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Semiclassical limit of the Bogoliubov—de Gennes equation
Jacky J. Chong, Laurent Lafleche, and Chiara Saffirio

Abstract. In this paper, we rewrite the time-dependent Bogoliubov—de Gennes (BdG) equation
in an appropriate semiclassical form and establish its semiclassical limit to a two-particle kinetic
transport equation with an effective mean-field background potential satisfying the one-particle
Vlasov equation. Moreover, for some semiclassical regimes, we obtain a higher-order correction to
the two-particle kinetic transport equation, capturing a nontrivial two-body interaction effect. The
convergence is proven for C? interaction potentials in terms of a semiclassical optimal transport
pseudo-metric.

Furthermore, combining our current results with the results of Marcantoni et al. [Ann. Henri
Poincaré (2024)], we establish a joint semiclassical and mean-field approximation of the dynamics
of a system of spin-% Fermions by the Vlasov equation in some weak topology.

To Thomas Kappeler, in memory of his unwavering human and professional support

1. Introduction

1.1. The time-dependent Bogoliubov—de Gennes equation

We consider the time-dependent Bogoliubov—de Gennes (BdG) equation, sometimes also
referred to as the generalized Hartree—Fock equation or the Hartree—-Fock—Bogoliubov
equation. It describes the time evolution of generalized one-particle reduced density oper-
ators, which are self-adjoint operators I" acting on §) & b, satisfying the operator bound
0 < T < 1ygy, and having the form

(7 o
r= (_& 1_)7), (1.1)

where ) = L2(R%, C) denotes the one-particle state space and A represents the operator
whose integral kernel is the conjugate of the kernel of the operator A. Here, the bounded
linear operators y and « acting on [j are called, respectively, the one-particle density oper-
ator and the pairing operator. It follows from the properties of I that y and « satisfy

*

0<y<1 oa*=-a, ya=ay, and [¢*]*><y(d—y), (1.2)
where |A| = V A* A.
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The BdG equation models many-body dynamics with an interparticle interaction po-
tential U, which we assume to satisfy, for some constant C > 0, the conditions

U(x)=U(—x), UelL?R?%, and U?<C(1-A). (1.3)

loc

Let p = —iAV, denote the momentum operator with # = h/(2m), where h is the Planck
constant, and define the Hartree—-Fock Hamiltonian associated with y by the operator

2
Hyz%qtvy—xy.

In the above expression, V), is the multiplication operator by the mean-field potential
defined by

Vy(x) = U « diag(y)(x) = /Rd Ux =y)y(y,»)dy,
and X, is the exchange operator defined through its integral kernel

Xy(x,y) =U(x — y)y(x, y).

Moreover, we define the generalized Hartree—Fock Hamiltonian acting on §) & §) by the
matrix operator

Then, the BAG equation reads
ifnd, T =[Hp, T, 1.4)

where [A, B] := AB — BA is the operator commutator. Equivalently, equation (1.4) can
be written as the following coupled system of equations:

ihdry = [Hy, y] + Xeo™ — X, (1.5a)
ihd;o = Hya + aHy + Xg (1 —7) — yXq. (1.5b)

Notice that if « = 0, then y solves the Hartree—Fock equation
ihdry = [Hy,v]. (1.6)

This justifies the claim that the BAG equation is a generalization of the Hartree—Fock
equation with a non-zero pairing operator. Observe also the fact that the self-adjointness
of I"and 0 < I" < 1ygy are preserved under the BdG dynamics; in particular, the prop-
erties (1.2) remain true along the dynamics. We refer to [7] for discussions regarding the
well-posedness and additional properties of the equation. In fact, conditions (1.3) are taken
from [7], which guarantees the global well-posedness of solutions.
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1.2. Semiclassical regimes, classical phase space dynamics, and useful notations

The purpose of this paper is to study the BdG equation (1.4) in the semiclassical regime,
that is on space-time scales where the Planck constant .z becomes negligible. To make
connection with earlier studies on the effective approximation of many-body interacting
fermionic systems (see Section 4), we set N = Tr(y) and write

U = 1K),

where K : R? - R is independent of N and # and satisfies conditions (1.3), and the factor
N~ is the mean-field coupling constant.
In the context of the semiclassical limit, it is convenient to define the scaled operator

1

= Nnd?’ (L7

p:

so that 4% Tr(p) = 1. We will call positive operators verifying this trace normalization
density operators and denote this class of operators by #(}). We also define the semi-
classical Schatten norms, which are quantum analogs of the Lebesgue norms on the phase
space, by

lpller == h4P(Tr(|p|?)) /7. (1.8)

These norms are helpful in identifying the necessary scaling of quantum objects that will
lead to a nontrivial semiclassical limit.

In the case of zero pairing, we see that the scaling (1.7) leads to rewriting equa-
tion (1.6) as follows:

2
ihdp =[Hp,p] withH, = % + Vp —h% X, (1.9)

where V, = K * o(x) and o(x) is the spatial distribution of particles defined by

o(x) = diag(p)(x) := hp(x,x) (1.10)

and the exchange operator X, has the integral kernel

Xp(x,y) = K(x — y)p(x,y). (1.11)

Furthermore, with this scaling, it is known that in the semiclassical limit # — 0 one can
recover classical phase space dynamics from the Hartree-Fock dynamics (see, e.g., [6,39,
42]). More precisely, one obtains as the semiclassical approximation of equation (1.9) the
Vlasov equation

W f+E-Vyf +Er-Vef =0 with £(0,x.6) = f"(x.£) =0, (1.12)
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where f is a time-dependent probability density on R2¢ = ]R‘; X Rg and Ef = —VVris
the self-consistent force field associated to the mean-field potential Vy (x) = (K * ps)(t,x)
with ps the spatial density defined by

prie = [ 106

In this work, we want to extend the above result to the case of the BdG equation (1.5),
with a non-zero pairing operator «. To this end, we define the two-particle operator

P = Ala)(el (1.13)

as the orthogonal projection in §) ® § onto the function defined by (x, y) — a(x, y),
and where A > 0 is chosen so that 424 Tr(p,) = 1. This allows us to rewrite the BdG
equation (1.5) in the equivalent form (2.6), as shown in Section 2.1, and compare it with
its classical analog

O f +E-Vof +Ef-Vef =0, (1.14a)

1
0 F +&12-Vy,F+Ei2- Vg, F = NVK(XI —x2) - (Vg, — Vg, F, (1.14b)

where F(z13) = F(z1,22) > 01is a two-particle distribution, that is, a probability distribu-
tion defined over the two-particle phase space R2¢ x R4, with (21, 22) = (x1.£1. x2. £2)
and y12 1= (11, x2) € R34, &12 1= (61, &) € R}, and Evs 1= (Ef (11), Ef (12))-

Notice that system (1.14) is well posed. Indeed, being that equation (1.14a) is a Vlasov
equation with smooth interaction K, it is well posed by standard techniques (see, e.g.,
[17]). Given f, a solution of equation (1.14a), and the corresponding vector field E1,,
equation (1.14b) is simply a linear transport equation with smooth vector field, which
is well posed by standard characteristics methods. Heuristically, for N fixed, equation
(1.14b) describes the dynamics of a typical pair of particles which follow the flow cre-
ated by a background f and are correlated by the interaction force %VK . If the L.h.s. of
equation (1.14b) is absent, then it is clear that the evolution of independent particles will
remain independent.

1.3. Semiclassical optimal transport pseudo-metric and main result

‘We now introduce the tools that we will use in our main theorem to prove the semiclassical
limit of the BAG equation (2.6).

