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Derivation of the Gross-Pitaevskii Theory
for Interacting Fermions in a Trap

Andrea Calignano and Michele Correggi

Abstract We study a dilute gas of interacting fermions at temperature 7" = 0
and chemical potential i € R. The particles are trapped by an external poten-
tial, and they interact via a microscopic attractive two-body potential with
a two-body bound state. We prove the emergence of the macroscopic Gross-
Pitaevskii theory as first-order contribution to the BCS energy functional in
the regime of vanishing micro-to-macro scale parameter.

1 Introduction

The low-temperature behavior of interacting fermions has been widely stud-
ied in the physics literature (see, e.g, the monographs [23] [25]), in order to
understand phenomena as the occurrence of superconductivity in materials,
i.e., a sudden drop of resistivity below a certain critical temperature. A mi-
croscopic model for such a phenomenon was proposed in the ‘50s in [4] by
J. Bardeen, L. Cooper and R. Schrieffer, and it is nowadays very well known
as the BCS theory: the presence of an attraction between the fermions may
be responsible for the formation of (weakly) bound pairs (Cooper pairs) of
fermions with opposite spin; such pairs behave in all respect as charged bosons
and as such they undergo Bose-Einstein condensation below a certain critical
temperature. The emergence of this collective behavior of Cooper pairs is
the signature of the occurrence of superconductivity in the material, and it
can be understood starting from the minimization of the free energy of the
system given by the BCS energy functional depending on the two-particle
reduced density matrix.

Few years before the appearance of the BCS description of superconduc-
tivity, a much more phenomenological macroscopic explanation was provided
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in [I7] by V.L. Ginzburg and L.D. Landau. In the GL theory the supercon-
ducting features of the sample are encoded in an order parameter v, i.e.,
a complex wave function minimizing a suitable energy functional, which is
supposed to approximate the free energy of the system (see [2] [7], 8 [} 22]
and references therein for some recent mathematical results). The connection
between the two models was heuristically investigated in [I8], but only much
more recently a rigorous derivation of GL theory from the BCS model was
obtained in [I4] (see also the related papers [111 [13] 15l [19] 21]): it is shown
that, in a translational invariant system in presence of slowly varying exter-
nal potentials and close to the critical temperature for the superconductivity
transition, the leading order of the BCS ground state energy is given by the
minimum of the GL functional, provided the attraction admits at least a
bound state and in the limit of zero ratio between the microscopic scale of
the interaction and the macroscopic size of the sample. The zero-temperature
analogue of the same result for a fermionic system in a bounded domain was
successively obtained in [16], while a similar question for the Bogolubov-
Hartree-Fock functional, i.e., the BCS energy functional with the addition of
direct and exchange terms, was studied in [5].

The setting we consider here is quite close to the one addressed in [16], 21],
i.e., we study the zero-temperature behavior of a gas of interacting fermions,
but, unlike the previous references, here we assume the presence of a confining
external potential. The particles interact via a two-body attraction, which is
strong enough to bind two particles together. Naively, one may think that
the fermions at low temperature would arrange in bounded pairs, so forming
a bosonic gas, which then undergoes BE condensation. However, as in [5] 16
[21], one observes that the possibility to form a two-body bound state is in
fact enough to generate the superconductivity transition, even though the
gas does not exactly arrange in two-particle bound pairs.

Let us describe the setting more precisely: we set the length scale of the
trap to be 1, while the microscopic interaction varies on a scale h < 1. The
parameter h thus describes the ratio between the micro- and macroscopic
scales and we study the limit A — 0 of the ground state energy of the BCS
energy functional and of any corresponding minimizer. We do not fix the
number of particles a priori, but we study the grand-canonical problem in
presence of a chemical potential p.

