
X dxd —y)|*te @ . (5775
([fexartone =Pl omon ). 599
The right-hand side can be simplified using (5-43) and the estimate
2
dx dy [wy (x —y)|*T¢ )
J[exavione =P+ oy onenn
Nlws|? N®
_ 2+¢ (1+¢)28
= |||w d ,——— <CieN ——, (5-76
lwal HL1< NM G a OV 1e EREE (5-76)
which follows from (5-60), R > 1, and the kinetic bound in Lemma 8. Altogether, this gives
U yases NT
(1+S)1+8 M2(1—|—S)2
N(1+€)/3+8/2
< Cro——. (5-77)
t,e \/NM
Estimate of £4 5. By the Cauchy—Schwarz inequality,
1 o0 NG
54,2=—[ ds s///dxdydz|wN(x—y)||wN(x—Z)|
VN Jo
RTV2W +2)71/2 WV +3)1/2
’r T
“flov s Lalalasay S o)
1 o0 NG
<— ds s///dxdydz|wN(x—y)||wN(x—Z)|
VN Jo
RPN 4T W+
X |axaya Ayl;————w
xUylz R+s N yiz R+s 3IWN,M
1 _1/2(N+2)_1/2 2\1/2
<— dxdyd
(/// xdydz|wy(x— y)| ‘laxaya; R+s N )
N +3 1/2 2\1/2
><(///dxdydz|wN(x—y)|‘€|wN(x—Z)|2 ayaz% ) . (5-78)
s




310 LEA BOSSMANN, CHARLOTTE DIETZE AND PHAN THANH NAM

We can bound

[ a azton -y

RPN+ N

Axfyaz R+
R—1/2 2
//dxdy|wN(x )2 axayR+ DN SW (5-79)
as in (5-43). Since w is bounded and compactly supported, we have the pointwise estimate
w (x =PI fwn (x = 2)I? = [y (& =PIy (= 2P, <en-#)
< CN*Pluy(x = )1y, i<cn-#- (5-80)

Moreover, the operators dI'2(1¢|,_,j<cn-5}), R, N and w3 all commute. Consequently, using R > 1
and (5-60), we can bound

(N +3)1/2 2
//dy dz 1{\y—z|§CN*/3} ayazR—_i_SagCDN,M
N+3
= <‘DN,M, dF2(1{|y—z|§CN_B})m|w3 |2(DN,M>
<— (9 ,dl (L, — -5y . 5-81
= —|—s)2< Nm A2 (L, <on-583) PN, M) (5-81)
Using Lemma 11 with s = 28/(28 — ¢), we obtain
A0 (Ly,_sj<cn-#y) < CeN N PN D (1-A) (5-82)
for every ¢ > 0. Therefore, together with Lemma 8, we deduce that
W +3)1/2 2
dxdyd - 2 03 ®
/// xdydzwy(x—p)*lwy(x ayaz—g—— —w3PN.m
CN*P .
< T Nwnl®| 1 (Pn,ar. dT2 (g -z <cn—8) PN, M)
C, . N@B+2)s
< (5-83)
(1+5)?

Inserting (5-79) and (5-83) in (5-78) we find that

N @2B+2)¢ C N B+De
2= [Tas s & (5-84)
(1 +s)1+€ (1 —i—s)2 VN

for every constant ¢ > 0. From (5-77) and (5-84) we get

NP 1
Es=<C —+—)N5. 5-85
4 t’s(\/ﬁM VN (>-83)

Conclusion of (5-57). Given the decomposition (5-63), the desired bound (5-57) follows immediately
from (5-69) and (5-85).
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Step 4. It remains to prove (5-58). Similarly to (5-61), we can write

. 1 — ~
(PN, [G], [)PN.M) = TN //dx dy wy (x = )un (X)( Dy, alaxay @3 Py m) (5-86)

e 1 N

as an operator on F fN , which satisfies

with

_ C
CHES A (5-88)
By the Cauchy—Schwarz inequality,

(PN, [G}. fg PN, )]
1 -
= T‘//dx dywy(x —y)un(x) (N + 1)_1/2<I>N,a;axay/\/l/z'd)'gch,M)‘

||“N||L -
dx dy [wy (x — »)|lay WV + D720 || laxay N 2@ 0y a |

A 1/2
< ﬁ(//dxdy|wN(x—y)|||ay<N+ 1)—”2@N||2)