Denote z = (y, &) € R2?. Let f be a probability density function on R?¢ and p €
P(H). A coupling of f and p is a measurable function y : z > p(z) defined for almost
all z € R24 with values in the space of bounded linear operators acting on § such that, for
almost all z € R4, we have that y(z) > 0 and it satisfies the conditions

he Try(y(z)) = f(z) and /};{M y(z)dz = p. (1.15)
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The set of all couplings of f and p is denoted by € ( £, p). Next, we define the semiclassical
optimal transport pseudo-metric by

_ . d
walro) = (e [ Trecpena:) (116)

with the cost function ¢(z) defined by the unbounded operator whose action on test func-
tions ¢ gives
(€(@)@)(x) = |1 = xIPo(x) + [§ = plPo(x)

and p = —i#V,. The notation Try(cy) should in general be understood as Try (¢ /2y c1/2)
if ¢y is not trace class. The above semiclassical optimal transport pseudo-metric between
density operators and classical phase space functions was first introduced in [23]. It can
be viewed as an intermediate notion between the classical Monge—Kantorovich distance
(Wasserstein distance) of exponent 2 on the space of Borel probability measures and the
quantum optimal transport pseudo-metric on the space of density operators defined in [22].
The properties of these pseudo-metrics can be found in [8,23,25,37].

Likewise, for any two-particle probability density function F(z;,z) on R24 x R24
and two-particle density operator p, € # () ® b), we denote by W, 5 (F, p,) their semi-
classical optimal transport pseudo-metric, defined in the same way with ) replaced by
h ® b and R?? replaced by R2¢ x R24.

We are now ready to state our main results. In our first theorem, we will be concerned
with the limit to the following classical equations corresponding to equations (1.14a)—
(1.14b) with N = oo:

8 f +E-Vyf +Ef-Vef =0,

(1.17)
a0, F + %‘12 . VXle + Eqo - VEIZF =0.

Theorem 1.1. Let d > 3 and assume Nh > C, where C does not depend on N and h,
K be an even, real-valued function such that V2K € Loo(Rd, de), K e Ll(Rd), and
x > |x|K(x) € L2(R?). Let (y, @) be a solution of the BdG equations (1.5), and let p
and p,, be their scaled versions defined in (1.7) and (1.13) with initial data (p™, p) €
P (H) x P (H®2) such that

W Te(p" | pl*), B Tr(p™|x|*), and |p™]ga (1.18)

are uniformly bounded in h. Let (f, F) be the solutions of the system (1.17) with initial
conditions (f™, F™), which are probability density functions defined on R%? and R2? x
R24 | respectively, and such that

/2d|z|2fm(z) dz < o0 and // (|21 + |22|2) F™(21, 22) dz1 dz, < oo.
R R24d xR24d

Then, there exist a constant C dependent on || K || c2 and the semiclassical Schatten norms
of p™™ but independent of N and h such that, for any t > 0,

in in in in c
Wa i (f:0)% + Wa i (F.pe)? < (War(f p™2 + Wa s (F™, pi)2 + h)e€e". (1.19)
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Remark 1.1. The optimal transport pseudo-metrics that are used in the above theorem are
not distances since Wy 5 ( f, p) > d % (see [25]). However, they still imply convergence in
the semiclassical regime # — 0. More precisely, introducing the Wigner transform

fo(-6) = / TEp(p+ 2 = D) ay, (120)
R4 2 2

and the Husimi transform f;, = gp * fp with g5(z) = (nh)fde"Z'z/h, it holds (see [23,

Theorem 2.4])

Waf, fo)? < Wan(fp)? +d h,

and so, convergence of W 3 (f, p) to 0 implies the convergence of the Husimi transform
of p (and so, also its Wigner transform, see [42]) to f* with respect to the classical Wasser-
stein distance W,. On the other hand, the right-hand side of inequality (1.19) is also small
initially and, if the operator p is sufficiently regular, f;, is close to f, as follows from the
following inequality which follows from [37, Theorem 1.1] and [24, Theorem 3.5]:

Wai(f,p) < Walf, fo) + Vdh + Dy h,

where Dp = |V f /5|2 (r24y is proportional to the Wigner—Yanase skew information of p.

Remark 1.2. The double-exponential growth on the right-hand side of (1.19) is due to
the propagation of the Schatten norm £¢ for p. We can get a better bound in terms of
time dependence in the regime where N h¢ is of order 1. Indeed, in this case, ||p|| ga <1
and then the ¢€¢“’ can be replaced by a function of the form e2® for some polynomial
function A.

Remark 1.3. The restriction on the dimension in Theorem 1.1 arises from the proofs
presented in Section 3, which are of a purely technical nature. However, for the purposes
of the application discussed in Section 4, we are primarily concerned with the case d = 3.

In the next theorem, we consider semiclassical regimes, which allow us to obtain a
nontrivial order 1/N two-body interaction effect correction to the dynamics of F.

Theorem 1.2. Under the same assumptions as in Theorem 1.1 but with Nh — 0 and
(f. F) solutions of the system (1.14), let Tr(|a™|?) < C(Nh)?. Then, there exist T and
Cr, independent of h and N but dependent on |V?K ||~ and the semiclassical Schatten
norms of p™, such that, for any t € [0, T),

Wo i (f:0)? + Wai(F.pg)? < Cr(Wois(f™ p™)2 + Wo s (F™, pi)* + 1), (1.21)

Remark 1.4. In this paper, the regime Nh — 0 is purely mathematical. This regime
allows us to capture the next order 1/N correction as seen in system (1.14), but this
requires an assumption on the size of Tr(|]a™|?), which is technical and due to Proposi-
tion 2.2.
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Remark 1.5. As an immediate consequence of Theorem 1.1 and the main result of Mar-
cantoni et al. in [43, Theorem 3.3], we establish a global-in-time joint semiclassical and
mean-field approximation of the dynamics of a system of spin—% fermions with quasi-
free initial data that are close to Slater determinant-like states by solutions of the Vlasov
equation. In particular, we establish the convergence in some negative Sobolev space. See
Theorem 4.2 in Section 4.

1.4. Previous known results

As the BdG equation (1.5) can be seen as a generalization of the Hartree-Fock equation,
we briefly review the literature concerning the semiclassical limit from the Hartree—Fock
equation to the Vlasov equation. Equation (1.12) can be seen as the semiclassical approxi-
mation of a system of many interacting quantum particles, as pointed out in the pioneering
works by Narnhofer and Sewell [45] and by Spohn [49] where the Vlasov equation was
obtained directly from the many-body Schrodinger equation with smooth interaction in
the combined mean-field and semiclassical regime. This has been reconsidered in [27]
and more recently in [10, 13], where the case of the Coulomb potential with a N depen-
dent cut-off has been addressed. Moreover, a combined mean-field and semiclassical limit
for particles interacting via the Coulomb potential has been treated in [26] for factorized
initial data whose first marginal is given by a monokinetic Wigner measure (that can be
seen as the Klimontovich solutions to the Vlasov equation), which leads to the pressureless
Euler—Poisson system.

Most of the above-mentioned works rely on compactness methods that do not allow for
an explicit bound on the rate of convergence, which is essential for applications. For this
reason, the Hartree equation (1.9) has been considered as an intermediate step to decouple
the problem into two separate parts, namely, to prove the convergence of the mean-field
limit from the many-body Schrodinger equation towards the Hartree equation, and then
the semiclassical limit from the Hartree equation to the Vlasov equation. In this paper, we
are interested in the latter problem, which has been largely studied in different settings. It
was first proven by Lions and Paul in [42], and later in [19,44], that the Wigner transforms
of the solutions of the Hartree equation (1.9) converge in some weak sense to solutions of
the Vlasov—Poisson equation. Quantitative rates of convergence were then obtained, first
in the case when the Coulomb potential is replaced by a smoother potential, in Lebesgue-
type norms [1-3,6] and in a quantum analogue of the Wasserstein distances [23]. The case
of singular interactions was then treated in [35, 36] with the same quantum Wasserstein
distances, and in [39,46,47] in Lebesgue-type norms. In particular, for K = |x|™!, the
explicit rate has been established in [34,35] for the weak topology and in [39,46] for the
Schatten norms.

