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Dynamics of mean-field Fermi systems with nonzero pairing
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2SISSA, Via Bonomea 265, 34136 Trieste, Italy
3Université de Rennes, Avenue du Général Leclerc 263, 35042 Rennes, France

Abstract

We study the dynamics of many-body Fermi systems, for a class of initial data which
are close to quasi-free states exhibiting a nonvanishing pairing matrix. We focus on the
mean-field scaling, which for fermionic systems is naturally coupled with a semiclassical
scaling. Under the assumption that the initial datum enjoys a suitable semiclassical
structure, we give a rigorous derivation of the time-dependent Hartree-Fock-Bogoliubov
equation, a nonlinear effective evolution equation for the one-particle density matrix of
the system, as the number of particles goes to infinity. Our result holds for all macroscopic
times, and provides bounds for the rate of convergence.
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1 Introduction

Let us consider a system of N > 1 quantum particles in R3, with M internal degrees of
freedom, or spins. At zero temperature, the state of the system is denoted by the wave

function 1x € L?((R3 x {1,..., M})"), under the normalization condition
w3 = > /dxl...de [N (x1,...,xn)> =1, (1.1)
010N



where x = (z,0) with z € R? the position label and ¢ € {1,..., M} the spin label. We
shall restrict the attention to fermionic particles, which correspond to antisymmetric wave
functions:

'lﬁN(Xl, e XN) = Sgn(TF)QﬁN(Xﬂ.(l), ce XTI'(N)) y (12)
where 7 is a permutation of the particle labels {1,..., N}. We shall denote by L2((R? x
{1,...,M})N) the set of all antisymmetric wave functions in L2((R3 x {1,...,M}N). A
simple example of fermionic wave functions is provided by Slater determinants, defined as

ater y sgn ::7 ”’J ::7 N Y 13

with (fi, fj) = dij, and where Sy is the set of permutations of {1,2,...,N}. These wave
functions encode the least amount of correlations between the particles, besides the require-
ment of antisymmetry.

Let us now introduce the many-body Hamiltonian, which generates the dynamics of the
system. A typical class of non-relativistic Hamiltonians is given by:

N N
H™P = 3 (=05 + Vinap(@)) + A D Viwi =) 4
j=1 1<J

where V;,ap is a confining potential, and V' is the two-body interaction, with coupling constant
A. The ground state energy, which physically corresponds to the energy of the system at
zero temperature, is given by:

(YN, HNYn)

En = inf
N ez (@x (.. apN) w2

(1.5)

Let ¢ be a minimizer of H]t\;ap. Clearly, ¥ is a stationary state for the quantum dynamics
generated by Hﬁap. In order to observe a non-trivial evolution, we turn off the external
potential, and evolve the state according to the time-dependent Schrodinger equation:

N N
109N, = ( — Z A+ )\Z V(x; — xj)>¢N,T ) YN0 = YN . (1.6)
j=1

1<j

In physical applications, it is extremely hard to obtain quantitative understanding on the
ground state of the system or on the solution of the Schrodinger equation, for realistic values
of the number of particles N. One is therefore interested in approximate descriptions, which
depend on much fewer degrees of freedom, and which allow to capture the collective behavior
of the system on a macroscopic scale. The price to pay for the reduction in dimensionality is
that the laws of motion for the effective theories are typically nonlinear. The paradigmatic
scaling regime in which such effective nonlinear description is expected to arise is the mean-
field scaling. In this setting, the potential Viap in (1.4) confines the system in a region whose
volume is of order 1 in IV, and the coupling constant A is chosen to guarantee the balance
between the kinetic and the interaction energy. Due to the growth as N°/3 of the kinetic
energy of the Fermi gas (which could be proved using the Lieb-Thirring inequality, see e.g.
[34]), the natural choice for the coupling constant is A = O(N~1/3).

In this scaling regime, the equilibrium and the dynamical properties of the system are
expected to be well captured by Hartree-Fock theory, defined as the restriction of the space
of fermionic wave functions to the subsets of Slater determinants (1.3). The advantage in



considering this class of states is that they behave as Gaussian states, in the following sense.
Given ¥ € L2((R® x {1,..., M})N) we define its k-particle reduced density matrix as the
linear operator on L?((R? x {1,..., M})¥) with integral kernel:

k
IYJ(V)(Xla"'vxk;yla" aykﬂ)

N
= (k) /dzk+1'"dZNwN(Xlw--;Xkazk+1a~--vZN)¢N(YI>-~-7}’kazk+17--~7ZN)a
(1.7)

with the notation:
d d . 1.8
/ z f(z Z/RB z f(z,0) (1.8)

The reduced k-particle density matrix is important because it allows to compute expectation
values of k-particle observables; it plays the same role as the k-particle marginal in classical
statistical mechanics. For Slater determinants, it turns out that all k-particle reduced density
matrices are determined by the one-particle density matrix. Let wy be the one-particle
density matrix of a Slater determinant (1.3). It is not difficult to see that:

N
wy = Y1 {fil 5 (1.9)
i=1

in particular, observe that wy is a rank—N orthogonal projector. The k-particle density
matrix of a Slater determinant can be computed starting from the one-particle density matrix
(1.9) via the application of the fermionic Wick’s rule:

k

k
PY](V)(Xla"'axk;ylw"ayk‘ k' E Sgn | | (XlaYﬂ'(k‘)) ; (110)
TES i=1

thus, all the information about the state described by a Slater determinant is encoded in the
reduced one-particle density matrix wy. For instance, the energy of a Slater determinant is
a functional of the one-particle density matrix only:

<wSlater7 H]t\l;aprIater> - tr( A+ ‘/ext)wN +
= EN' (wn)

2N1/3 /dxdy V(x—y)(px)ply) — lwn(x:¥)[?)

(1.11)

with p(x) = wy(x;x) the density of particles at x; £ (wy) is called the Hartree-Fock energy
functional.

Hartree-Fock theory can also be used to investigate the dynamical properties of the
system. Observe preliminarily that, in this confined setting, the relevant time scale of the
system is 7 = O(N -1/ 3), due to the fact that the typical kinetic energy per particle grows
as N2/3. From now on, we will write 7 = N~1/3¢, and we will be interested in studying the
dynamics of the system for times ¢ of order 1 in N. Suppose that at time ¢ = 0 the external
potential is turned off. The Schrédinger equation in the rescaled time variable reads:

ity = (- ZsQA +NZV 2))Une s Uwo=tun,  (112)

1<J



where e = N~1/3. Eq. (1.12) shows that the fermionic mean-field can be understood as the
coupling of the usual mean-field with a semiclassical scaling. If one assumes that the state
of the system is a Slater determinant for all times, then it is not difficult to see that the one-
particle density matrix of the system evolves according to the time-dependent Hartree-Fock
equation:

ié@ﬂd}\@t = [hHF(t),wMt] s wN70 = WN , (1.13)

where hup(t) = —e2A+ N1V xp,— Xy, with py(x) = wn¢(x;x) and X, is the linear operator
with integral kernel given by X;(x;y) = N~V (z — y)wn+(x;y)-

Of course, the restriction to the set of Slater determinants is a nontrivial assumption, and
it is a natural mathematical question to understand when such approximation is justified.
Concerning the equilibrium problem, the validity of the Hartree-Fock approximation for
the ground state of many-body fermionic systems has been proved in [1] for large atoms and
molecules, and it has been extended to high density Coulomb systems (jellium) in [25]. More
recently, there has been substantial progress in the development of nonperturbative methods
to go beyond the Hartree-Fock approximation, and in particular to determine the large
N asymptotics of the correlation energy, defined as the difference between the many-body
ground state energy minus the Hartree-Fock ground state energy; see [28, 7, 8, 16, 9, 17].

Concerning quantum dynamics, the first derivation of the time-dependent Hartree-Fock
equation (1.13) in the mean-field /semiclassical scaling has been obtained in [21], for analytic
potentials and for short times. More recently, in [11] (and later in [35] with a different
method), this result has been generalized to a much larger class of potentials and to all
times. The result of [11] holds in the sense of convergence of density matrices. Convergence
in the L2-sense for a special class of initial data has been obtained in [10], using the rigorous
bosonization methods of [7, 8, 9]. The result of [11] has been extended to pseudo-relativistic
fermions in [12] and to mixed states in [6]. In the mean-field regime without semiclassical
scaling, the derivation of the time-dependent Hartree-Fock equation has been obtained in
[5], for bounded potentials, and in [24], for Coulomb potentials (see also [2]). See [13] for a
review. Concerning unbounded potentials in the mean-field /semiclassical scaling, the time-
dependent Hartree-Fock equation for particles interacting through a Coulomb potential has
been derived in [36], under the assumption that a suitable semiclassical structure of the
initial datum propagates along the flow of the Hartree-Fock equation. The propagation of
the semiclassical structure for a class singular potentials has been proven in [18] for mixed
states; this work also allows to consider the Coulomb potential, for short times. Finally, we
mention the recent work [23], where the derivation of [11] has been generalized to the case
of extended Fermi gases at high density, for bounded potentials.

Slater determiants are a special example of quasi-free states. In general, a quasi-free state
is a state for which all correlation functions can be computed according to the Wick rule.
If one works in the grand-canonical ensemble and relaxes the constraint that the number
of particles is fixed, there exists other quantum states at zero temperature besides Slater
determinants which are quasi-free. In order to introduce them, we will use the notations of
second quantization and of the Fock space, introduced in detail in Section 2.

A pure state is described by a vector in the Fock space, ¥ € F = C® @, >, L2((R3 x
{1,...,M})"), with [|1|| = 1. In general, the vector 1 corresponds to a superposition of
states with different particle numbers. The reduced one-particle density matrix of ¢) can be
expressed in Fock space as:

7 (e y) = (0, ajaxy) | (1.14)

with ax and aj, the operator-valued distributions associated with the usual fermionic creation
and annihilation operators. Since the state v does not have a definite particle number, we



can also introduce a nontrivial pairing matrix:

1
7 (6 y) = (1, ayaxy) . (1.15)
We shall denote by N the average number of particles of the state, defined as N = tr ’yf;) .
(1)

In this more general setting, quasi-free states are completely determined by ~ W =WN and

71'7(/}1) = ay, via a generalization of the Wick’s rule (1.10); see Section 2.3. Furthermore, as

discussed in Section 2.3, it turns out that the reduced one-particle density matrix and the
pairing matrix of a pure quasi-free state satisfy the constraints:

0<wny <1, a% =—ay, wy(l—wy)=anay, wnyay—anwy=0. (1.16)

Next, let us introduce the second quantization of the Hamiltonian H P,

trap
M _0@@(2 — A + Vet () Nl/szv ) (1.17)
n>1 j=1 1<J
The energy of a quasi-free state v is completely specified by wxn and an. We have:
(W, HyP) = tr (= A + Virap)wn
o | %y Ve = 0) (pply) ~ low (i) P+ law(y)P)  (118)
HFB

N (wn,an)

+

where EXFB(wy, an) is called the Hartree-Fock-Bogoliubov (HFB) functional. This func-
tional plays an important role in physics, for instance in the Bardeen-Cooper-Schrieffer
(BCS) theory of superconductivity and in superfluidity. It differs from the Hartree-Fock
functional (1.11) because of the presence of the last term, taking into account the energy of
Cooper pairs. In general, it is a difficult problem to determine whether the ground state of
the HFB functional is attained in correspondence with a nonzero pairing matrix; a necessary
condition for this to happen is that the potential is non-positive. See [4, 29] for mathemat-
ical reviews of BCS theory and of the Hartree-Fock-Bogoliubov approximation, as well as
(26, 3, 32, 33, 15, 31, 30] for recent results.