1/2
) (// dx dy [y (x — )| llaxa, N/ 2@ ¢N3M“2)

C _ ~ 1/2
= — (. oyl N+ 1T 0N V20N g, AT (wn DA @320 )
VN
CeN°® 2a<M 3 —2 172 - Cre 2
< ——— N I{PN . dT1 (1 = ANZLZE M ™Dy pr) —=N", (5-89)
VN : -~ N
where we used Lemma 11 and the kinetic bound in Lemma 8. This concludes the proof of (5-58) and
thus of Lemma 15. O

5.4. Conclusion of Proposition 9. First, inserting the bounds from Lemmas 13, 14 and 15 in (5-1), and
using M < N to simplify some error terms, we find that the desired propagation bound (3-17) holds true,

namely that
1 NP
&€
f Ct,sN (_—M + M3/2).

d

HON (). S N (1)

Proof of Proposition 9. Define

B(t) =1 =(ON (), [y Pn,m (1)) (5-90)
By (2-27) and by definition (3-16) of fjs, we obtain

B(0) = (®g, (1— f2) Do) < (B9, 17M/20) < <<I>o Ny) < (5-91)

C
Y
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Combining this with (3-17), we can therefore bound

1 NB
B(l) =< Ct,g (\/_M + W) (5-92)

for all ¢ € [0, Thax) and & > 0.
To conclude Proposition 9, we prove that

lon (1) — Py ()] < 4B(). (5-93)
Let us drop the time dependence from the notation for simplicity and write
1Pn —Pnml? = 1PN + 1PN pmlI* 29PN, P, i)
<2-2R(PN, Sy Pnm) =20 (PN, g3y P ) (5-94)

Here we defined gJZVI =1- f}f/[ and used that || @ || <1, | ®n,ar]| < 1. Moreover, by the Cauchy—Schwarz
inequality,

2 ®n, g3, Pnar)] < llem ®N I+ llgns P Il
<2— NP = I @ |? <221 {Dw, fig Pwar)l- (5-95)

Thus, (5-93) follows immediately. O

6. Conclusion of the main theorems

6.1. Proof of Theorem 5. Let M = N'=% with § € (0, 1). Recall that @ (¢) and @ a(7) are defined
in (3-6) and (3-11), respectively. Since Uy : av ]—"fN (¢) is a unitary transformation, the desired norm
approximation (2-29) is equivalent to

N <— .

1P () = 2@ <2(| PN (1) — PN M (O] + 2| Pw,pr (1) — D)

1 NB M
ECt,aNs(—,ﬁ-i-W-i- W)
— Ct SNS(N((S—I)/Z +N38/2+,B—3/2 +N—5/2) (6_2)

for all ¢ € [0, Thhax) and & > 0. Here we have put back M = N 1=8 at the end. The optimal choice for § is

5 _ {%(3—2/3) if B> 1.

1 . 1
3 lfﬁfi,

(6-3)

which implies (6-1) with every 0 < oy < min(%, %6(3 —2p)). O
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6.2. Proof of Theorem 3. The implication of the convergence of density matrices from the norm
convergence is well-known; see, e.g., [Lewin et al. 2015a, Corollary 2]. Here we recall a quick
derivation for the reader’s convenience. We will again drop the time dependence from the notation.
Letg=1—p=1—|upn)(upn| as in (2-25). By using the rules (3-5) (see also Remark 6), Theorem 5 and
Lemma 7, it follows that

N Te(qyg) q) = [VN Oy |? <2 [VNIEN (@ — )2 +2 [VND|? < Cr o (N 1722 + N¥).

Then by the triangle and Cauchy—Schwarz inequalities, we conclude that

1 1 1 1
Tr [yg) = o) (el] < Tr|p = lo)el| + Tr p(rs) = Dpl + Trlgyg gl +2Te | pyg)ql

1 1 1
=2lun —ollr2+ 2Tr(cn/§,1)q) + 2\/Tr qué,l)ql \/Tr Ipyé,l)pl
S C[’g(N_ﬂ _|_ N—azN(s—l)/Z)

Here we used Tr(p) = Tr yé,ll\)] = 1 and Lemma 10. Thus (2-6) holds for &y = min(8, a>). O
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