In a different setting, the semiclassical limit has also been studied for local perturba-
tions of stationary states in the case of infinite gases in [41].

The BdG equation is known to offer a self-consistent field description of a system
of fermionic particles (See [15]). The global well-posedness in the energy space of the
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time-dependent BdG equation in R3, with potential U including the Coulomb potential
and 7 fixed, can be found in [7]. This result was subsequently improved in [18] to include
positive singular potentials up to and including

U(x) = |x| 72T for0 <e <2,

via techniques from dispersive PDE theory. In fact, well-posedness and finite-time blowup
of solutions to the BAG equation in energy space with a pseudo-relativistic kinetic energy
were discussed prior in [31, 40]. For completeness, let us also mention the fact that the
well-posedness theory of a related system of coupled equations, also called the time-
dependent Hartree—Fock—Bogoliubov equations in the “spinless bosonic” setting, was first
studied locally in time in [28-30] for the pure-state case and improved to global-in-time
results along with obtaining global-in-time dispersive estimates in [11, 12, 14, 33]. The
equations were also studied in the mixed-state case in [4].

It is also worth mentioning that the Hartree—Fock—Bogoliubov equations were recently
obtained in [43] as the mean-field approximation of a system of N interacting fermions
with initial state close to quasi-free states with non-zero pairing operator. For the associ-
ated equilibrium problem, namely, the study of the Hartree—Fock—-Bogoliubov functional
and its connection to BCS theory of superconductivity and superfluidity, we refer to the
review papers [5,32] and references therein.

1.5. Plan of the paper

The rest of the paper is organized as follows. In Section 2, we present the outline of
the proof, give a useful equivalent formulation of the BdG equation, and present some
preliminary estimates. Section 3 is devoted to the proof of the main results, while Section 4
provides an application of Theorem 1.1 in the setting of the work [43] about mean-field
theory for interacting fermionic systems with non-zero pairing.

2. The strategy: Semiclassical Bogoliubov—de Gennes equation

In this section, we present the strategy of the proof, which relies on an ad hoc rewriting of
the BdG equation (1.5) in the form (2.6), representing the main novelty of our approach.
We first recall that the case of the zero pairing relies on Dirac’s correspondence prin-
ciples, which in particular tell that if two quantum observables A and B correspond to
classical observables a(y, £) and b(y, £), then their scaled commutator #[A, B] should
correspond to the Poisson bracket {a, b} = Vxa - V¢b — Vea - Vb, and that one should
recover the classical dynamics in the limit # — 0. It is indeed easy to see that the Vlasov
equation (1.12) can be written in terms of Poisson brackets as 9, f = {Hy, f}, where

oo &P
f—T+Vf.
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Hence, with the observation that the exchange term (1.11) vanishes as 7 — 0, one expects
that the Hartree—Fock evolution (1.9) converges to the Vlasov dynamics (1.12) for & small,
which can be proved using the Wigner transform, as is done in the literature mentioned in
Section 1.4.

In the case of non-zero pairing, the semiclassical approximation of the BdG equation
is less clear. The main difficulty comes from the fact that the correspondence principle
of quantum mechanics is not immediately applicable to the pairing operator. Our strategy
consists in recasting the problem for y and « in terms of the positive self-adjoint density
operators p and p, and consider their time evolution.

2.1. Rescaling the BdG equation

To study the semiclassical limit of the pairing operator, we start by noticing from condi-
tions (1.2) that it follows

1
Oy = NTr(|a|2) <1—Nh|p|%, €0, 1). Q2.1

To better understand «, it is more natural to consider its integral kernel and view the kernel
as a two-particle wave function. Hence, assuming o # 0, we define the normalized pairing
wave function as

1
W, (x1,x3) := ———a(xg, x2).
fleell 2
Following our scaling convention of y and identity (1.2), it is suggestive to consider the
rescaled projection operator acting on ) ® §j and its normalization

1 _
Ay = Ni2d la)(e| and p, = h29 |W,) (W, .

Clearly, Ay, = 6yp,, and p, satisfies the normalization h2d Tr(p,) = 1.

To make connection with classical phase space dynamics, we need to recast the BAG
equation in terms of the rescaled operators p and p,. Define X, by expression (1.11) and
notice that Xya* = Nh??6, Try(K12p,), which then implies

Xea* —aXt = Nh290, Try([K12. p4]) =: Nh@ 0y (K12, pg)1. (2.2)

Here, Trp(-) denotes the partial trace with respect to the second Hilbert space and K,
denotes the operator of multiplication by K(x; — x3) on § ® §. Hence, we see that equa-
tion (1.5a) has the form

1
ihdip = [Hp, p] + Qa[ﬁKlz,Pa} ,
1

where H, is defined as in equation (1.9).
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To rewrite equation (4.16b), we view o = a(x1, X3) as a two-body wave function as
opposed to it being a Hilbert—Schmidt operator. Then, the equation has the form

h? h2 1
ih 3105()61,)62) = (_ EA)H - ?sz + NK(XI —xz))a(xl,xz)
+ i /R (K(x1 =) + K(y = x2))p(y, y)a(x1, X2) dy
e [ (K(x1 — y) + K(y — x2))p(x1. y)a(y, x2) dy
R4
-y Ad (K(x1 —y) + K(y — x2))p(x2, y)a(x1,y)dy, (2.3)

or more compactly

. 1 d

ihd;a = | Hiz + NKIZ a—hp, K, 2.4)
where p1, (= p®1+1®pandHiz :=H, @1+ 1Q Hp.

To make connection with classical mechanics, it is better to consider the two-particle
operator A, instead of . Using equation (2.4), it follows that A, satisfies

. 1
ihd Ay = [le + 4 K- Nhipy,), Aa] —h?[K12, p12]Aa.
Since 6, = h*? Tr(A), taking the trace of the above equation yields
., d d
ih 5901 = —h*([K12, p12])ae (2.5)

where (B)4 := h2? Tr(AB) if A and B are operators acting on L2(R2%). Finally, sum-
marizing the above discussion and using the fact that A, = 6,p,,, we obtain the equations

. O
ihdip = [Hp, p] + N[Ku,pa];l, (2.6a)

) 1
ihoipy = [le + NKIZ(I - thﬂlZ)v Pai|
+h? (K12, p12] = ([Ki2. P12])p, ) Par- (2.6b)

In particular, the traces of p and p,, are conserved.

Now, by the correspondence principle, one can expect, at least in the case when K is
a sufficiently regular potential, that F'(z12) = F(z1,22) := Fp (21, 22) defined on R24 x
R24 solves in the limit A — 0 and N — 0o

8,F+§12-VX12F+E12-V&2F =0,
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where 12 = (§1,&2) and E1 1= (Ef(x1), Er(x2)) with
Ep():=—VVy and WU)=Z£MKQ—xnf@OML
In fact, if Nh¢ < 1, then, to the order 1 /N, we expect to have

O
ihdep = [Hp, p] + N[Klea]:lv

. 1
ihoipy = [le + NKlz,pa:|

as the leading order dynamics; that is, formally, when # — 0, we have that

6
0 f +&5-Vyf +Ef-Vef = Na/;gzd VK(x— x2)-VeF(z,22)dz2, (2.7a)
1
B,F + 512 'VXIZF + E12 'VSIZF = NVK(X] —Xz) . (Vgl _VSZ)F (27b)

Remark 2.1. As already pointed out in Remark 1.1, estimates in the semiclassical optimal
transport distance give accuracy up to # since W 4 (f, p)* > d . In particular, the terms
on the right-hand side of equations (2.7) with the 1/N in front are meaningful only if
h < 1/N, which is allowed from some semiclassical regime but does not include, for
instance, the regime Nh? = 1.