Let us now consider the many-body evolution of an initial quasi-free state, after removing
the external trap. The quantum dynamics of the system in Fock space, parametrized by the
macroscopic time variable ¢, is defined as

ie0iy = HNYt o =1, (1.19)

with Hy given by:

N_O@@<_Zn:€2A +*ZV —x]>. (1.20)

n>1 j=1 1<j

Similarly to the case of Hartree-Fock theory, if one assumes that the state remains quasi-free
for all times, one obtains the following coupled nonlinear evolution equations for the reduced
one-particle density matrix and for the pairing matrix, which generalize (1.13) to the case
in which the number of particles is not fixed:

’L'€(9th7t = [hHF(t)’wN,t] + Hta}k\ﬂt B aN’tHI (1 21)
iedan,s = hur(t)an + anhur(t) + T (1 — Gy ) — wndl |

5



where II; a linear operator with integral kernel given by II;(x,y) := %V(m —y)ans(x,y).
The equation (1.21) for the pair (wn¢, an,) is called the Hartree-Fock-Bogoliubov (HFB)
equation. HFB theory is expected to be a good approximation of many-body quantum
mechanics in the mean-field regime, for many-body systems with attractive interactions.
However, in contrast to the Hartree-Fock case, until now there has been no rigorous proof of
the validity of the HFB approximation from the many-body Schrédinger equation, neither
at equilibrium nor for quantum dynamics. See [14] for the proof of well-posedness of the
fermionic HFB equations, and for the derivation of the HFB equation (1.21) via the Dirac-
Frenkel principle. See also [27] for the proof of blow-up at finite time of the relativistic
fermionic HFB equations.

In this paper we prove the validity of the Hartree-Fock-Bogoliubov equation (1.21) for
bounded and regular enough interaction potentials, in the mean-field regime. We shall
consider the many-body dynamics of initial data i) € F that are approximated by a suitable
class of quasi-free states with one-particle density matrix wy and with pairing matrix ap,
with N = trwy. We shall suppose that:

sup —— [[[wn, €?¥]|us < CN'/3 llwn,eV]us < CNY?
pers 1+ p] (1.22)
[fen,eV][lus < CNY3, lan|lns < CNY3.

We shall suppose that the initial datum ¢ is close, in a suitable sense to be specified below,
to a quasi-free state parametrized by wy, ay, satisfying the bounds (1.22). In particular:

||'7(1) —wn|lus € N1/2 , ||7T(1) —ay|lus < N1/3 , (1.23)
P P

that is, H%(pl) — wyllas/N'? and H7r$) — apyllus/N'? converge to zero as N — oc.

The estimates (1.22) encode the semiclassical structure of the initial datum, and are
expected to hold for quasi-free states at low energy. For ay = 0, similar estimates play
a key role in the derivation of the time-dependent Hartree-Fock equation in the mean-
field /semiclassical scaling [11], and can be proved to hold for the ground state of confined,
non-interacting systems [22]. In Appendix A we prove the validity of the bounds (1.22)
for translation-invariant quasi-free states on the torus of side 27, at low enough energy. If
translation-invariance is assumed, the lowest energy state of the HFB functional on the torus
turns out to be the free Fermi gas, which in particular has ay = 0. This is ultimately a
consequence of the existence of a spectral gap for the relative kinetic energy at the Fermi
level, due to the finite volume of the torus. Thus, for confined translation-invariant states,
the condition ap # 0 implies that the state is an excited state. We do not know whether
the ground state of the HFB functional is attained in correspondence with a nonzero pairing
matrix. The persistence of translation-invariance for the ground state of the BCS functional
has been discussed in [20], in the thermodynamic limit. There it is shown that translation-
invariance persists in two-dimensions, and also in three-dimensions in the case of vanishing
angular momentum.

Let us denote by fy](\})t and ﬂ'g\})t the many-body evolution of the reduced one-particle
density matrix and of the pairing; matrix associated with the solution of (1.19), and by
wnt, an,; the solution of Egs. (1.21). We prove that:

VG, — wrllas < CONY2 . |lal), —anellus < CONYE wteR,  (1.24)

where the function C(t) grows as a double exponential in time, and it is independent of
N. The bounds (1.24) prove convergence from many-body dynamics to the HFB dynamics



at the level of the one-particle density matrices. More generally, our result also extends to
higher order density matrices.

The method of proof is based on an extension of the technique of [11]. As in [11], a
key role is played by the fluctuation dynamics, a unitary evolution in Fock space that does
not preserve the number of particles, and that allows to understand the distance between
the many-body state and the reference quasi-free states in term of particle excitations over a
suitable time-dependent Fock space vacuum. With respect to the Hartree-Fock case, however,
in the present setting the control of the fluctuation dynamics is considerably more involved,
due to the more complex structure of the effective evolution equation (1.21), and to the
fact that wy is not an orthogonal projection. Also, the propagation of the semiclassical
structure (1.22) along the HFB flow is more involved than in the HF case. Let us point out
that the proof could be simplified, at the cost of assuming a stronger notion of semiclassical
structure (1.22), replacing in (1.22) the square of the Hilbert-Schmidt norm by the trace
norm, similarly to [11]. Furthermore, with this stronger notion of semiclassical structure
we could also prove that the Hartree-Fock-Bogoliubov dynamics cannot be distinguished
from the Hartree-Bogoliubov (HB) dynamics, given by Eqs. (1.21) after neglecting all terms
involving the operators X; and II;: the distance between the solutions of the HFB and HB
evolutions can be proved to be smaller than the estimate quantifying the distance between
many-body and HFB dynamics (1.24). Since we have not been able to verify the trace-norm
semiclassical structure for interesting quasi-free states with non-zero pairing, we prefer to
work under the weaker semiclassical structure given by (1.22).

In order to deal with the weaker form of semiclassical structure (1.22), we introduce a
suitable auxiliary fluctuation dynamics, as already done in the case of fermionic mixed states
(without pairing) [6]. The growth of fluctuations over this new dynamics can be controlled
relying only on (1.22); furthermore, the auxiliary dynamics and the fluctuation dynamics
can be proved to be close in norm. Then, a bootstrap argument allows to control the growth
of fluctuations on the original fluctuation dynamics, and ultimately to prove convergence of
the many-body dynamics to the HFB evolution.

The paper is organized as follows. In Section 2 we review the formalism of second
quantization, we recall useful estimates in Fock space, we introduce the Bogoliubov trans-
formations and the quasi-free states. In Section 3 we state our main result, Theorem 3.3,
about the derivation of the time-dependent HFB equation from the many-body dynamics
in the semiclassical/mean-field regime. The rest of the paper is devoted to the proof of
Theorem 3.3. In Section 4 we introduce the fluctuation dynamics, and prove a key identity
for the growth of fluctuations, Proposition 4.1; in Proposition 4.3 we prove the propagation
of the semiclassical structure (1.22), and we use it to control the growth of fluctuations
on the auxiliary fluctuation dynamics, Proposition 4.5. Then, in Proposition 4.6 we prove
norm-closeness of the auxiliary fluctuation dynamics and of the full fluctuation dynamics,
and we use this result to prove a bound on the growth of fluctuations on the full fluctu-
ation dynamics, Proposition 4.7. In Section 5 we put everything together and we prove
Theorem 3.3. Finally, in Appendix A we prove the validity of the semiclassical structure on
translation-invariant quasi-free states with low energy.
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2 Fock space, Bogoliubov transformations and quasi-free states

2.1 Fock space

Let h = L2(R? x {1,...,M}), with M € N, be the single-particle Hilbert space. Let F be
the fermionic Fock space over b,

F=Capv™.

n>1

Vectors in the Fock space correspond to infinite sequences of functions (w("))n with (™
h” . We shall use the notation

P =M (xy, .. %), (2.1)

where x = (z,0) with x € R® and ¢ € {1,...,M}. A simple example of vector in F is
the vacuum state, Q = (1,0,...,0,...). Given ¢ € F, ¢ = (@@ M M) ) we
introduce the Fock space scalar product as:

(11, 12) = Z<¢§n)’ ¢§n)>b®"

n>0

= Z/dxl .. .dxnwﬁn)(xl,...,xn)wén)(xl,...,xn) ,

n>0

where we recall the notation [ dx f(x) := Zyzl Jgs dx f(x,0). Equipped with this natural
inner product, the Fock space F is a Hilbert space. We denote by || - || the norm induced
by this inner product, and with a slight abuse of notation we shall use the same notation to
denote the operator norm of linear operators acting on F.

It is convenient to introduce creation and annihilation operators on F. Let f € hh. We
define the creation operator a*(f) and the annihilation operator a(f) as

(—1)j_1f(Xj)¢(n_1) (Xl, . ,Xjfl, X]’Jrl, e ,Xn)
1

(a*(f)@b)(n) (X1y.enyXp) 1= i -

1 n
1=

(a(f)d))(") (X1,...,Xp) :=Vn+ 1/dx m@b(nﬂ)(x,xl, cey Xp)

for any 1 € F. These definitions are supplemented by the requirement a(f)Q = 0.
It turns out that a*(f) = a(f)*. Also, one can check that the canonical anticommutation
relations hold true:

{a(f),a(g)} = {a*(f),a™(9)} =0, {a(f),a"(9)} = (£ 9)y -

These relations imply that [a(f)|| < [ fll2, |le*(f)|| < [[fll2. We will also make use of
operator-valued distributions a} and ayx, in terms of which:

(5= [axfa, ol = [axFax.
The creation and annihilation operators can be used to define the second quantization of

observables. To begin, consider the number operator A, acting on a given Fock space vector
as (N 1/1)(”) = ny(™. In terms of the operator-valued distributions, it can be written as:

N:/dxa;ax.

8



The average number of particles over a state 1 is then:
N = (Y, N) . (2.2)

More generally, for a given one-particle operator O on h we define its second quantization
dT'(O) as the operator on the Fock space acting as follows:

dr(0) 15m= 3" OV
j=1

where O = 19("=9) @ O ® 12U~ If O has the integral kernel O(x;y), we can represent
dT'(0) as:

dr'(0) = /dxdy O(x;y)axay .

In the next lemma we collect some bounds for the second quantization of one-particle oper-
ators, that will play an important role in the rest of the paper. We refer the reader to e.g.
[11, Lemma 3.1] for the proof.

Lemma 2.1 (Estimates for Fock space operators.). Let O be a bounded operator on . We
have, for any i € F:

(2, dL(O))| < |O]lop (s N¥) . [[dT(O)b|| < O]y, N9 -
Let O be a Hilbert-Schmidt operator. We have, for any ¢ € F:

4T ()] < O]l ||A /20|
| [ axix 00 yaxac]| < 01 20
H/dxdx’O(x;x’)a;a;wH < 2]0|lus H(N+ 1)1/2¢H .
Let O be a trace class operator. We have, for any ¢ € F:
[dT(O)|| < 20|y, 1]
| [ axy 0xixyaxanv| < 201, 101
| [ axay 0t xazaieu| <2101, 1ol

Given a state ¢ € F, we define its reduced one-particle density matrix as the non-negative

trace class operator 'y](\}) on h with integral kernel:

W xy) = (¥, ayaxy) . (23)
Thus, by (2.2), N = tr 'y](\}). Furthermore, given a one-particle observable O, we have:
(6.dr(0)) = [ dxdy Oxiy) (1, aay ) = tr 01 (2.0

(1)

Also, we define the pairing matrix as the operator 7y’ on h with integral kernel:

V(5 y) = (¥, ayax) . (2.5)



In the special case in which the vector ¢ in an N-particle state, N9 = N1, the pairing
operator 775\}) is trivially vanishing. In general, if the state 1) does not have a definite number
of particles, as it will be the case in the present work, the pairing operator will be nonzero.
It is not difficult to see that the reduced one-particle density matrix and the pairing operator
satisfy:
1 1 1 1

o<W <1, s, wPeey) = P i) (2.6)

Next, we lift the many-body Hamiltonian to the Fock space, as follows. We define the

(n)

Hamiltonian in Fock space as Hy =06 ,~; Hy , where

n

HY = -2+ % > Vizi—a),

i=1 i<j

with V' a real-valued and even function (further regularity assumptions will follow). In terms
of the operator-valued distributions, we can rewrite the Fock space Hamiltonian as:

1
Hy = 52/dx VayVax + IN dxdy V(z — y)ayagayax - (2.7)

Finally, the time evolution of a state in the Fock space is defined as vy = e "#~t/<y). That
is, each sector evolves according to the n-particle Schrodinger equation,

icop(™ = HPp™ gl = ) (2.8)

2.2 Bogoliubov transformations

Here we shall give a brief introduction to the (fermionic) Bogoliubov transformations, which
will play a crucial role in our analysis. We refer the reader to e.g. [37, 19] for a more detailed
introduction to the topic.