2.2. Conservation laws and a priori estimates

As indicated in the previous discussion, if (p, p,) solves system (2.6), then it follows that
he Trg(p) =1 and h2? Tryep(p,) = 1 (2.8)

hold for all # > 0 provided the identities hold at initial time. Define the one-particle density
operator (first marginal) associated to p, by

la*|> > 0. (2.9)

O —
Po:1 = h® Tra(py) = Nhig,

In light of the semiclassical scaling, the last inequality in formula (1.2) gives
Nhp? + 04py.y < p. (2.10)

which is preserved by the BAG dynamics. As an immediate consequence, we have

1
0=<0upy:y <p= Nid 1. (2.11)

Moreover, since p, = h~2¢ |W,) (W, | is a rank one operator, it verifies 0 < p, < h~2?1.
The right-hand side inequality is sharp, and more generally, | p, ||lx» = h—2%/ 7,
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As proved, for instance, in [7], the following energy functional is conserved:

1 2d 6
€ := h* Tr(|p*p) + > / Vpp — — Tr(Xpp) + —h?? Tr(K12p,).  (2.12)
2 R4 2 N

In particular, if K € L°° and the energy is initially bounded uniformly in 7%, then the kinetic
energy of p is bounded uniformly in % and time, and more precisely,

6
W Te(|pl*p) < € + (1 + N“‘)nknm <& +2|K| L~ =: Ce k. (2.13)
Moments of order 2 of p,,.; are also bounded uniformly in # and time by the energy since
by formula (2.11)
Ouh? Tr(pg:1|p*) < h Tr(p|p|*) < Ce k-

For the two-particle density operator p,,, this can be written as #2¢ Tr(p, | p,|?) < Ce k.
where p, is the momentum operator acting on the first variable. By symmetry, the same
is true by replacing p; by p,, and so, we deduce that

0uh® Tr(po (1P * + |p2I?)) < Ce.x.

We can propagate higher-order moments. In our case, it will be sufficient to propagate
order 4 moments, as shown in the following proposition.

Proposition 2.1. Let (p, p,,) be a solution of the BdG equation (2.6), and
M, = h? Tr(p|p|") and N, := h® Tr(p|x|")

denote the velocity and position moments of order n € N of the operator p. Then, for any
t >0,

My(1) < Cg k. My (1)'"? < M4(0)'/? + Ckt,
N2()'2 < Na(0)' 2+ Cg/2t. Na@)V* < 1+ No(O) V4 +C 1314+ C (Ma(0) /2 +1) 2,
where Cx = 3(h||AK||Lo + 2| VK| L~ /Cg,x) and C only depends on d and Ck.
Proof. To simplify the computations, we write the evolution equation for p given by equa-

tion (2.6a) in the form

: 1 . 6
ihdep = E[|P|2?P] + [Kiz. pla with = p®2(1—Xi2) + N‘chn

where X, is the operator that exchanges the first and second coordinate; that is, for any
¢ €h® b, X120(x1, x2) = ¢(x2,x1). Observe that u is self-adjoint. Then, it follows from
the cyclicity of the trace that

., d
ih EM4 = n* Tryen ([Ki2. nllpi 1) = h* Troen (1]l p11*. K12]).
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By Leibniz formula for commutators, [| p;|*, K12] = | p|?[| P11, K12] + [ p11%. K12]| p|%,
and so, since p is self-adjoint, it gives

d
h - Ma = 224 Im Tryen (1] p1 (121 2, Kio])-

Since [p;., K12] = —ihV K;2, where VK;, denotes the operator of multiplication by
VK(x1 — x3), it follows that

[lp,1>. Ki2] = —ih(p, - VK12 + VK12 p;) = —h*AK1, —2ihV K1y - py,

and so, it follows from the cyclicity and Holder’s inequality for the trace that

d
EM“ < 2h||AK|lzo || py Pller g2y + 4IVKlILollpimlpi Pl e1@ger.  (2.14)

Now, we decompose u into the three terms that define it and use the triangle inequality
for the trace norm. Notice indeed that for the first term we get

1/2
10%%1p1 1721582 = lpIPP 2t < VP22l /PP Nl = M,

1/2
10®2X12| P11 21 592) = 1pZ2| P2l l21pezy = lplpPller < M4/ ,

3 - 1/2
1palP1 P21 we2) < IVPalle | V/Balpi ez = h (Tryes (pa|p11%))* < 61/2M,72,

where the last inequality follows from inequality (2.11). Similarly, for the second term on
the right-hand side of inequality (2.14), use the fact that, for v = p®2, v = p®2X,, or

v = eotp(xa
1/2 1/2
1p1vlp1Pllzie < 1P1vl2men v P Pllz2gery < My > M2,

and this gives finally, since N > 1, 8, < 1 and M, < Cg k,

d
3 Ma < 6(h|AK L + 2| VK| v/Ce x ) VM.

from which the result follows by Gronwall’s lemma.
The propagation of position moments follows just by writing forn = 2 orn = 4

d 1
ih — Ny

1
TN = S TeUpP A1) = 5 Te(ollxI”, 1pIP)).

Therefore, since #[|x|2 |p|?] = 2(x - p + p - x), it follows from Holder’s inequality for
Schatten norms that
d
dt

which yields the inequality for N, by Gronwall’s lemma. On the other hand, it follows
from [36, Lemma 3.2] that

Ny =2ReTr(px - p) < 2M21/2N21/2,

d
3+ No) = 2ReTr(plxP(x-p + p - x) < C(MAN* +1N,).
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By Holder’s inequality for Schatten norm, the fact that Ny = 1, and Young’s inequality
for the product, AN, < AN, 41 /2 <h +N 43 / 4t gives a differential inequality for y(t) =
1 4 N4(2) of the form

y' < C(M41/4 + h3)y3/4,

which again leads to the result by Gronwall’s lemma. ]

In the remainder of the section, we obtain uniform-in-# estimate for the semiclassical
Schatten norms for p along the BAG dynamics in the case of bounded potential K for
different semiclassical scaling regimes.

Proposition 2.2. Let KelLl Suppose that p = p(t) is a solution to equation (2.6a) with
p(0) = p™™ € £P. We have the following.

(i) Inaregime where Nh > C holds for some fixed C > 0, independent of N and h,
then there exists Cx > 0, dependent only on K, such that we have the estimate

loller < ||pin||xpeCKt.

(i) Ifolh<CN h241P for some constant C independent of , then there exists C > 0
independent of h such that, for any t € [0, T) with T = Ch'=4/»,

lplgr <C and 6y < CNR*/P, (2.15)

Proof. By equation (2.6a), we have

1d he d

2 — *
;d—tllpllé’”@ = Tr(p”) = 737 M Tr(p” ™ Xat™). (2.16)

Therefore, by Holder’s inequality, we obtain the bound
d 4
5“1’”:&0 = W”Xa”xzz’”a*”xw-

Now, it follows from the formula
Xog = / IE(a))ewae,w dw,
R4
where e,, is the operator of multiplication by the function e, (x) = e~2!7“"* that

[Xallg2r < Ckllat]l 20, (2.17)

where Cx = || K ||z.1. Therefore, by definition (2.9) and inequality (2.11), we get

d 2Ck 2Ck
—lpller = T Nbapalizr < T lpller. .18)

and Part (i) follows from Gronwall’s lemma.
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To prove Part (ii), we will also need to study the size of 8, along the BdG dynamics.
By equation (2.5), cyclicity of the trace, symmetry of p, and K;,, and equation (2.2), we
have

d 8 hd—1
—0, =
dt N

Im Tr(pXqa™).

Again, using Holder’s inequality and inequality (2.17), we get that

d 4CK d—
e Oa = " lplzr Ity < 8TCKh T Gullzr lpuallgr (219)
Applying the Schatten space embedding inequality

lpailler < h™ Pl pgutller = =472,

to the first inequality in formula (2.18) and to inequality (2.19) yields the following system
of differential inequalities:

u < Av,

v < auv,

where u(t) = ||p(¢)||¢r and v(t) = 6, (¢) with A = I\f:l—ff/l) large and a = 87 Cxh?/P~1

small. Setting U(¢) = u(z/a) and V(¢) = gv(t/a), it can be written as

u=v,
LWSUV

It implies, for instance, that

U+ V) =30V <U?+2V32 <2U% + V)2
Hence,

U@ + V)™ V2 > (U0 + V() V2 -1
that is,
™%, + A02/a

(1= ("%, + A6in/a) Par)®

lpl, + Aba/a <

and formula (2.15) follows from the fact that

% — aNK24/P, .
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3. Proof of the main results

In this section, we prove Theorems 1.1 and 1.2, and so, we will estimate the semiclassi-
cal optimal transport pseudo-metric between solutions of the BdG equation (2.6) and the
corresponding proposed classical coupled equations (1.17) or (1.14).

3.1. A dynamics for the couplings
A coupling associated to F and p,, is a measurable function
T N (Z],Zz) = T(Z], Zz)

defined for almost all (z1, z,) € R?? x R2? with values in the space of bounded linear
operators acting on ) ® § such that, for almost all (z1, z,) € R2¢ x R??, Y (z1,23) > 0
and

h*¢ Trpep (Y (21,22)) = F(z1,22) and // Y (z1,22)dz1dza = p,.
R2d xR2d

Then, the semiclassical optimal transport pseudo-metric between F and p,, is
2
Wi (F.py) i= ( inf [/ h24 Tryep (C (21, 22) Y (21, 22)) dz, dzz) ,
YEC(F,py) JJR2d xR24d
3.1
where C(z1,23) :==¢(z1) ® 1 + 1 ® ¢(z3), that is,

C(z1.22)¥(x1,x2) = (Ix1 — x1> + €1 — p11?) ¥ (x1, x2)
+ (Ix2 — x2*> + &2 — po1?) W (x1, x2).
Forall y™ € €(f™, p™) and Y™ € €(F™, pi), let (y, Y') be the solution to the Cauchy
problem
1 1 6y J
0y ={Hp, ¥} + —[Hp, 7] + =—— h® Tra([K12, Y (21, 22)]) dza (3.2a)
ih ih N Jred

and

U
0: Y ={Hp, Y} + NVK(XI —x2) - (Vg = V)Y

1 1
+ E[Hﬂlz + KIZ(N - hdp12)7 Ti|
d

h
+ E([KIZ»Plz]_ ([K12,P12])pa)T (3.2b)

with (p(0), Y (0)) = (™, Y™) and 5 € {0, 1 }. More precisely, we will set 7 = 0 to prove
Theorem 1.1 and = 1 to prove Theorem 1.2. Notice that, in complete analogy with the
well-posedness theory for the system (1.14a)—(1.14b), one deduces the existence of the
coupling dynamics (y, Y). It is then not difficult to see that, with the above equations, the
property of being a coupling is kept along the dynamics (cf. [23, Lemma 5.1]).
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3.2. Estimating the semiclassical optimal transport pseudo-metrics

Let us now define the quantities
Ey(t) = /zd h Try (e(z1)y (21)) dz1, (3.3)
R
ex):= [| W Ta(Ce ) TEr ) dn (34)
R24d xR2d

where Tr; = Try and Tri2 = Trygy. Since (y, Y) is a solution to the coupling Cauchy
problem (3.2), one obtains the following equations:

d8 (l) / he Tr, ({e(z1). Hf}y(z1)) dz; (3.52)
o /RM h Ty ([c(zl)~ Slpl + VP])’(ZI)) dz, (3.5b)

d
_/ h Try ([e(21), Xp]p (21)) dzy (3.5¢)

+ — / / R Tria(fe(z1) ® 1, K12] Y (21, 22)) dzy dzp,  (3.5d)
lh N R2d xR2d
and using the fact that

C(z1,22)[K12, p12] — [C (21, 22), K12p15] = C(21,22)p1, K12 — K12p1,C (21, 22),

we can write
dévy (¢
dL() - // "2 Try2({C (21, 22), Hyp, X (21, 22)) dzy dza (3.62)
t R2d xR2d
1
+ _h// h2d Tl"lz([C(Zl,Zz),HPIZ]Y(ZI,Zz)) dzy dzp (3.6b)
R2d xR2d
- l // hzd TI'12(V£:]2C(21, Zz) . VlezT(Zl? Zz)) le d22 (36C)
R24d xR2d

1
—+ —[/ h2d TI'12([C(Z1,22),K]z]T(Z],Zz)) le de (36d)
ihN JJp2d yR2d

Zhd
— —1Im // h*¢ Trlz(KlzplzC(zl,zz)T(zl 22)) dzydzy (3.6e)
R2d xR2d

d
_h([Klz’ P12)p, // e h2? Try5(C (21, 22) Y (21, 22)) dzy dza.
R2d xR?2

(3.6f)

3.2.1. Estimates for €,. To estimate the right-hand side of identity (3.5), let us focus
on term (3.5¢) since the first two terms are already handled in [23, Theorem 2.5]. For
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term (3.5¢), we notice that
1
(X — x> Xp](x, ) = SKO =) =y) =2(x =) (x = y)p(x. ),
which yields the estimate

hd
ih /RZd h Try ([0 = x2 Xe]y (21)) dzy

< CRAYHKO Iz lllx, plll e + CRUTMIK (oo [, p]ll 26y (3.7)
Next, to estimate the part involving [|§ — p|2, X,], recall the identity
[l —&1%.Xp] = (P = §) - [P Xo] +[P. Xo] - (P = §)
= (P =8 Xip.pl + Xip.p] - (P =),

and the fact that, for any p € #(§)) and A, B are self-adjoint possibly unbounded operators,
we have that
Tr((AB + BA)p) < Tr((A% + B?)p).

Then, it follows that

hd
- /R T ([lE = PP Xely (1)) dzr| < CH*2 X g1 + CEy. (3.8)

By inequality (2.17), Holder’s inequality, and the continuous embedding of Schatten
spaces into Schatten spaces of higher exponent, taking into account the dependence of
the norm with respect to 7, we have that
RHS (3.8) < Ch* 72| K7, 1I[p. plll%~ + CEy
< 20k 72| p /bl ol 2 + C &y

- 3.9
<26k h* P ppllgslipliza + CEy
1
< 2Ch®4 D2 (h Te(|p Pl )2 ol i + CEy.
We proceed similarly to estimate ||[x, p]|| ¢ in inequality (3.7); that is, we write
B pllle = CROTPR2 (0 Te(le Polx) 0l (310)

Now, combining inequalities (3.7) and (3.9), we obtain the following bound:

|(3.5¢)| < CKh(ad—7)/2(M4 + N4)1/2||p||3/2
+ C(1L+ KO (M + N9 lp17) 6

where M, = Tr(p|p|*) and Ny = Tr(p|x|*).
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Next, notice that

1
E[C(Zl) ®1LKp]=(¢1—py) VK2 +VKiz- (61— py). (3.11)

where x, is viewed as a constant; then, we can rewrite term (3.5d) as follows:
204 2d
|(35d)| = —Re h Trlz((él —pl)'VKlz’r(Zl,Zz)) dZ] d22
N R2d xR2d
0
<2 /f "2 Trip (|61 — p1*Y (21, 22)) dz1 dzp (3.12a)

N R24d xR2d
6

+ = // W2 Try2 (VK122 Y (21, 22)) dz1 dza. (3.12b)
N R2d xR2d

It is clear that term (3.12a) is bounded by %"81. For term (3.12b), we use the fact that
V K, is a bounded multiplication operator of norm ||V K;2||., Holder’s inequality, and
the fact that h24 Tr12(Y (21, 2z2)) = F(z1, z2) has integral one on R24 x R24 0 deduce
that term (3.12b) is bounded by |VK |7 « %"‘ Hence, combining our calculations with the
result in [23], we obtain the bound

dé _ 0,
7 = (Ci o+ CxhBPP My + N Pl 37) 6y + 7 Ex

6 -
+ IV o + CxhCP2(My + N o137 (3.13)

where C depends on the uniform bound of V2K.