Given f,g € b, let us define the operator A(f,g) as:

A(f,9) =a(f)+a* (),  A*(f.9) = (A(f,9))" =a"(f) +a(g) (2.9)
That is:

A*(f,9) =A@, f) - (2.10)
These operators can be viewed as generalizing the notion of creation and annihilation oper-
ators, to which they reduce for ¢ = 0. They satisfy the anticommutation relations:

{A(f1,91), A% (f2,92)} = ((f1,91), (f2, 92))pan - (2.11)

Notice that {A(f1,91), A(f2,92)}, {A*(f1,91), A*(f2,92)} do not vanish, in general. A fermionic
Bogoliubov transformation is a linear map v : h & h — b & b, such that, for all f1, f2, 91,92
in b:

{AW (1, 00), A" W20 92)) } = { A1), A" (f22) | (2.12)
and such that, for all f,g in b:

A*(v(f.9)) = A(v(3, 1)) - (2.13)

In other words, the operators B(f,g) = A(v(f,g)) satisfy the same anticommutation rela-
tions of A(f,g). The condition (2.12) is equivalent to v*v = 1, while the condition (2.13) is
equivalent to, calling C the complex conjugation operator:

vC=Cr. (2.14)
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Then, it is not difficult to check that v is a Bogoliubov transformation if and only if it has

the form:
u v
V= (v u> , (2.15)

where u, v are linear operators on  such that:

wvu+v'v=1, vrv+v'u=0
. . (2.16)
wuw* +vvt =1, w*+vu =0,

with O = COC. We say that a Bogoliubov transformation is implementable if there exists a
unitary operator R on JF such that:

R*A(f,g)R=A(v(f,9)), for all f,g € b. (2.17)

It is well-known that a Bogoliubov transformation is implementable if and only if v is a
Hilbert-Schmidt operator; this fact goes under the name of Shale-Stinespring condition. The
operator R is called the implementor of the Bogoliubov transformation; with a slight abuse
of terminology, in the following we will refer to R as the Bogoliubov transformation.

We shall extensively use the following transformation property of the operator-valued
distributions:

R*axR = a(ux) + a*(vx) , R*ayR = a*(ux) + a(vx) , (2.18)

where ux := u(-;x). Furthermore, it is not difficult to see that R* is the implementor of the
Bogoliubov transformation associated with v* = v~!. In particular, the following relations
hold:

RaxR* = a(uy) + a*(vy), RazR* = a*(uy) + a(vy) . (2.19)

2.3 Quasi-free states and Hartree-Fock-Bogoliubov equation

Given a normalized state ¢ € F, we define its one-particle density matrix I'y, as the operator
on h @ h such that:

((f1,91), Ty (f2, 92))pan = (s A*(f2, 92) A(f1, 91)0) F - (2.20)

A simple computation shows that I'y, can be expressed in terms of the one-particle reduced
density matrix and on the pairing matrix as:

0
T, = , 2.21
YT\ —erVe 1-cyVe (2.21)
o)

where we used that 7, is antisymmetric, recall Eq. (2.6).

Pure quasi-free states correspond to vectors in the Fock space of the form RS2, with R a
Bogoliubov transformation. Suppose that (RQ, N RQ) = N. We shall denote by wy and by
ay the one-particle density matrix and the pairing matrix of Rf), respectively:

[ WN an
I'ro = (_aN 1 w) . (2.22)

The density matrix of R{) can be easily represented in terms of the operators u and v entering
in the definition of v, recall Eq. (2.15). We have:

wy =v*v, an =00 . (2.23)
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As a sanity check, notice that wy < 1 as a consequence of the first of (2.16), while a% = —an:

ok =ak =T =uT = 0T =—ay, (2.24)
where the fourth equality follows from the second of (2.16). One can also check that the
density matrix of Rf) is a projection:

Tro=T%q . (2.25)
In particular, the following relations hold:
wn(l —wyn) = ayay , wyay — anywy =0. (2.26)

Quasi-free states are completely determined by their one-particle density matrix: all corre-
lation functions can be computed starting from the one-particle density matrix via the Wick
rule [37]. Let us use the notation af to denote the operators a and a*. It turns out that:

<RQ afl a%? .. agfgjj RQ> = Z sgn(ﬂ)<RQ, ale® gle@ RQ> e <RQ ale-D gloep RQ> ,

» Yxq “xa Xo(1) "X (2) ? X (25-1) X (25)
7T€P2j

(2.27)
where P; is the set of pairings:

Py = {0 €8 [ 0(20=1) <a(204+1), £=1,....j =1, 0(20~1) <0(20), £=1,....j},

(2.28)
with Sy; the set of permutations of 2j elements. The identity (2.27) can be checked starting
from the relation (2.18), combined with the canonical anticommutation relations and the
property ax§) = 0.

We are interested in the many-body evolution of initial data close to quasi-free states,
generated by the Hamiltonian (2.7). It turns out that if one assumes that the many-body
evolution preserves quasi-freeness for all times, one finds the following coupled evolution
equations for the one-particle density matrix:

ieQwNt = [hHF(t),wN,t] + Hta}k\,’t — a4l

ieOian s = hur(t)ant + aN,tm + Ht(l - wN,t) —wn,elly (2.29)
where hyp(t) is the Hartree-Fock Hamiltonian,
hurp(t) = —2A 4 p x V — X, (2.30)
with p; the normalized density and Xy, II; linear operators on b,
pi) = pona(xi%)  Xilsy) = V(= pone(xiy)  Tulx,y) = oV (= pana(x,y)
(2.31)

Thus, Eqgs. (2.29) define the evolution of the one-particle density matrix:

WN.t ANt
I'ne = . ’ . 2.32
it <O‘N,t 1- wN,t) ( )

It is not difficult to check that Eqgs. (2.29) are equivalent to:

ied Ny = [H(t), [Ny, (2.33)
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with:

H(t) = <h1§;t) —hg;(t)> , (2.34)

That is, H(t) generates a unitary dynamics for I'y ;. Hence, since I'y = I'};, recall Eq. (2.25),
we also have I'y; = I'%,. Eq. (2.33) is called the Hartree-Fock-Bogoliubov equation, and
it describes interesting ;;hysical phenomena, such as the time evolution of superconductors.
The well-posedness of the HFB equation (2.29) for a class of potentials that includes those
considered in the present work, is well-known; see e.g. [14]. The main goal of the present
work will be to give a rigorous derivation of the HFB equation starting from the full many-
body quantum dynamics.

3 Main result

Before stating our main result, let us introduce the assumptions on the initial data that we
will consider in this work.

Assumption 3.1 (Assumptions on the initial datum). Let T : h & bh — h D b be the
one-particle density matrixz of a pure, quasi-free state:

WN QN 2
= < < == . .
We shall suppose that:

trwN:N, ||05NHHS§CN1/3 . (3.2)

Furthermore, we shall suppose that wn, an satisfy the following commutator estimates:

sup [wn, €??lus < CNY3 - lfwn,eV]llus < CNYP L llan, eV]|ms < NP

—l
peR3 1+ |p|
(3.3)

Remark 3.2. (i) As we will discuss in Appendix A, all the above assumptions are satisfied
for translation-invariant quasi-free states on a finite torus, at low energy.

(ii) We shall refer to the commutator estimates in (3.3) as the semiclassical structure of
the initial datum.

The next theorem is the main result of the paper.

Theorem 3.3 (Main result). Let V € LY(R3) such that
V@) eR, V(z)=V(-z), /dp Vp)(1+ ) < C. (3.4)

Let wy, an be the reduced one-particle density matrix and the pairing matrix of a quasi-
free state satisfying Assumption 3.1. Let ¢ = Ro& with Ry the Bogoliubov transformation
associated to (wy,an) and § € F, ||| =1, such that, for some k € N:

W Ny =N,  (ENWe) <y (3.5)

with a(k) = (13/2)k if k is even and a(k) = (13/2)k+3/2 if k is odd. Let 1y = e~ "nt/=q) be
the solution of the many-body Schrédinger equation, and let Ry be the Bogoliubov transforma-
tion associated with the solution wn ¢, any of the Hartree-Fock-Bogoliubov equation (2.29).
Then, for all t > 0, and for all j < k:

(e, a5 ..l bn) = (ReSd,a, ...l RyQ) + B (x4, %) (3.6)

J
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where a% can be either ax or ay, a§§1 . .agf;j is a normal-ordered monomial, and

/ dxi ... dxoj | ESLy ™ (x4, %) |* < C()) exp(d(j) exp et NI~ 2/3-max(/3.0/6) | (3.7)

where the constants C(j), d(j) depend on j and are independent of N and of t, while p
is equal to the absolute value of the difference of the number of creation and annihilation
operators in the left-hand side of (3.6).

Remark 3.4. Theorem 3.3 proves convergence of the many-body Schrodinger equation to the
Hartree-Fock-Bogoliubov equation, in the sense of density matrices, in the Hilbert-Schmidt
topology. In fact, the left-hand side of (3.7) is the Hilbert-Schmidt norm squared of the oper-

ator Egztm] with integral kernel Eg;tﬁ% (x1,...,X2;). The Hilbert-Schmidt norm squared

of the first term in the right-hand side of (3.6) is much larger than the right-hand side of
(5.7) for all times of order 1 in N. This can be seen writing it in terms of the one-particle
density matriz using the Wick rule. For instance:

(R8Y, a5, Ay, Oxes O, ReQ2) = Wi (X35 X2 )W ¢ (Xa5 X1) — Wiv (X35 X1) Wi, ¢ (X453 X2) (3.8)
+ an¢(x1;X2) N ¢ (X45X3) '

Assuming that the bounds on ||wn 4| gs and ||an || gs are tight, namely ||an.|| % ~ N?/3 and
|wnil|%g ~ N, the largest contribution to the two-particle density matriz of the quasi-free
state comes from the term with the largest number of wn . For gauge-invariant correlation
functions, i.e. with an equal number of creation and annihilation operators, the Hilbert-
Schmidt norm of the largest contribution is of order N7. In general, if m is the number of
annihilation operators, say smaller than the number of creation operators m + p, the largest
term has m = j — p/2 factors wn+ and p/2 factors any. Thus, its Hilbert-Schmidt norm
squared is of order NI=P/S  which is much larger than the estimate for the error term in

(3.7).

Remark 3.5 (Resolution of the pairing operators). It is interesting to compare the error
term with the smallest contribution to the quasi-free approximation. If the error is subleading,
this means that the quasi-free approximation can be fully resolved. Let us focus on gauge-
invariant correlation functions (p =0). The smallest Wick pairing in Hilbert-Schmidt norm
is the one that has the largest number of contractions of “aa” or “a*a™” monomials, which
correspond to kernels of any operators (or its complex conjugate). The number of such
contractions is less or equal than j — 1 if the number of “a” operators is odd, and it is less
or equal than j if the number of “a” operators is even. In the p =0 case, the number of “a”
operators is exactly j, therefore the Hilbert-Schmidt norm squared of the Wick pairing with
the largest number of a-contractions is:

(N?/YI=V 5 N if j is odd

A (3.9)
(N?/3)7 if j is even.
Comparing these estimates with the bound (3.7) for p =0, we have that, for N > 1:
| — ﬁlv"vﬁZ' 2 - .
(N2/3YI=L s N o> || ESLy#% ifj=1,3
1B s (3.10)

(NP > 1By ™ s if =2

Therefore, all Wick pairings are individually much bigger than the error term, and hence
they can be resolved, for the j-body reduced density matrices up to j = 3. More generally, it
is clear that if p > 0 the bound (3.7) also allows to fully resolve correlations of higher order.
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Remark 3.6 (Comparison with the Hartree-Bogoliubov dynamics.). As mentioned in the
Introduction, the proof of Theorem 3.3 could be simplified if one replaces in the assumptions
(3.2), (3.3) the Hilbert-Schmidt norm with the square oot of the trace norm. Furthermore,
as for the case of N-particle states [11], under these stronger assumptions it is possible to
prove that neglecting the exchange operators Xy, Il; in the Hartree-Fock-Bogoliubov equations
(2.29) does not deteriorate the error estimate (3.7) in the main result. Thus, for this class of
initial data, we cannot distinguish the Hartree-Fock-Bogoliubov dynamics from the Hartree-
Bogoliubov dynamics. We prefer to work under weaker assumptions that we can verify in
concrete cases, see Appendiz A. For this class of initial data, we do not know how to prove
the indistinguishability of the Hartree-Fock-Bogoliubov and Hartree-Bogoliubov dynamics.