3.2.2. Estimates for &y. To estimate the right-hand side of equation (3.6), we need the
following identities:

{C(z1.22), Hy,} = {c(21), Hr (z1)} @ 1 + 1 ® {c(22), Hr (22)},
[C(z1,22).Hp,,] = [¢(21),Hp] ® 1 + 1 ® [c(22), Hp],

and

[C(z1.22), K12p15] = [e(21) ® 1, K12]p15 + [1 ® ¢(22), K12]p1»
+ K12([e(z1), p] ® 1 + 1 ® [e(22), p]). (3.14)

For the first term, we see that
|(36d)| = // l’l2d Trlz(({c(zl), Hf(Zl)} ® I)T(Zl, 22)) le d22
R24d xR2d
[ (e e, Hy ) Y (1) di
R2d xR2d

=2 [ h T (e By @ Ta () dz.
R24
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where
Ya(z) = / 7 Try(Y (21, 22)) dzs.
R2d

Then, using the same argument as in [23], we obtain the bound

(3.60) < 2(1 + max (4] V2K . 1))/ h? Try(e(2) Y .1 (2)) dz
R2d
= 2(1 + max (4[| V2K ||} . 1)) Ex ().

A similar argument holds for term (3.6b) with minor modification for the term th,, as
seen in the above estimate for term (3.5¢).

The terms (3.6c) and (3.6d) follow the same argument as in the case of the term (3.5d),
that is,

G.60 + (.60 < 1 //R oy P TR = PP 21, 2) 025
+ % //deszd W Triz (|62 — P22 Y (21, 22)) dz1 dzs
+ % //JRde]de h?¢ Tr12(|VK12 — nVKX12|2T(21,22)) dzy dz,.
If = 1, then we use the fact that
[VK(x1 = x2) = VK(t1 = x2)I> < 21 V2K [ Zoo (|21 = s11? + |x2 = 22/%)

to obtain

2max (|| V2K, 1)

|(3.6¢) + (3.6d)| < N

Ex (1).

If n = 0, then we use instead the fact that VK, is a bounded multiplication operator to
get

1
[(3.6¢) + (3.6d)| < N(é’r(l) + [VK||Le).
For the term (3.6f), we notice that

(K12, p12)) o | = 11?4 Tria([K iz, p12lpa)l < ClIK||zoo o] oo
then, this yields the bound
3.6D] < Ch*M[[K|zos | ol 2o Ex (1).
Finally, to handle the term (3.6¢e), we start by expanding the expression

K12p1,C (21, 22) = K12(p ¢(21) + ¢(z1)py + p1c(22) + pyc(22)),
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where p; = p ® 1 and p, = 1 ® p. It suffices to consider the first two terms in the above
expansion since the others are handled in the exact same manner; i.e., we estimate

— Im f/ h?4 Tr12(K1201¢(21)Y (21, 2z2)) dzy dzp, (3.15a)
R24d xR2d

—Im /f W24 Try5(K12¢(21)p, Y (21, 22)) dzy dzs. (3.15b)
R2d xR2d

In the first case, notice that
—Im/f /’lzd Trlz(K12p1|)(1 —X1| T(Zl,Zz))le de
R24d xR2d
= —Im// hzd TI‘12(K12[)CI pl] (){1 —xl)T(zl 22)) d21 d22
R24d xR24d

+ —Im// h24 Trya(Ki2py (x1 — x1) Y (21, 22) - (x1 — x1)) dzy dza,
R24d xR2d
(3.16a)

from which it follows

3.162)] < ChA™Y|K [z I[x, pll 2= €4 % + ChATV K |1 | o]l £ Ex
< Ckh®PPN 2 pId + C(1+ BTN IK s o] ) €.

where the second inequality follows the same argument as in (3.9). Similarly, we see that

—Im// h2 Trlz(K12p1|$1 p1| T(Zl 22))d21 d22
R2d xR2d
= —Im// h?*4 Trio (Kialpy, p1] - (51— p1) Y (21, 22)) dzy dzo
R24d xR2d
—h%Re // h24 Trlz(VKlzpl (61— Pl)T(Zl,Zz)) dzy dzp
R2d xR2d

hd
+5 Im [/ W2 Trio(Kiopy (61 — p1) Y (21.22) - (61 — py)) dz1 dzo;
R24d xR2d
(3.16b)

then, by the same argument as for inequality (3.9), we have that

|3.16b)] < ChOL=D/4| K| ]| Lt M, 63
+ Ch? | VK|l lpll 2o 4% + ChO K| L | p]| 2 Ex -

This completes the estimate for the term (3.15a).
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To estimate term (3.15b), we follow a similar idea as above. We write

—Im// h24 Trya (Kol x1 — x112p, Y (21, 22)) dzy dz,
R2d xR2d

= — Im [/ ]’12d Trlz(Klsz()(l — Xl)T(Zl, 22) (X] - xl)) le de,
R2d xR2d
(3.17a)

from which it follows that
(3.17a)] < Ch* Y| K || Lo lpll 2o €

Next, we have

—Im// h2d Trlz(K12|§1 Pll pzT(Zl 22))d21 d22

R2d xR2d

:—Im// W24 Tria(Ki2p, (61 — p) Y (21, 22) - (51 — py)) dz1 dza
R24d xR2d

~hRe // R Tna(VKiap - p) TGz dzs (ATH)
R2d xR2

which yields
3.176)] < Ch4 K|z lpll 2 &x + Ch? [ VK |Lo o]l 20 65
Hence, we obtain the following bound:
3.60) < C (1 +h* | Kl|zllpllze + A [VK L [lp]l£)Ex
+ Ci ( pllgse +hO* 2 (Ny + M) 2101 7)

Finally, combining the above estimates, we see that there exists a constant C, depen-
dent on K, such that we have the following inequality:

d _ _
3 60O = C(L+ Ry + NP pl 7+ pll=) Ex ()

1— _
# i b e + IR M) 20l ). 319

In the case when N/ is bounded from below by a constant independent of N and %,
then it follows from the last inequality in formula (2.11) that

1
R pllgoe < —— 3.19
Ipllew = 5 (3.19)
is bounded uniformly in # and N. Moreover, by Proposition 2.1 and Proposition 2.2 (ii),
we see that ||p|| g, M4, and N4 are propagated uniformly in N and #%. Then, by inequal-
ities (3.13) and (3.18), we see there exists a constant Ck ,, dependent on K and p, such
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that

60+ Ex 1)) = Creyp(1+ KTy + N2) (1) + Ex (1)
0, +1
h

+ CK,ph(

< Ck,pg1(t)(Ey(t) + Ex (1)) + Ck phgo(t),

+h(3d_9)/2(N4 + M4)1/2)

where g;(f) > 1 4+ hiTG4=9/2(N, + M,)"/2. Recalling the definition (1.16) and (3.1),
we conclude the proof of Theorem 1.1 by Gronwall’s lemma.

In the case when N < 1, 9" < CNh?4/?, and ||p™||¢» < C for some constant C
independent of 7, then it follows from Proposition 2.2 that there exists C > 0 independent
of A such that, for any ¢ € [0, T] with T = Ch'=4/P,

_ 4 _q
R lpllgso < h? ™ pller < C.