The rest of the paper is devoted to the proof of Theorem 3.3.

4 The fluctuation dynamics

Suppose that (wn ¢, v ¢) solves the time-dependent Hartree-Fock-Bogoliubov equation (2.29).
Let us introduce the fluctuation dynamics as:

Un(t;s) := Rie Mt=9)/e R (4.1)

The main goal of this section will be to prove an estimate for the evolution of powers of the
number operators A' under the fluctuation dynamics. This will be the key technical tool
behind the proof of Theorem 3.3.

4.1 Growth of fluctuations

The starting points is the following proposition.

Proposition 4.1 (Growth of fluctuations). Under the same assumptions of Theorem 3.3,
the following is true. For any £ € F, ||€|| =1, and k € N,

. d . i &

i (Un (506, (W + DUy (£0)) = = > Im/dxdy Viz—y)
j=1

X |:<Z/{N(t; 0)57 (N + 1)j—1a*(Ut,x)a(Utyy)a(uty)a(uux)(N + 1)k_juN(t; O)£>

+ <UN(t; 0)&, (N + 1)J'fla(@t,x)G(Ut,y)a(utvy)a(utvx)(N + 1)k7jUN(t; O)§>

+ (Un (6008 (N + 17710 ()" (B o™ (Br,)a(@r) N + DU (80 .
(4.2)

Remark 4.2. The same identity holds true for the Hartree-Fock case [11], see Proposition
3.3 there. Here, however, the operators us and vy are not orthogonal.

Proof. To begin, recall the identity:

RNR; =N —2dl'(wny) + N + /dxdy (axayan(y,x) + axayan:(x,y)) , (4.3)
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where we used that trwy; = N. Therefore, since Uy (t;s) = R;"e_m(t_s)/aRs, we have:

d d ., .
ie U (5 0) NUy (10) = ie - Roe ™ /* RN Ry e/ Ry

= is%RSeth/e( —2dIl'(wn ) + (/dxdya;a;‘,a]v,t(y,x) + h.c.))e*mt/eRo
— RSJM/&( — 2dI'(iedwwn ) + (/dxdya;a;‘, (iedan ) (y,x) — h_C.>>€—i'Ht/£RO
+ Rye ™1 (2| M, T ()| - ( / dxdy [H, axay |an(y,x) — hue.) )e ™/ Ry
(4.4)

where we used that the first and the third term in (4.3) do not contribute to the time
derivative. Then, by unitarity of the Bogoliubov transformation.

ie%Z/lN(t; 0)" N (t: 0) = U (85 0)" Ry ([H. dP (on1) | = AT (ieon) ) Re U (£:0)

+ Uy (t:0) Ry / dxcy (axa (i=0an) (v, %) — [H, axay |an(y,x)) = e ) By (£:0) .
(4.5)

In this expression, it is not difficult to see that all terms involving the Laplacian cancel out
exactly. Next, let us consider the commutators involving the many-body interaction. We
compute:

2
2/dxdy {V, a;ay} wnt(x,y) = N /dxdydz V(z —y)wni(z,y) ayagayax —hec., (4.6)
and

* % 1 B
/dXdy |:V7 Cany] aN,t(ya X) - N /dXdy V(x - y)aN7t(y7 X) Ax Gy

5 (4.7)
+ /dxdydz V(z —y)ani(z,y) axaya,ax -
Therefore, focusing on the following term,
A=R! (2 [V,dr(wN,t)] - ( / dxdy [v, a;;a;] ani(y,x) — h.c.))Rt , (4.8)
by Eqgs. (4.6), (4.7), we have:
2 k k ok Xk k
A= N dXdy V(:U - y)Rt dz (wN,t(Z7 y)azaxayax - aN,t(Za y)axayazaX) Ry (4 9)

1
— — [ dxdy V(x —y)R; <aN,t(y, x)a;a;) R; —h.c..
Let us denote by Ag and Ay the quadratic and the quartic terms in Eq. (4.9),
1
Ay = N /dxdy V(z —y)an(y,x)Riaxay Ry — h.c.

2 * * k k* k%
Ay = i /dxdy V(z —y)R; /dz (wN,t(z, y)a,axayax — an (2, y)axayazax> R;—h.c..
(4.10)
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Consider A4. We rewrite it as:
2
Ay = N /dxdy V(z — y)Rza;/dz < —wn (2, y)a, +aNyt(z,y)az) ayaxR; —h.c.
2
=2 [axdy Ve -y RiaiR

. /dz [ —wni(z,y) (a*(ut,z) + a(ﬁtz)) +any(z,y) (a(u@z) +a* (@tz))] RiayaxR; —h.c..

Performing the z integration we obtain:
/ da | — wni(2,y) (@ (u) + a(is) ) + ana(2,y) (0(urg) + a* (1) )|
/dz/dr —w(r,z)wny(z,y) + 0 (r,z)an (2 y)>

+ ar( —v(r, 2)wn (2, y) + U (r, z)an (2, y)ﬂ (4.11)
= /dr <a: (vian,: — wwnyg) (v, y) + ar (Wan: — viwny) (r, y))
=—a(tyy) .
To prove the last identity we used that:
ThON — WWN = TpUy Uy — wvy v = o] g + Tpug v = Ty (0w Fug o) =0, (412)

where: the first step follows from the representation of wy; and apy; in terms of u; and vy,
Eq. (2.23); the second step follows from the second property in the second line of (2.16);
and the third step follows from the second property in the first line of (2.16), after taking
a complex conjugate. Eq. (4.12) proves the vanishing of the creation contribution to the
right-hand side of (4.11). To obtain the last identity in (4.11), we used:

— — T * * * * *
AN — BWN = Tply Up — Vg0 U = —Vpuy Uy — 00y Uy = —vp(ufug + vjvg) = —vp . (4.13)

The first step follows from the representation of wy; and ay; in terms of u; and v;; the
second step follows from the second property in the second equation in (2.16), after taking
a complex conjugate; the last step follows from the first property in the first equation of
(2.16). This concludes the check of (4.11).

Let us now go back to A4 in (4.11). Using (4.11), we have:

2
Ay = N dxdy V(x — y)R; a3 Ria(Ty y) Rf ayax Ry — h.c.

=[xy V(z — )@ () + @) 0By aluey) + 0 (@) (@) +a*(Fes)

—h.c.,
(4.14)

and expanding the products:

2 * (— * — * (—
Ag= - [dxdyV(z -y [ (utx)a(Tty)a*(Vty)a” (Ve x) + a*(ux)a(Vty)a* (Vey)a(uex)

+ 0" () a(Try)a(ury)a(ug ) + 0 (u )a(Try)a(ugy )a* (Tr.x)
+ a(Vx)a(Vry)a” (Vry)a” (Vi x) + a(Vix)a(Vey)a™ (Vry)a(ux)
+ a(T1,x)a(Ty )altry )alunx) + alTx)a(Try)a(uny)a* (Fre) | ~ hec.
(4.15)
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The second and the fifth term in the right-hand side of (4.15) are self-adjoint, and hence
cancel with minus the hermitian conjugate. The sum of the first and the sixth term is also
self-adjoint (each one is the adjoint of the other), so they cancel as well when subtracting
the hermitian conjugate. In order to proceed, we put the remaining terms in the right-hand
side into normal order. We get:

A= / dxdy V(@ = y) [ (ur)a(Try )a(uny )alue) + 0" (w1)a" (B Ty )aluny)

a*(utx)a(Vy)an (X, y) — a*(ux)a(uty)wn (X, y) + a(Vex)a(Vry)a(uty)a(ux)
a* (Vex)a(Vtx)a(Vry)a(uty) + a(Ox)a(Ory)an (X, y) — a(Vtx)a(uy )wn (X, y)

+ a(Tyy ) a(ug,y )wn (X, x)] —h.c..
(4.16)

Using that V(x —y) = V(y — ), the second and the fourth term are self-adjoint, and hence
they cancel with minus their hermitian conjugates. Then, we rewrite (4.16) as:

As = [ dxdy Vi — y) [ (uex)a@y oy alux) + a@x)a(Fey)atuey Jau)
— @ (BT oy )aluy) |
~ 2 [ dxdy (@) + (00 o)1) + 2 [ dixdy a0 Xe(x. a1
=2 [ dy a(w,) (o V) ¥)alury) - hec.
(4.17)

We claim that the quadratic terms appearing in (4.17) cancel out with Ay and with the
quadratic terms in Eq. (4.5). Consider the quadratic terms in Eq. (4.5), minus the kinetic
term. The sum of these terms, plus the term Ay in Eq. (4.10), gives:

—R; (dF(C’t) + /dxdy sty Dy (X; y))Rt —h.c. (4.18)
where the operators Cy and Dy are:

Ct = |:pt *V — Xt ,LON,t] + Hta*Nyt B O[Ni_[;k (419)
Dy = (pe*V = Xi)ans +ane(pex V = Xp) = Ihoon g — wn T ;

these operators take into account the interaction part of the equations (2.29), after subtract-
ing the linear term in oy, (thanks to Aj). Let us now plug these expressions in (4.18).
Consider the contribution to (4.18) due to p; * V. We have:

= i ([ dxdy ai (o V)60 = (00 V)9) oo vy
+ /dxdy ai((pt * V) (x) + (pr * V)(y))aN,t(x; y)a;) Ry —

= —2R; ( / dxdy ay(pe * V) (x)wn(x;y)ay + /dxdy ay(pe * V) (x)an ¢ (x; y)a;) Ry —h.c.
(4.20)
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Acting with the Bogoliubov transformation, we get:
(1.20) = =2 [ dxdy (& (1) + a(T1)) 1+ V) a3 aling) + " (51)
~2 [ dxdy (a*(ur) + a@r)) o1 x V)63 (0 (1) +a(51) e
— -2 [ dx(a*(tex) + a(F120) (01 V)9 (ol (wro) + " (D))

+2 / dx (a*(utx) + a(Uex))(pe * V) (x) (a* ((urow)x) + a((Tia)x)) — hec..
(4.21)
Using the relations (4.12), (4.13) we obtain:

(4.20) = -2 / dx (a*(uex) + a(Tex))(pr * V) (x)a* (Tr x) — h.c.
(4.22)
= —2/dx a*(urx)(pe * V)(x)a* (U1 x) — h.c. .

Consider now the terms in (4.19) corresponding to X;. Their contribution to (4.18) is:
R} (dF(tht) + /dxdy sy (X ) (X; y))Rt
~ B} (dr(wx;) - / dxdy aas, (0 X7)(x:y) ) By — hc (4.23)
=2R; (dF(XtWt) + /dXdy agay (Xpou) (x; Y))Rt —hec.,
where we used the antisymmetry of ay . We have:
2R} (dF(tht) + /dxdy sy (X ) (X; y))Rt
=2 / dxdy (a*(utx) + a(tex)) (Xewn 1) (x; y)(a(uty) +a” (Ut,y))
+2 [ dxdy (0" () + (00, (Xraa) (i) @ (1) + alng) (120)
—2 [ dxda (0" (1) + a(01.0) Xi o 2)al (wr)s) + " (@)
= 2/dxdy (@ (utx) + a(Vex)) Xi (x5 2) (@ ((urer)z) + a((0:0)z) -
Using the relations (4.12), (4.13), we get
2R; (40 (Xiwr) + / dxdy ala,(Xio) (x:y) ) B b
=2 / dxdz (a*(ux) + a(vy x)) X¢(x;2)a™ (0 ) — h.c. (4.25)
= 2/dxdz a*(urx) Xe(x;2)a™ (Uy,z) — hec. .
Finally, consider the terms corresponding to II; in (4.19). Their contribution to (4.18) is:

- RIdF(Hta;‘ — OétH;k)Rt + R;k / dXdy a;a; (Htwt + wtﬂt) (X; y)Rt — h.c.
(4.26)
= 2R;dl (I ) Ry + 2R / dxdy ajay (ILw;) (x;y) Ry — hec.
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where we used the antisymmetry of ay¢ and of IT;. We have:
2R} (dP(Htat) n / dxdy aLa; (Ht@)(x;y)>Rt “he.
_ / dxdy (a (u1,x) + a(Ux)) (L) (% ¥) (a(ury) + a” (Ty))
+2 [ dxdy (0" () + (00)) (0) (3 ) 0 ) + ) (4.27)
=2 / dxdz (a* (utx) + a(0x) )1 (x; 2) (a((wr o) 5) + ™ ((0:%)2))
+ 2/dxdz (a* (urx) + a(Vex) )i (x; 2) (a* ((urwr) ) + a((V:0t)z)) -
Using again the relations (4.12), (4.13), we get:

2R} (dF(Htat) + / dxdy a;a;(ﬂtwt)(x;y)>Rt ~he.
(4.28)
= 2/dxdz (@ (ut x) + a(Uex)) I (x; 2)a (Tt z) — h.c.
Putting together (4.22), (4.25), (4.28), we obtained:
— R} (dF(C't) + /dxdy 50y Dy (X; y))Rt — h.c.
= —Z/dx a*(uex)(pe * V) (x)a* (Urx) + Z/dxdz a* (ue ) Xe(x;2)a™ (T z) (4.29)

+2 / dxdz (" (ut x) + a(Vx)) 1 (x;2)a(Ts,z) — h.c.