The moments also remain propagated uniformly in 7z and N in this case. Then, by inequal-
ities (3.13) and (3.18), we see there exists Ck , depending on K and ||p|| ¢a, such that

d
5 O+ Ex () = Crp(1+ T2 (My + N)'2) (6, (1) + Ex (1)
+ Ck ph bo | RG4=D2(N, + My)'/?
’ Nh
< Ck p81(1)(Ey (1) + Ex (1) + Ck ,hgo (1),

where g; (1) > 1 + hTG4=9/2(N, + M,)"/2 fori € {0, 1}. Notice that the last inequality
is possible since 6y /(Nh) < Ch on [0, T']. Again, we conclude the proof of Theorem 1.2
by Groénwall’s lemma.

4. Application to the effective approximation of quantum systems

In this section, we combine the result from the previous section and the result in [43]. To
avoid a substantial detour from the goal of the paper, we will provide a concise intro-
duction on the method of second quantization, covering only the essential definitions
necessary for stating the main result of [43, Theorem 3.3]. Also, in this section, we assume
the scaling Nh? = 1 with d = 3.

4.1. Quasi-free approximation of interacting spin-% fermions

Let $ denote the complex Hilbert space L2(X), where X = R? x {1, | }. The elements of
X are expressed as ordered pairs X = (x, 7), where x € R is the spatial variable and t €
{1, |} is called the spin label. Notice that we have the identification $ =~ L2(R?) ® C2.
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Let &M := & A -+ A $ denote the n-fold anti-symmetric tensor product. We define the
fermionic Fock space ¥ over $ to be the closure of algebraic direct sum

(e ]
FU(©) :=C o P
n=1

with respect to the norm ||-||# induced by the endowed inner product

(V| D) = W(p(o) + Z(w(") 90(")>

n>1

HOn

for any pair of vectors W = (¢ @, ¢y yand ® = (9@, M . ) in F($H). A
normalized vector W in ¥ is called a Fock state or a pure state. The vacuum, defined by
the vector Q¢ = (1,0,0,...) € ¥, describes the state with no particles.

For every x € X, we define the corresponding creation and annihilation operator-
valued distributions, denoted by a} and ay, acting on ¥ by their actions on the n-sector
of ¥ as follows:

1 & .
(@;¥) " (x,) == 7 D =08 = )80 YTV (%0 )
j=1

(@axV)™(x,) = vn + 1y " (x,x,),

where x,, := (X1,...,Xp), Xp\j = (X1,...,Xj.....Xy), and 6, is the Kronecker delta.
Moreover, the action of the annihilation operator on the vacuum of ¥ is defined to be
ax$2¢ = 0. Then, we extend the operators linearly to the whole ¥ . It can easily be checked
that the collection of creation and annihilation operators on ¥ satisfies the canonical anti-
commutation relations

lax,ap)l+ = 8(x — X8z, [ax.ax]+ = [ag,ay]l+ =0 4.1

for all x,x’ € X, where [4, B]+ = AB + BA is the anti-commutator of the operators A
and B. Another useful operator is given by the number operator

0o
N = @ nlngn s
n=1

which counts the number of particles in each sector.

Consider the fermionic Fock state W € & with an expected number of particles equal
to N,ie., (V| NV)gs = N. We define its one-particle reduced density operator p and its
pairing operator « to be the operators with integral kernels

p(x:y) := (¥ |ajax V), (4.2a)

1
a(x.y) = (V]ayax¥), Py g(X12:y12) 1= ma(xuxz)a()’l;h), (4.2b)
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where Oy = %Haq,”% = ||ozq;||§ti2 € [0, 1] is such that 424 Tr(py,w) = 1. Notice that we
have that 2% Trg(p) = 1 while Trg () = 0. Moreover, since we are in the case of fermions,
it follows from properties (4.1) that 0 < p < 1 and « is anti-symmetric. More compactly,
we introduce the generalized one-particle density operator acting on $ @ $ by

Ty = (”* « _), 4.3)
a* 1—p

which satisfies 0 < I' < 1ggs.
We say that W is a quasi-free pure state if

<\y

4
afials--afiw)= 3 sen(m (v
j=1

wePyy

ahiqtz. ,,aﬂze—up> =0

X1 X2 X2¢—1

and

a

<qf

for all £ € N, where a* denotes either a* or a and P,y is the set of pairings, that is, the
subset of permutations of 2£ elements satisfying

#n(zj'—l)aﬁn(zj) q,>

Xm(2j—1) " Xn (2))

7Qi—1) <n@j) Vi=1,....4 and 7Qj—1)<zQj+1) ¥Yj=1,....6—1.

In other words, observables associated with product of creation and annihilation operators
of a quasi-free state are completely characterized by p and «. Moreover, if W is quasi-free,
then I'y is a projection operator, or more precisely,

0<p<1l o*=-a pa=cap, and [o¢*|*=pd-p). 4.4)

Conversely, if T" is of the form (1.1) satisfying conditions (4.4) and y is a trace class
operator, then there exists a quasi-free pure state W such that I'gy = T" (cf. Chapter 10
or Appendix G in [48]). Furthermore, if W is a quasi-free pure state with finite expected
number of particles, then there exists a unitary transformation R, parameterized by p and
o, such that ¥ = RQ #. R is a Bogoliubov transformation (cf. [48]).

Let K(x) be a spin-independent radial function. Define the Hamiltonian in the Fock
space by

h? 1
v = [ a::(— TAx)axumx) oy [ K= yalaiae p@ou).
X

where p is the tensor product of the Lebesgue measure on R? and the counting measure,
and consider the time-dependent Fock state W(¢) = W given by

v = e—iJth/h\Ilin — e_i'%Nt/hRianf, (45)

where WM is some quasi-free state such that p™ := pyi and o™ := ayn satisfy the fol-
lowing conditions:
W Trg(p™) =1 and Oyn < CN™V3, (4.6)
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Then, it was proved that the quadratic in creation and annihilation operators observables
of the state W, are well approximated by the BAG dynamics (1.5) (with spins) in norms.
More precisely, the main result in [43] states the following.

Theorem 4.1 ([43, Theorem 3.3]). Assume K € L'(R?) and K (§)(1 + |£]*) € L'(RY).
Assume that the initial data W™ is a quasi-free state, with p™ = pgin and @™ = agn,
satisfying conditions (4.6). Furthermore, assume that p™ and o™ satisfy the following
commutator bounds: there exists C > 0 independent of h such that

iEx _in in C in
1le™* o™l g2 < CVA, [[V.p"]]lg2 < 7 IV a"llgz = —. @4.7)

S Q

sup
cera 1+ [E]

Suppose that WV is given by expression (4.5) and let (p, ) be a solution of the BdG dynam-
ics (1.5) with initial data (pi“, oti“). Then, there exists k1, kz > 0, independent of N, such
that we have the estimates for any t > 0,

1

low —pllg2e) < TN exp(k1 exp(kat)), (4.8)
1

loy — allg2(g) < N exp(k1 exp(kat)), (4.9)

where £2(9) denotes the scaled Hilbert—Schmidt norm for operators on 9, also given in
terms of the integral kernel by ||p||§£2(6) = h? [y, x|p(x. ¥)[2p(dx) 2 (dy).

Remark 4.1. In the case of zero pairing, that is, when o = 0, the commutator bounds (4.7)
are proven to be satisfied by the ground states of noninteracting Fermi gases in [9, 16,20].
In the case of « # 0, these bounds are expected to hold at least when « is sufficiently
small (cf. [43, Appendix A]).