Thus, as claimed, we found that the sum of the quadratic terms in (4.17) and in (4.29) is
vanishing. This implies:

d
’ie%UN(t; 0)*NUn(t;0)

N dxdy V(z — y)Un(t;0)* {a* (utx)a(ry)a(ury)a(urx) + a(Urx)a(Tey)a(ury)a(u x)

— @ (B1x)(Fix)a(Try)auny) [Un (t: 0) = he.

(4.30)

The final statement, Eq. (4.2), follows from the identity:

zsauN(t;O) (N + 1)Uy (t;0)
k .
= Un(£0)* (N + 1) Un (£ 0) (4.31)
j=1
d .
x Un (£:0)* [2'5% (UN(t; 0)* Ny (t; m)}uN(z&; 0)* (N + 1)F =92y (:0) .

This concludes the proof of Proposition 4.1. ]
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4.2 Propagation of the semiclassical structure

In order to bound the growth of fluctuations, we will make crucial use of the propagation of
the semiclassical structure of Assumption 3.1 along the flow of the HFB equation.

Proposition 4.3 (Propagation of the semiclassical structure). Under the same assumptions
of Theorem 3.3, the following is true. Suppose that wy and ay satisfy Assumption 3.1.
Let (wnt, any) be the solution of the Hartree-Fock-Bogoliubov equation (2.29). Then, for all
times t > 0:

sup e, e s < CeMI(NY2 + Jt]|an| ms)

p€ER3 TIM
wn ., eV] |l ms < Cel (N3 1 |t|lan || ) (4.32)
l[one,e¥)ls < CeINY 4 el s)
Furthermore,
HWNJ”%{S < lwn|ler lantll ms < cCltl/ (Ne) HO‘NHHS (4.33)

Remark 4.4. The above estimates hold regardless of the size of |lan|lus. If ||lan|ms <
CN'/3, Egs. (4.32) allow to propagate the estimates of Assumption 3.1 for all times.

Proof. The proof is based on an extension of [11] from the Hartree-Fock equation to the
Hartree-Fock-Bogoliubov equation. To begin, let us prove the invariance of the trace-norm
of wn. Since 0 < wy < 1, we have:

lwnellfis < trow - (4.34)
Then, from (2.29):
ieditr wyy = tr (Htoz}‘w — ozNytH:) (4.35)

where we used that the trace of the commutator is zero. Next, we rewrite:

trilialy , = / dxdy I (x; y ) oy 4 (y5 %)

. (4.36)

== | dxdy V(@ —y)lan(xy)*

thanks to the antisymmetry of an;. Being the right-hand side of Eq. (4.35) equal to the

imaginary part of trIl;ay ;, and since the right-hand side of (4.36) is real, we immediately
conclude that trwy is constant in time. This proves the first of (4.33).

Next, let us prove the propagation of the commutator estimates. Let us start by com-

puting, using the HFB equation for wy;:
7,p T

cwnt] = [P, [hur(t), wn e HtaNt an 1T |

|+
= [uae(0), [, ] + o [uae(0),€77]] + 9%, Tuay, — ;]
hHF t) [ ip-& WNtH - [U-)Nt, [52A’€2p$“ _ [WN,ta [Xt,eip-i]]

+ [Gpr,HtOéNt - aNtH ]

25&[

)

(4.37)
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where in the second step we used the Jacobi identity, and in the third step we used that the
direct term p; * V commutes with e’P*. Consider the term involving the commutator with
the Laplacian. Noticing that:

[£?A,ePF) = ieV -epe'?? + P Pep - iV, (4.38)
we obtain:

[wN,t, [52A, eip'"%H = [wNJ,’L'e’SV] cepePT 4 eV - ep [wN,t, eip'i]

< ', (4.39)
+epe?? - [wny, ieV] + [wiy, P ep-ieV .

The terms involving the gradient operator outside of the commutator, which are unbounded,
can be reabsorbed thanks to a suitable unitary conjugation, together with the first term
in the right-hand side of the last line of (4.37). Consider the unitary groups U(t;s) and
Us(t; s), generated by the following differential equations:

ied Uy (t,s) = A(t)Ur(t, s) , iedUs(t, s) = B(t)Ua(t, s) , Ui(s;s) =Us(s;s) =1
(4.40)
where:
A(t) = hgp(t) +ie®V -p,  B(t) = hup(t) —ie*V - p. (4.41)
We then get:

15@ (Ul (ta 0) [6 P awN,t] U2(t7 0))
o - d. . .
= U (t, 0)( — At)[eP T wny] + [€PF, wn ] B(t) + iﬁ@ [P, wN,t])U2(7f, 0)

(4.42)
= Ui(t, 0)( - [wMt,isV] - EP eiPE _ ep o e [WN,t,ia?V] _ [WN,t, [Xt, eip-:i:”
+ [e7% ak, — an,dT] ) Us(t,0).

Integrating in time this identity, and using ||U7(¢,0) [e?%, wn | Ua(t,0)[|us = || [¢P*, wn ] s,
we find:

% ona] s
- ¢ 1 t PPN
< e comollys + 2ol [ ds [ omlllys + 2 [ sl foms (X0 s 403
1 rt o
e 1 e 6%, M, s
0

Next, it is useful to rewrite the direct term V x pg, the exchange term X, and the term II;
as, for x = (Z,0), acting as (Xf)(z,0) = (z,0) f(x,0):

. 1 N A\ iq-E
V< p)() = ;[ daViapula,5)e
1 . o o
X, = N /dq V(g)e T wn se 17 (4.44)
1
I, = N/qu(q)elqmozN e YT,

where ps(q,0) = [dx e wy 4(x,0;x,0). Using these representations, one can bound the
third and the fourth terms in the right-hand side of Eq. (4.43) as, recalling that |wy s|| <1,
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lon,s| < 1:

[ ona Xl < 5 [ a1V @I ] s

< e o]l 15)

. A 4 Y
[, Mook s — ansTl] ||y < 7 / 1V @l s

< lanslls -
N

where we used the assumptions (3.4) on the potential. Therefore, plugging these bounds in
(4.43) we obtain:

™ wone] s

- t 1 . 1
< e ol + € [ ds (1wl s + 672 ol s + yzllanls) -
(4.46)
Consider now the commutator with the gradient in Eq. (4.46). We compute:

eV,wn t] = [EV, [hHF y WN,¢ +HtOéNt OéN’tHz(]

]
[hHF(t [EV thH [wMt, [hHF(t),&“VH + [z’fV,HtOé*]\Lt — OzN7tHﬂ
hir(t), [eV,wne] ] + [wn, [V * o1, eV]] = [wn, [Xi,eV] ]

+ [5V HtOéNt OzNﬂgH ] .

i

(4.47)

In order to get rid of the first term, we conjugate the commutator with the unitary group
Us(t; s), generated by the differential equation:

i€atU3(t, S) = hHF(t)U3<t, S) s Ug(s; S) =1. (4.48)
Then:
d
ie= (U3 (4,0) [V, wn] Us(2, 0)
= U3(t,0) ([wna, [V # pr2V]] = [wowas [Xe,eV]] + [V, Thaky, — anyTT;] ) Us(4,0)
(4.49)

Integrating in time, and using the invariance of the Hilbert-Schmidt norm under unitary
conjugations, we obtain:

=V wone] s
1
< [V, wn]lus + /dSH[WNS’ [V ps,eV]] | s (4.50)
I 1
# 2 [ s e el + [ s[5 i, — ol -

Consider the second term in Eq. (4.50). We have:
eomw.s: [V 5 05, eV]] s = el [onws, VOV 5 p0)] | g

<y / dp [V ()15 (0. )11 [€77, o] s (451)
<<( [ aa V@I 10 sup e o s
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where we used Eq. (4.44) and

R 1

0.0l < 3 3 [ dreneteoiae) =1, (4.5
Consider now the third term in Eq. (4.50). We have, thanks to the representation (4.44):

1 ~ L N
oo (X9 s < 3 [ a7 @l [ e 7,9 g

2 . L o
< N/dq|V(q)]Hequ[wNys,€V]e quHHS (4.53)
2 N
< [ V@I ] s
where we used that e "9%Ve!?? = V + iq in the second line. Next, consider the last term in

Eq. (4.50). In order to estimate it, we shall use the following identity:

[V, e ay e P ay ] — [eV, an e aly e
= ey e 1 [eV, ay | + [V, e an e T oy

—ans [5V,eiq'ia}‘v,se_iq’i] — [5V,aN,s]eiq'ja7v7se_iq'i“ (4.54)
ity e 29 ] + e, an e o,

QT

T — [V, an e aN,se_iq'i .

— a4 [eV, ayle
Plugging this identity into the expression for the last term in Eq. (4.50), we get:
* * 4 C
H [5v7 HSaN,s - aN,SHs] HHS < N /dq ’V(q)m [€V> O[N,S} HHS . (455)
Using the bounds (4.51), (4.53), (4.55) to estimate the right-hand side of (4.50), we find:
Vs wnellus < 1l [£V,wn] s

t 1 i 1 1
+C [ s (sup ol e ol + S5 s + 25700 )
(4.56)

In order to close the Gronwall argument, we need to estimate the time derivative of the
commutator of ay s with the gradient. We compute:

_d —

[5V, OzN,t] = [EV, hHF(t)OéN¢ + aN,thHF(t) + I (1 — wN,t) — WN7th]

1€ —
dt
= ha (8) [V, ane] + [, hrr ()] ane + o [V, he ()] + [V, an e (@) (07)

+ Ht [€V, 1 —rN,t] + [F:v,Ht](l —T]\[,t) — WN,t [Ev,Ht] - [EV,UJNJ] Ht .

The first and the fourth term can be reabsorbed thanks to a unitary conjugation of the
commutator with Us(t;0), recall the definition (4.48). Notice that this time the relative sign
between these terms is plus, and that the fourth term comes with a complex conjugate. For
this reason, we shall consider Uj(¢;0)[eV, an,|Us(t;0), with Us(t;0) := CUs3(t;0)C and C
the complex conjugation operator. We then have:

ie% (U3 (:0) [ 7. | T (1:0)

= U (6:0)( — e (1) [V, ] — [£7, o [ (1) + 2‘5% eV, an] ) 5(1:0)

(4.58)
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and the first two terms cancel the first and the fourth term in Eq. (4.57). Thus, integrating
in time and using the invariance of the trace norm under unitary conjugation, we get:

Vs ane llus < [V, an]|lug

1t 1 f—n)
+€/0 dsH[EV,hHF(S)]aN,sHHS+6/0 ds |lan.s[=V, he ()] s (4 50)

v v [ s (15wl + 16905 )

Consider the second term. We have:

H [V, hmr (s )]aNsHHS = H eVps x V) aNsHHS + H [8V’X3]QN7SHHS 5 (4.60)
the first term is bounded as, setting ps(p) = > ps(p, 0):

|(eVps x V)an ||y < (eps * VV) oo || a.s

[
[ Ao a7 @) e (4.61)

< CEHO[N,S

i

i

while the second term is bounded as:
1 ~ N L.
I[eV. Xslowsllys < / dq|V()l||[eV, e wn,se ™ Jans ||y
1 . o L
<5 / dq |V (q)]|| " [eV, wn,s] €7 ||;iq (4.62)

1 .
< [ V@I ] s

where in the second step we used that ||an || < 1. Therefore, plugging the bounds (4.61),
(4.62) in the right-hand side of (4.60):

C
eV wns]

[V, hr ()] anvs||yg < Cellan,s| g + N

HHS , (4.63)

and the same estimate holds true for the third term in Eq. (4.59). Thus,
eV, ane]llus < [V, aw] s

C C
+0 [ ds (Jamallys + 2ol 290l ls + 2ol 290l -

(4.64)
Putting together Egs. (4.46), (4.56), (4.64), we have:
sup 7ol wnal s + Vs wm el s + 12V eame] [l
1 -
< sup ;[ [ wn] s + [ [V wn] s + 1oV an] s
e (4.65)

+0/ (llow,sllgs + 117 w0mw,] s

- 1
o ol o s + 7ol
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To conclude, let us consider ||an|us. We have:

ie— U3 (t:0)aun U5 (t; 0) = U3 (£:0) (Ht(l — wNT) — wN,th> Us(t:0) . (4.66)

Using the invariance of the norm under unitary conjugation:

1 t
lorwellis < flevwlass + 2 / ds (|| T (1 = @N) [gs + oot ys)
0

t (4.67)
2
< s + = [ ds | s
€Jo
From the representation (4.44), we get:
1 . L -
Mlus = [ [ dp V) an.e e
1 N
< [ @IVOllay.lus (468)
C
< NHOéN,sHHS .
Plugging this estimate in (4.67), we get:
C t
s < ol + 5= | ds s (4.69)
by Gronwall’s lemma,
o lluns < €N ay]lus (4.70)
which proves the last of (4.33). Coming back to (4.65), we obtained:
1 -
sup 1[e®* wni]lls + | [EV wne] s + eV ane] [l
p 1+1p|
1 -
: Sgp 1+ |p| [, w] HHS +|[eV,w] HHS +|[eV.an] s + £y ns
! 1 - 1
+ [ s (119, m] s+ 1 670 s+ 0] )

(4.71)

By Gronwall’s lemma:

s4p 6% o s + 1697l [, + 1290
< (sup 1l omlll + 169 eom] s + 19, on] g + 14162 s )1
(4.72)
which implies the estimates (4.32). This concludes the proof of Proposition 4.3 O

4.3 The auxiliary dynamics

In this section we shall introduce a new dynamics, called the auxiliary dynamics and denoted
by Un (t; s), on which we will be able to control powers of the number operator via a Gronwall-
type inequality. Later, we will prove that Uy (t; s) and Uy (t; s) are close, in a strong sense. In
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order to define the auxiliary dynamics, let us denote by £y () the generator of the fluctuation
dynamics Uy (t; s):

iedUUn(t;s) = Ln(E)UN(E;s) , Un(s;s)=1. (4.73)

The generator Ly(t) could be explicitly computed (proceeding as in [6]), but this will not
be needed in the present setting. Let us define the self-adjoint operator:

Ln(t) = Ln(t)
— %Re / dxdy V(z — y)(a*(ut,x)a(@t,y)a(ut,y)a(ut,x) + a” (uy)a* (Wty)a*(ﬁt,x)a(ﬁt,x)) .

(4.74)
We define the auxiliary dynamics as the solution of the following differential equation:
iedUn (t;s) = Ly (OUN(t;s),  Un(s;s) =1 . (4.75)
Comparing with Eq. (4.2), it is not difficult to see that:
d .k
zs—<Z/{N(t 0)¢, (N + 1) Uy (¢;0)) > Z m/dxdy V(z —vy)
dt ]: (4.76)

X <L7N(t;0)§ (N + 1) a(Tx)a(ry ) alury)a(upx) (N + 1)k’jLNIN(t;O)§>.

The next proposition allows to bound all powers of the number operator on the auxiliary
dynamics.

Proposition 4.5 (Bound on the growth of fluctuations on the auxiliary dynamics). Under
the same assumptions of Theorem 3.3, the following is true. There exists constants C,c > 0
independent of N such that, for allk e N, t € R, £ € F:

(Un (£;0)¢, (N + 1)" Uy (£0)€) < C(exp(kexp(c|t))(E, (N +1)%¢) . (4.77)
Proof. Let us define:

1
Iy ;= N/dxdy Viz—y)

(4.78)
: <UN(t; 0)&, (N + 1) a0y x)a(Try)a(ury)a(uex) (N + 1)Uy (t; 0)§>
It is convenient to introduce the notation:
Byi= [ dye Pa(uiy)atusy)
(4.79)

= /drldrg Ay, Ay, (Ute_ip'iuf) (ry;r2) .

The operator vie P%yu* can be conveniently expressed in terms of wy; and ay; via the
t y ) :
following key rewriting:

vie PR = wyfwy, e Pl + Tafe P Ul — ve " Pea]l (4.80)

this identity can be checked opening the commutator in the right-hand side, and using the
properties (4.12), (4.13). In particular, using that ||u|] < 1, ||v¢]| < 1, we obtain the following
estimate:

PPy || s < Mlewrs € P || g + 2llaems

< Ce N (1 + Ip))

foee” (4.81)
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where the last step follows from Proposition 4.3, combined with Assumption 3.1. Thus, by
Lemma 2.1 we have:

I Buéll < CeHINY(L 4 [pl) |2

(4.82)
I1B: €l < CeINYB (14 p) |V + )2 veeF.

Let us estimate Iy j in Eq. (4.78). Inserting 1 = (N + 5)%/2+1=3(N/ + 5)7%/2=1%7 and using
the Cauchy-Schwarz inequality together with the fact that [By,, N| = 2By, we get:

1 .
Ll < [ Vo)
|+ 5 1) (10| | (A -+ 5) A B By (W + )R (85 00

< [ VI + 172 (6 0] | BeaBrn(V + 1) T (03¢

(4.83)
Using twice the estimate (4.82), we have:
| BBy + DY (5 0)¢ | < Ce N+ )% (V + 122 (1 0)¢]| . (484)
where in the last step we used the bound (4.81). Thus, we obtained:
gl < Ceelle / dp |V (p)|(1+ [p))* (U (£ 008, (W + 1)Uy (£; 0)¢) (4.85)

< Kele U (100, (W + 1) Un (1 0)€)
In conclusion, thanks to the identity (4.76):

‘ig%@v(t; 0)¢, (N + DFUn (t; 0)g>‘ < CkeMle(Un (£;0)€, (N + 1) U (£;0)€) . (4.86)

The final claim, Eq. (4.77), follows from the application of Gronwall’s lemma. O

We now prove that the fluctuation dynamics and the auxiliary dynamics are close in
norm.

Proposition 4.6 (Norm approximation for the fluctuation dynamics.). Under the same
assumptions of Theorem 3.3, the following holds. For all € € F and for all times t € R:

1@ (£0) = Un (£0)é]| < CN Y3 exp(dexp(elt])) (N + 1)*%¢]| - (4.87)
Proof. The argument is similar to the proof of Proposition 4.5 in [6]. By unitarity:
U (8 0) = Uny (£ 0)&]| = [1(T — Un (8 0) Un (£ 0))€]l (4.88)
where:

1 — U (t;0)* Uy (t; 0)

t ~
:—/ ds OsUn (s;0)* Un (s;0)
0

_ é /0 ds Uy (5;0)*(—Lav(s) + Lo (s))lhy (5:0) (4.89)
=2 [ sty (e [ axdy Ve - ) (@ (g aliy ol

+ 0" ()" (B )" (Ba)a(Tx)) JUn (5:0)
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where the last step follows from Eq. (4.74). Plugging this identity in (4.88) we obtain:
[(Un (t;0) — Un (£:0))€]|
2 t . 3
< 5N/ ds ‘(Re/dxdy V(z —y)(a*(usx)a(Tsy)a(usy)a(usx) (4.90)
0

+ a*(us,y)a*(@S,y)a*(@S,X)a(@,x)))sz(s; 0)5H .

Consider the contribution due to the operator a*(usx)a(Usy)a(usy)a(usx); the other term
is estimated in a similar way. We have:

I:= aiN /Ot ds H /dxdy V(z—vy) (a*(usyx)a(@’y)a(usvy)a(usyx)ljljv(S; 0)5”

< / ds/dp]V(p)\HdF(use_ip'iu;)stplle(s;0)§ ,
eN 0
recall the notation (4.79). By Lemma 2.1, using that |use™®%u?|| < 1, we obtain:
1 t N ~
1< [ ds [ ap Vo)V BLn s

eN 0

1 t N ~

< [ s [l l|[BoTi 0| (192

0

Cedtl ot 3/97
< S [ as I+ 0¥t (sl

where the last step follows from the bound (4.82). Thus, using Proposition 4.5 we find:

clt|
< e

t
< ST | s exp@es(els) |+ 1Y)

7 (4.93)
< iz exp(dexp(clt) [V + 1)%2¢]] .

The other term contributing to the right-hand side of (4.90) can be estimated in the same
way. This concludes the proof of Proposition 4.6. O
4.4 Bound on the growth of fluctuations

We shall now use Proposition 4.5, 4.6, to estimate the growth of fluctuations on the fluctu-
ation dynamics Uy (t;s). The next is the main result of Section 4.

Proposition 4.7 (Bounds for the growth of fluctuations). Under the same assumptions of
Theorem 3.3 the following holds true. For all k € N there exists d(k) > 0 such that, for all
EeF,teR:

(UN(£;0)&, (N + 1) Un (£0)€) < exp(d(k) exp(clt])) (€, (N +1)*Pe¢) (4.94)
with a(k) = (13/2)k for k even and a(k) = (13/2)k + 3/2 for k odd.

Proof. Without loss of generality we suppose that k£ > 0, otherwise the statement is trivial.
The proof follows the argument of Section 4.3 of [6]. We claim that for every k,n € N there
exists ¢(k) > 0 such that, for all £ € F:

(Un(t:8)6, (N + )FUn (t; 5)8)

4.95
< NE=(2/3)n)+ 2(nt1)clt] exp(2(n + 1)c(k) exp(c|t — s)))(&, (N + 1)2k+3n£> ’ ( )
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with (-)4 the positive part. The claim (4.94) follows after choosing the smallest n for which
(k—(2/3)n); =0, that is n = (3/2)k if k is even, or n = (3/2)(k + 1/3) if k is odd.

We are left with proving (4.95). The proof is by induction. Without loss of generality,
we can suppose that k — (2/3)n > —1/3. Let us check Eq. (4.95) for n = 0. By Eq. (4.3),
we easily get:

RNR: <C(N +N). (4.96)

Therefore,

Un(t; )& (N + DM (t;5)€) < CF(RE, (N + N)FR,E)

< (e, (N + 2N)e) (497

where the first inequality follows from (4.96) and from the fact that the Hamiltonian com-
mutes with the number operator, while the second follows from R*N Ry < C(N + N), which
can be proved similarly to (4.96). This establishes (4.95) for n = 0.

Suppose now that (4.95) holds for n > 0, and let us prove it for n replaced by n + 1,
assuming that k — (2/3)(n + 1) > —1/3. We start by writing:

(Un(t;5)E, (N + DFUy (8 5)€)
= (Un(t; )&, (N + 1) Uy (t; 5)€)

+2Re (Un (t; 5) — Un(t; 5))E, (N + 1) Uy (t; 5)€) (4.98)
+{(Un(t; ) — Un(t;8)E, N + 1)FUn (s s) — Uy (t; 5))E)
=1+1IT14+1II1.