The £2($) estimates on « in the above theorem imply £!($) estimates for p,,.; .
Corollary 4.1. Foranyt > 0, we have the estimate
262C[(hd_1t ) 4eCKhd_lt

”pa,lll:l - pa:l”i‘il(ﬁ) = Oyin N ¢t 6,0 N Ci.

where C;/+/ N is the constant appearing on the right-hand side of inequality (4.9) and
Ck = || K| L. Similarly, we also have

d—1
eZCKh tCt

[P0 w — Pollzr(ss2) i= h?* Trlpg g — pyl < ——— (4.10)
\/ eainN

Hence, if O,in = N ™€ with ¢ € [1/3, 1], then

462CKhd’1tCt
lPawit = Parllei® = —va=om (4.11)
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Proof. Since Nh? = 1, it holds 0, p,.; = |a*|?. Hence,

G\I’pa,\ll:l - Qapazl

|9a_9\ll|
O +

7 lPe,w:1lle1(s)
o

”poz,\ll:l — P ”581(56) =

£1(9)

1

= (Il = | Pllers) + 162 — 6ul)
o
1 * *112 * * *

= o (log =™ [[Ze + 2y — "2l 22 + 6 = Ou).
o

Since [l*||%; = llel%: = 6o and

0w — 0o = h? Tr(law|* — o) < llow — %5 + 2llew — g2 v/ 6o,
it yields
2 5 4
po,w:1 — Patller(s) < %H“\IJ —allg. + ﬁlbﬂv —aflg2.

To finish the proof, notice first that by equation (2.5)

d _ _
‘aea < 2h? 7K |1 || pll g b < 2Cxh? 16, (4.12)

hence e—2Ckh? ™t B4in < 04, and use the previous theorem. The proof of inequality (4.10)
is similar. ]

4.2. SU(2) invariance

The presence of spin labels in the BAG equation complicates our studies of its semiclassi-
cal limit. To overcome this difficulty, we need to isolate out the spin labels from the BAG
equation (cf. [5]). We start by noting the isomorphism L2(R? x {1, |}) = L?(R%) ® C?2.
In particular, we have the identification between the two spaces of bounded operators

B(L2(RY x {1, 1})) = B(L*(R?)) ® Max>(C),

i.e., a bounded operator T acting on L2(R? x {%, |}) is identified with the matrix
T T
T =( " N), (4.13)
Ty Ty

where T, are bounded operators acting on L2(R¢). To factor out the spins, we further
restrict ourselves to the class of I' operators satisfying the following SU(2) invariance
condition in the spin space: for every S € SU(2), we have that

S*IT's=T, whereS= (ﬁ g,) .
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In terms of p and o, the SU(2) invariance reads
S*pS =p and S*aS =oa.

By means of elementary linear algebra, we have that p is a scalar multiple of the identity
matrix and « is a scalar multiple of the second Pauli matrix

0 —i
@ _
g (i 0)’

p(x,t;x', ") = py(x, X"V and a(x,7,x',7) = as(x,x/)at(?. 4.14)

or, equivalently, we have that

By the Pauli exclusion principle, we must have that « is symmetric, that is,
as(x, x") = as (¥, x).

We also write p = p, ® I, where I is the 2 x 2 identity matrix and o = o5 @ o@. Also,
notice, by expressions (4.14), the last identity of conditions (4.4) now reads

oy 12 = ps(1— py). (4.15)

The physical meaning of the SU(2) invariance is discussed in [32].
By expressions (4.14), we write

2
Hp = (% + 2K * 05(x) —hdx,,s) @I =1Hy, @ and Xeo* = (Xg,0F) ® I.

Then, this yields the spinless equations
ihdpg = [Hp,, ps] + Xoy 05 — 05Xz, , (4.16a)
ih 3,05 = Hp 0t + asHp, + h? (Xo, (1 — Py) — pyXay), (4.16b)
or, equivalently, in matrix form

ih9,Ts = [Hr,. Ts]. 4.17)

o H hex
Fs — l_’s S_ and Hl"s — dps _(Xs )
023 1 - ps h X&s _Hps

Notice 0 < I'y < 1 is self-adjoint and FSZ =T.

Notice that the form of the system (4.16) is almost identical to that of the system (1.5),
except for the fact that oy is symmetric and that there is a 2 in front of K * g5. In
particular, we could reuse the argument in Section 2 to obtain a semiclassical limit for
equations (4.16) since the discussion in Section 2 is independent of the fact whether « is

where
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a symmetric or an anti-symmetric function. In short, Theorem 1.1 remains true for p; and
os. Moreover, inequalities (4.8) and (4.11) now read

C
low —ps ® I g2(5) < TN exp(ky exp(kat)),

C exp(k1 exp(kat))
”p(x,\IJ —Pos ® 1”351(5@2) = N(1—c)/2 ’

if the initial state is SU(2) invariant.

4.3. The joint mean-field and semiclassical limit

It follows from Theorem 4.1 and our main result, Theorem 1.1, that one can obtain a joint
limit from the many-body model described above to the Vlasov equation. Indeed, we start
by defining the (matrix-valued) Wigner transform for an operator 7" of the form (4.13) by

fr(x.§) = / e_is'y/”T(x +2g- X) dy,
Rd 2 2

i.e., take the Wigner transform of each entry of T (as, for instance, in [21]). Then, it
follows from [37, Corollary 1.1] that

If &1 —fperla1weaece =21 = fo,la-1®2a)

< 2Wau(f, p) +2(1 + V)V,

where f,_is the Wigner transform of p; and f is the solution of the Vlasov equation.
If F,,M®1 denotes the Wigner transform of Pos ® I,1ie., pr®1 is a 2 X 2 matrix with
entries being functions of 4d variables, then it also follows that

|F®I— Fl’a,s®[ “H*I(RMXRM)®C2X2 =2||F — Fpa,s ”H*I(RMXRM)

<2Wyi(F, pgy) +2(1 + V2d)Vh.

On the other hand, Theorem 4.1 implies an estimate in H ~! for the Wigner transforms
since the Wigner transform is an isometry from £2 to L2, and then by the continuous
embedding L? ¢ H1, we have that

Ifpy — fo, 01l g-1(R20Y0 222 < Clifoy —fp,01llL20x) = Cllpw — ps ® I £2(s)-

Similarly, by the isometry property of the Wigner transform and the quantum Sobolev
inequality (see [38, Theorem 1]), we have that

IFpoo — Fpo 01l g-6R2dxr2ay0022 < Cllogw — Pas ® Il 2£1(505)-

Let us summarize the result in the following theorem.
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Theorem 4.2. Let K satisfy the conditions of Theorem 1.1 and Theorem 4.1. Assume
that the initial data have the forms p™ = p" ® I and o™ = o' ® o @ satisfying con-
ditions (4.6). Furthermore, assume that p™ and o satisfy the following commutator
bounds: there exists C > 0 independent of h such that

1
up

. . . C
s e’ o™ g2 < CVA, IV, p"]lg2 < —=. (4.18)
cera 1+ [E] . SV

and B,in > N7¢ with ¢ € [1/3,1]. Let (f, F) be the solutions of the system (1.17) with
initial conditions (f™, F™™) satisfying the conditions of Theorem 1.1. Then, there exist
constants C, K1,k > 0 and a polynomial function A(t), independent of N, such that we
have the following estimates:

exp(k1 exp(k2?))
”fl’\p - f ® I||H—1(]R2d)®C2X2 =< CT

+ (Wan(f™, 0™ +Wa s (F™, o)+ V/A)e A,

exp(k1 exp(k2t))
N(=0)/2

+ (Wan(f™, 0™ +Wa s (F™, o)+ /A)e M.

”FPa,\I/ -Fre® I||H—5(RdeRZd)®C2X2 <C

Remark 4.2. In this case, the conditions in (4.18) together with the uniform-in-# bound
of the total energy imply the conditions (4.7). The fact that the energy is bounded in our
case indeed follows from hypothesis (1.18).
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