The term I is estimated using Proposition 4.5:
1] < Clexp(kexp(clt)) (€, (N +1)¢) . (4.99)
Consider now the term II. We have:
1] < 2| (Un (t55) = L (t: ) )€ || OV + 1) 2 (8 )6
‘ ‘(N+ 1)’“£H (4.100)

< ON“S exp((4 + K) exp(elt)) | + 130D

3
2

< ON7F exp((4+ k) exp(elt]) |V + 1) 3¢

where the second step follows from Propositions 4.6, 4.5. Finally, consider the term III. To
control it, we use that, setting ALyn(t) = Ly (t) — Ly (t):

~ 1 [t ~
Un(t;s) —Un(t;s) = Zé_/ ds' Uy (t; S YALN (S UN(S'; s) . (4.101)
Plugging this identity in the expression for III, we have:

1 t t — ~
I = 2/ dsl/s ds" (Un (t; 8 )ALN (S NUN (85 8)E, (N + 1)FUn (t; 8")ALN (5" UN ("5 5)€)
(4.102)

which we estimate as, by Cauchy-Schwarz inequality:

2|t

J— t ~ ~
IIII| < 5 il / ds' (Un (t; S YALN (UN (55 )€, (N + D)FUn (t; 8 ) ALN (s U (53 5)E) .

) (4.103)
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Now, by the inductive assumption (4.95), we have:

U (t; S YALN (SN (85 $)E, (N + 1) FUn (t; )AL N (s U (85 )E)
< N=@/3n)+ 204 1eltl oy (2(n 4 1) (k) exp(clt — ') (4.104)
X (ALN(UN(85 )&, (N + 1)PFEAL N (s Un (55 5)€) -

In order to proceed, we rewrite the difference of the generators as ALy (s") = An(s')+AN(5'),
with

AN(S/)

= % /dxdy Vi —vy) (a*(US’,X)G(WS’,y)a(US’,y)a(US’,x) —+ a*(68’,x)G(US’,x)a(ES’,y)a(US’,ﬁ) .
(4.105)

By the Cauchy-Schwarz inequality:
(ALN(WUn (53 )€ (N + 1)*FFALN (U (55 5)8)
< C'H(N-i— 1 k+37nAN(S/)L~IN s':s §H2 —|—C'H (N+1 k+37nA}‘V(5/)ZIN s'ss fHQ (4.106)
< KHAN N+ D5 Uy (s'; ) gH + KHA* YN + D31y (s ) gH
Both terms can be estimated as in the proof of Proposition 4.6. We find:

(ALN (s UN(S; 5)€, (N + )P FALN (s VU (s 9)6)

0620|8'\ oy 30 +1) ~

SNE ‘(N“) T Un(ss 5” (4.107)
0625|5’\ 3(n+1)

< Wexp(c(k) exp(c|s’ — s|) H N+ 1) 5 §H ,

for a k-dependent constant c¢(k) (recall the condition k—(2/3)(n+1) > —1/3). The last step
follows from the control of the growth of powers of the number operator on the auxiliary
dynamics, Proposition 4.5.

Plugging this estimate in (4.104), and recalling (4.103), we obtain:

11| < C|t — s|NE=@/3m)+ N=2/32042)elt] oxpy(2(n + 1) + 1)c(k) exp(c|t — s]))

(n+1) |12
X H(/\/’—I—l)’€+3 ;1 H

<Clt - s]N (2/3)(n+1))+ c2(n+2)c]t| exp((2(n 4+ 1) 4 1)e(k) exp(c|t — s])) (4.108)
e e
Putting together (4.99), (4.100), (4.108) we obtain, possibly for a larger ¢(k):
Uy (t: )€, (N + 1) U (15 5)8)
< NI 202 expy(2(n + Delk)explelt = s))  (4.100)
o e

which reproduces (4.95) with n replaced by n + 1. This concludes the proof of Proposition
4.7. O
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5 Proof of the main result

We are now ready to prove our main result, Theorem 3.3. We start by writing, by unitarity
of Ry, for j < k:

(e, all - - - a§2 o)
= (R{1, RIGESIRt e R:agfgj‘RtR:wt> (5.1)

J

= Un(t;0)¢, (aP (urx,) + a5 (Trxy)*) - (%2 (g xz,) + 0725 (B0, ) WUN (85 0)E) -

We then expand the products, and we put the result into normal order, using the canoni-
cal anticommutation relations. We call “Wick contraction” any nontrivial anticommutator
appearing in this process. In doing this, we produce a constant term, given by:

(Q, Riald Ry - Ria% R,Q) (5.2)
which is equal to the first term in the right-hand side of (3.6). We are left with estimating the
remainder, Eg;-f;”ibj (x1,...,Xg;), which is associated to a sum of normal-ordered monomials

in the fermionic creation and annihilation operators, each multiplying an integral kernel
produced by ¢ contractions, with 0 < ¢ < j7 — 1. The general term contributing to the
remainder is bounded as:

( H \OéN,t(Xn;Xﬂ(n)ﬂ) ( H Wt (%73 Xﬂ(r))|)
reB

ncA (53)

)

X [ U (006, ar (2 ) -+ a2 (1202 U (£ 0)€)

where: A, B are disjoint subsets of (1,2,...,2j) such that |A| 4+ |B| = ¢; 7 is a permutation
of (1,...,25) such that

ANm(A)=Bnn(B)=An=(B)=Bnn(A) =0; (5.4)

the labels r1,...,79j_9¢ are the labels of the operators that are not touched by the pairings,
that is:

(AUT(A)UBUR(B)) U (r1,...,79j_20) = (1,2,...,2])

= (
(AUT(A)UBUR(B))N(r1,...,m25-20) =0 ; 59

the operators i are such that ||n™|| < 1 (they are either u; or v;). Let us now estimate the
Hilbert-Schmidt norm of the generic contribution. We have:

/dX1 - .dxg;j < 11 |aN,t(Xn;X7r(n))‘2) ( 11 |WN,t(Xr;x7T(r))|2>
neA reB
X | U (8 0)€, a¥ s (5 ) -+ aPrai2e (22 Y (£0)8) [

A r o T 2
= ||aN,t||12{|S‘HWN,t”§I|§| /dzl'--dZZj—%RuN(t;O)é»aﬁ” (TIZ})"'CLti 2i-2¢ (20 30 UN (5 0)E)|” .
(5.6)

Let us denote by m the number of creation operators in the scalar product, 0 < m < 25 —2/.
Being the monomial normal ordered, we easily get:

/dZ1 e dej—2£|<uN(t§ 0)¢, a1 (1)) - cafrai—a (UZ?jﬁ)UN(t; 0)5>|2

< N2 (8 )€ P INT =™ 2L (£ 0)€

(5.7)
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The right-hand side of (5.7) can be bounded thanks to Proposition 4.7. We get:
2|4 2|B .
5:6)] < lawelliss lonallfis €3 exp(d(j) exp(elt])) - (58)
Since ||wnt]|3g < N and |lan|4s < CN?/3, we obtain:
2 .
|(5.6)] < N3 AINIPICS; exp(d(j) exp(clt])) , (5.9)

recall that |A| 4+ |B| = ¢ < j — 1. Let p be the absolute value of the difference between the
number of a’s and a*’s in the left-hand side of (5.1). If p = 0, it is possible to have |A] =0

and |B| = j — 1. Using that the number of terms contributing to Eg;tﬂ% (X1,...,Xop) is
bounded by C7(25)!, we easily get:
|EE ™ s < CHN L exp(d(j) exp(clt]))  ifp=0. (5.10)

Suppose now that p > 2. Then, |B| < j —p/2, and |A| < (j — 1) — |B|. Summing over the
allowed |A| and |B], it is not difficult to see that:

B3 s < CUINT>/3 70 expd(j) explelt])) it p = 2. (5.11)
Putting together (5.10) and (5.11), the final claim (3.7) follows. This concludes the proof of
Theorem 3.3. O
A Check Assumption 3.1 for quasi-free states of the torus

Here we shall check the validity of Assumption 3.1 for translation-invariant fermionic states
on the torus T of side 27. We shall consider states with N, particles with spin o € {1, ]},
N = Nt++N,. Let wy, an be the reduced one-particle density matrix and the pairing matrix
of a pure quasi-free state. Translation invariance means that:

wy(z,05y,0') = wn(z +a,0,y +a,0) Va € T . (A.1)

Therefore, the density p,(x) = wy(x;X) is spatially constant and equal to N,/(27)%. We
introduce the Fourier symbol associated to wy(x,0;y,0) as:

oo (ko) = / 4z Fuy(2,00,0) (A.2)
T

It follows that 0 < &y (k,0) < 1 and that ), ;s Wn(k,0) = N,. In terms of this object, the
kinetic energy can be written in momentum space as:

—tre?Awy = Z Z 2kPPoy (k, o) . (A.3)

o=1,| keZ3
A simple example of translation invariant state is the free Fermi gas:
WP = 1(—2A < ), (A4)

where p has to be thought as a diagonal matrix in spin space, (uf)(z,0) = pof(z,0). In
this appendix we shall suppose that the Fermi ball is completely filled:

Ne= > 1, (A.5)

ki k| <k,
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for a suitable Fermi momentum k% ~ Ng /3 Without loss of generality, we shall suppose

that (k%)? lies halfway between the highest |k|? for k € B% and the smallest |k|? for k ¢ B%:

dist(o(—A), (k3)2) = % . (A.6)

Given a general quasi-free state (wy, ay), its Hartree-Fock-Bogoliubov energy is:

EXFB (LN, an) ——trz—:QAwN—i—/dxdyV(ac— Y)Pw(X) pu(y)

(A.7)
— o [ Ay Vi =) (en (i y) — lan (s y)P)
If the state is translation-invariant, the HFB functional can be written as:
EFB(wy, a 2252|k|2w (k,o)+ N2V(0)
N N, QN) N ( oSN
(A.8)

N dxdy V(z — y)(Jun(x;¥) > — lan(x;y)[?) .

Notice that the direct energy is constant, for all translation-invariant states with N particles.
In what follows, besides translation invariance and a given number N, of particles with
spin o, we shall also assume that the state is pure:

|ozf;\/|2 =wn(l —wn) . (A.9)

We shall be interested in the properties of quasi-free states which are energetically close to
the free Fermi gas.

Proposition A.1 (Bounds for ay). Let V' be bounded. Suppose that (wy,an) is a pure,
quasi-free and translation invariant state, and that:

EXPB (o, an) < ERPB(WEFC,0) + CNY3 | (A.10)
Then, there exists C' > 0 such that:
lanlEs < ON*P . [|[eV, an]|fs < ON?/2. (A.11)

Remark A.2. It is not difficult to exhibit ezamples of translation invariant states (wy, an)
with an # 0 satisfying (A.10). For simplicity, suppose that N is even and Ny = Ny = N/2.
Let M(k) be the restriction to Z3 of an even, smooth, non-increasing function 0 < \(k) < 1,
such that:

A k) = x(k € Bp) for ||k| — kp| > C (A.12)

and \(k) smoothly interpolates between 1 and 0 for ||k| — kp| < C. We shall suppose that:

> Ak) = % . (A.13)

kez3

Then, we consider (wy,an) such that:

T L T (A.14)
0 wny anyr 0
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with:

wNoo = D AR fils  ano—o =0 D VAR ARl (A15)

kez3 kez3
We observe that 0 < wy < 1, trwy = N, a% = —ayp. Furthermore, it is not difficult to
check that: )
WN aN WN an
= . Al
A (e (410

Thus, (wn,an) parametrizes a pure, quasi-free state, with nonzero pairing. Let us estimate
the HFB energy of such state. From (A.8), we have:

NV(O)

EHFB(wn, an) < ZZ@QW%N (k,o) + +CVlso (A.17)

where the last term is an upper bound for the exchange energy and for the pairing energy.
Next, we estimate:

2252]k\2w1v ko) ZZEQWQ oRFC (K, 0) +ZZE2|/<:| (@n(k,0) — Rk, 0))

= 2262’k‘2w1}\7'7FG k70 + ZZ €2|k|2 - :u WN(kaa) - (’D]IffFG(kaa)) )
ok ok
(A.18)

where in the last step we used that wy and wﬁFG have the same number of particles with
given spin. The first term in the right-hand side of (A.18) is the kinetic energy of the free
Fermi gas. The second term is bounded above as:

DY (ERP = won(k,0) — ok, 0))
g k
—sQZZUﬂHkF (|k| = kp)(@n(k, o) =GN 9(k, o))

—EQZ Z (1] + kp)(|k| — kp)(@n (K, 0) — ONC (K, o))
o kil|k|—kp|<C

< Ke Z 1< KNY3 .
kil |k —k | <C

(A.19)

Thus, recalling that the direct energy is the same for all translation-invariant states with
equal number of particles with a given spin, Eqs. (A.17), (A.19) imply the bound

EHB (wy, an) < EFFB(WAFE 0) + KNY3 +2||V]| o (A.20)

where the factor 2 takes into account the bound for the exchange energy of the free Fermi
gas. This concludes the check of the assumptions of Proposition A.1.

Proof. Let us start by proving the first of (A.11). By translation invariance and boundedness
of the potential:

NV(0)
2

ENB(wn,an) =) lk[Pon (ko) +
k,o

—CIV|loo - (A.21)
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The last term is a lower bound of the last line in (A.8). Consider the kinetic energy. We
rewrite it as:

> PlkPan (ko) 252|k|2wFFG ko) + Y kP (@n (ko) — oy G (ko)) (A.22)
k,o k,o

where W5FC (k,0) = x(k € B$) with B% the Fermi ball of an N,-particle state. Since both
states have the same number of particles with given spin,

> e kfPan (k, o) Ze2|k]2wFFG ko) + Y (21K = po)(@n (k, 0) — R (k, 0)) . (A.23)
k,o k,o

Consider the last term in the right-hand side of Eq. (A.23). We rewrite it as:

D ERP = po)@n(k,0) —o) (ko)) = Y (R~ po)(@n(k,0) —1)

k,o o,kE€EBY,
+ D Pk~ uo)on (ko)
0,k¢ B,
o1 (A.24)
= > €k o]l —dn(k,0)
o,keBY,
+ > |k — polon (ko) .
0,k¢ B,
We bound below the right-hand side of (A.24) as
Y kP = o) (@n (K, o)~} (k, o))
k,o
> Y 1P~ pol(1 - an (K, 0)
o,keBYE
kg —|k|=C
Y IR ol (ko) (4.25)
o,k¢ BE,
|k|—kE>C
>Ce Y (1-an(ko)+Ce Y an(ko).
o,k€BY, o,k¢ B,
kg —|k|>C |k|—kE>C
Since:

Y (-an(ko) = Y (1-dn(k o) - CN =trwff¢(1 —wy) - CN?/?

o,k€eBYE o,k€BY,
k% —|k[>C
Y an(k,o)= > anlko) = CN?P =tr(1 - wi Swy — CN?2
o,k¢BY, o,k BS,
k| k% >C
(A.26)
we obtain the lower bound:

> (kP = po)(@n(k,0) =GN (k, 0)) > Cetr (1 — wi Fwy — CNVE (A.27)

k,o
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Coming back to (A.21), we have:

N
ENB(wn,an) =) e |kPORTC (k, o) + NV(0) + Cetr (1 — whFS)wy — CN/3
o 2 (A.28)

> EMFB(LRFG 0) + Cetr (1 — WiF$wy — CNY3 |
where in the last step we used that the sum of the first two terms in the right-hand side of
the first line in (A.28) reproduces the Hartree energy of the free Fermi gas, and we added

and subtracted the exchange energy of the free Fermi gas, which is bounded by a constant.
Hence, assumption (A.10) and Eq. (A.28) immediately imply the estimate:

tr (1 — whf Swy < CN?/3 . (A.29)
To conclude, we observe that:
lanlfis = trwn(l — wy)
= tr i %on(1 — wy)whFC + tr (1 — WiF9wn (1 — wy) (1 — wiFY) (A.30)
< 2rwiFO(1 —wy) ;

combined with (A.29), this gives the first estimate in (A.11). Let us now prove the second
estimate in (A.11). We have:

e, eVlis = trloy, eVan, V]
= tr(ayeV —eVay)(aneV — eVay)
= —2tre? Aoy |2 + 2trayeVayeV

—4tre?Alay|?,

(A.31)

where the last step follows from Cauchy-Schwarz inequality for traces. Thus, by Eq. (A.9):
I, eV]|4g < —4tre?Awn (1 — wy) . (A.32)

The right-hand side of (A.32) can be bounded proceeding as for the first estimate in (A.11).
Consider the difference of the kinetic energies of wy and wi¥“. Proceeding as in (A.24):

Y kP @n(k o) =N (ko)) = D IR — pol(1 - dn(k,0))

o,k€BY,
+ > [Pk = polion (k, o)
okEBE (A.33)
= Z |€2k[? = po|ON (K, ) (1 = O (k, )
+ Z €% k[* = pal (1 = o€ (k, 0))ow (K, 0)
o,k
which we bound below by dropping the absolute values:
252‘k|2(d)1\7(k7 U) - w]F\‘fFG(kv J))
> Zs2|k| ( SEFG (k,0) (1 — o (k, o)) + (1 — &EFC (&, o)) (k, a)) (A.34)

- ZZMU 1 — ot FCS(k, o))on(k, o) .
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Next, we use that, similarly to (A.30):
—tre?Awn (1 — wy) = tr (ieV)wn (1 — wy ) (ieV)*
= tr (ieV)wif Cwn (1 — wy )whF ¢ (ieV)*
+tr (1eV) (1 — wiFHwn (1 — wr) (1 — wiF9) (ieV)* (A.35)
< tr (ieV)whF ¢ (1 — wy )whFC (ieV)*
+tr (1eV) (1 — wiF Oy (1 — wkF9) (1eV)*
where we used that [W§FC eV] = 0. Thus, we obtained:
—tre?Awn (1 —wy) < —tr 52A(w]FVFG(1 —wn)+ (1 — w]FVFG)wN) , (A.36)
where the right-hand side of (A.36) is what appears in the right-hand side of (A.34). Hence,
plugging this bound in (A.34), we get:

252]k|2(@]\/(k, o) — Gk, 0)) > —tre?Awn (1 — wy) — 2tr (1 — wiFHwy
k,o (A37)
> —tre?Awn (1 — wy) — CN?/3 |

where in the last step we used (A.29). Proceeding as in (A.27), (A.28), the bound (A.37)
implies:
ENVFB(wr, an) > ENFB(WEFG 0) — tre2Awn (1 — wy) — CN?/3 (A.38)

combined with assumption (A.10), we obtain:
—tr 52AwN(1 —wn) < KN2/3 (A.39)

Recalling (A.32), the second bound in (A.11) follows. This concludes the proof of Proposition
AL O

The next proposition establishes the validity of the commutator estimates for wy in (3.3),
in Hilbert-Schmidt norm, for translation-invariant states energetically close to the free Fermi
gas. Notice that for a translation invariant state the second estimate in (3.3) is trivially true.
The next proposition proves the first estimate in (3.3).

Proposition A.3 (Bounds for wy). Let V' be bounded. Suppose that (wyn,an) is a pure,
quasi-free and translation invariant state, and that:

EFFB(wy, an) < EFFB(WEFE 0) + CN1/3 . (A.40)

Then, there exists C' > 0 such that:

sup llwn, eip'i]H%ls < CNe. (A.41)

peER3 1+ [p|
Proof. We start by observing;:

tr |[eP2, wi]? = tr(wd + ePTwde T — P Eyne PRy — wyePTuye P

L o A.42
< 2trwy(l — ePPwye P | ( )

where we used that 0 < wy < 1, and the cyclicity of the trace. We will use the energetic
constraint (A.40) to show that:

trwy(l — ePEwye P < CNe(1+ p|) , (A.43)
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which combined with (A.42) gives the final claim (for p = 0, this has been obtained in the
proof of Proposition A.1).

Let us denote by @y ,(k,0) the Fourier symbol of (e?%wye~#%)(z,0;y,0), that is
Onplk,0) = &N (k — p,o). Since |€2|k]* — u,| = €2(|k| — k%) (|k| + k%) and 0 < Oy (k) < 1,
we have, from Eq. (A.25):

Y (kP = no)(@n(k,0) —aN (ko)) = Ce Y anyplk,o)(1 - an(k,0))

k.o o,keBY,
k% —|k|>C

+Ce Y (1-dnpk,0))in(k, o)
O',k¢BF
|k|—kg>C

>Ce Y anplk,0)(1—an(k,0))
o,k€BY,

+Ce Y (1—an,p(k,0))on(k,0) — CN'3
o,k¢BS,
(A.44)

This implies:
SR — o) @ (K, 0) — DEFS (, 0)) + ONY/3
o,k
> CetrwiF%ePPuye P4 (1 — wy) + Cetr (1 — wiF Hwy (1 — e P2y e ?) (A.45)
= CetrwiFCePTune P (1 — wy) 4 Cetre®2(1 — WiFHuye P (1 — wy)
= CetrePPune (1 — wy) — Cetr [eip'f, wK;FG]wNe_zpm(l —wn) -
Therefore, we obtain the following lower bound:
D (kP = po)(@n(k,0) — O 4 (k, 0)) + CN/?

o,k (A46)

> Cetr e wye P (1 — wy) — Cel| [P, wy ]|, -

Using that the direct energy of (wy,an) and of (w5F¥,0) are equal, and the fact that the

exchange energy and the pairing energy are bounded by a constant, Eq. (A.46) gives:

EEFB(wN, ay) + CNY3

> g]%FB(WJF\‘[FG,O) — OVl + Cstreip'ﬁwNe_ip@(l —wn) — C’e” [ P FFG] Htr

(A.47)
Thus, by the assumption (A.40), we get:

trePTwne PE(1 — wy) < | [eip'i,w]FVFG] Htr + CN?/3

A.48
< CON*B(1+elp)) 4

where the last inequality follows from an explicit computation of the trace norm, see e.g.
[11]. Combining this estimate with (A.42), we immediately get:
tr [, wn]* < KN*(1+|p]) , (A.49)

which concludes the proof of (A.41). O
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Finally, we conclude the section by showing that the only translation invariant ground
state of the HFB functional on the torus is the free Fermi gas.

Proposition A.4 (Translation invariant ground state). Let V' be bounded. Suppose that
(wn,an) is a pure, quasi-free and translation invariant state. Then, for N large enough:

EMFB(wn, an) > EFFB(WEFY 0) . (A.50)
Equality holds if and only if (wx,an) = (WiFY,0).
Proof. We introduce the notation:
1
Ex(wn) = ~3N dxdy V(x — y)|wn(x;y)]? . (A.51)

Then, is it not difficult to see that:

ENFB(un, an) — EXFB(GEFG 0) = tr by (wy — wiFC) + Bx(wy — wiFC) — BEx(ay)

= tr (hy — p)(wy — W) + Ex(wy — wiFC) — Ex(ay)

(A.52)

where h, = —2A — X,,, with X, (x;y) = +V(z — y)wn(x;y), and where we recall that p
has to be thought as a diagonal matrix in spin state: (uf)(z,0) = psf(z,0). We will use
the first term in the right-hand side to control the other two. We write:

tr (hy — ) (e — whFC)
= tr (hy — @) 1(hy — p > 0)(wy — W) L(hy — 1 > 0) (A.53)
4 t1 (R — )L (hey — < 0)(wy — wFHL(hy, — pu < 0) .
Since by assumption dist(o(—A), k%?) = 1/2, and using the bound || X,| < C/N together
with the fact that A, is invariant by translation and thus commutes with —A, we have for

N large enough:
WFG = 1(—e?A — < 0) =1 (hy —p < 0) . (A.54)

Thus, we can rewrite (A.53) as
tr (b — p)(wy —wy )
= tr [hw — pl(1 — Wi Dwn (1 = wi" ) + tr [hy — plwy™ (1 — wy)wy™@ (A.55)
= tr |h, — pl ((wN — i) 4 wn(1 - wN)> .

Since:
v
‘Ex(w WFFG ‘ < I HooH w]FVFGH2HS s
IIVH 4l '
[Ex(aw)| < TR llawlfs = Sy tran(l - wn)
we obtain:

Voo
£8P o, o) — EFFP(EFC,0) 2 tr (o — s~ 102 (o — BP9 4 (1 — o))

N
(A57)
Next, using that |h, — u| > Ce?, we finally get for N large enough:
ENFB(n o) — EHFB(LEFG 0y > Kty ((WN — WEFG)2 (1 — wN)) >0.  (A58)
The right-hand side is zero if and only if wy = wkFY (and hence ax = 0). This concludes
the proof of Proposition A.4. O
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