We stress that the physical setting we are considering is not the typical one
of BCS theory in which the formation of Cooper pairs occurs on a scale much
larger than the mean interparticle distance. On the contrary, here, the size
of bounded pairs is of order h and it is therefore much smaller than the mean
distance travelled by fermions, which, as we are going to see, is of order h'/3
(the density of particles if of order h~1). There is however a physical regime
in which this setting becomes meaningful, namely the BEC/BCS crossover
region (see [21]), where for certain values of the two-particle scatting length,
the picture is very close to the one considered here. Note also that, as a gas
made of almost bosonic pairs, the system is dilute (see also next [Remark 1|
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and the analogous discussions in [12] 24]), because the density times the

microscopic volume where the interaction acts non-trivially is of order A~ -
h? =h? < 1.
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1.1 BCS theory of superconductivity

In the BCS model all the information about the state of the system is encoded
in two variables: the reduced one-particle density matrix v and the pairing
density matrix a. Hence, the system is fully described by an operator

v o«
= <I'K
r <a1_7), 0< I <1, (1)
acting on L?(R3) @ L%(R?). The bar denotes complex conjugation, i.e., the
integral kernels of the operators 7, @ are y(x, y) and a(x,y), respectively. For
a given BCS state I', the BCS functional at 7' = 0 in macroscopic units is
given by

ERSI) =T+ [ dedyV (52) o) )

where the one-body operator h = —h2A + h2W — u describes the energy of
non-interacting electrons at chemical potential ;1 < 0. The BCS ground state
energy is
BCS ._ BCS
B = ogl?‘fglg r]. (3)
Assumption 1 (Existence of a ground state) We assume that'V is real,
radially symmetric, locally integrable and bounded from below. Moreover, the
two-particle operator —A+V is assumed to admil a normalized ground state
ag € L*(R®) with corresponding energy —Eo, Eo > 0, which in particular
implies that the negative part of V' is non-zero.

Assumption 2 (Spectral gap) Let «g be the ground state as in[Assumption |
above. We assume that 3g > 0 and 0 < ¢ < 1, such that

€L 1 €
Pao[_(l_E)A+V+EO]Pa0 >gPo¢0 (4)
where Pi;) stands for the projector onto the orthogonal complement of ay.

Assumption 3 (Trapping potential) We also assume that W € C*(R3)
18 positive and there exist 0 < (5, c1,co < 400 such that
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BLW < B
{qm @ <alal, 5)

VW ()] < e2Blaf?,

We stress that for the class of attractive potentials in one

can deduce by standard Agmon estimates (see, e.g.,[I]) the exponential decay
of the bound state wave function aq: there exists b > 0 such that

/R3 dz |ag(z)]?e?*® < 4-o0. (6)

Note also that allows to Taylor expand
W(n+€/2) =W +35 - YW(Q), (7

with the variable ¢ belonging to (n,n + £/2). A special case of a potential
satisfying [Assumption 3|is obviously given by the harmonic potential. In this
case, the two-body Hamiltonian perfectly decouples in relative and centre-
of-mass coordinates, which allows to get rid of several error terms in the
discussion below.

The condition 0 < I' < 1, which is often call admissibility of I", implies
that the operator v is hermitian, i.e. y(z,y) = v(y, z) and that « is such that
@ = of. Furthermore, the operators 7, a : L?(R?) — L2?(R?) have a specific
physical meaning (see, e.g., [3] for a formal derivation): given a many-body
fermionic state ¥, we have

Yz, y) = <alay>¢, a(r,y) = <away>¢ (8)

i.e., they represent the one-particle density matrix of the system and the wave
function of a Cooper pair, respectively. Here al, a, are the fermionic creation
and annihilation operators. In fact, in absence of any pairing between the
fermions, the system is in the so-called normal state, which is characterized
by a trivial off-diagonal component, i.e., « = 0. The emergence of supercon-
ductivity is then associated to a non-trivial a.

1.2 Gross-Pitaevskii theory

For any D € R, the Gross-Pitaevskii (GP) energy functional is defined as

e5°(w) = [ dn (3IVUP + (W) = D) +gwcslol'},  (9)

where the coefficient gpcs > 0 represents the interaction strength among
different pairs, and whose expression in terms of the microscopic quantities
is provided in [Theorem 1l The GP energy can be proven to be bounded from

below for any positive gpcs (see[Corollary 1]). We denote then the GP ground
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state energy by
GP . : GP
Ep" = wel%fGP €p (V) (10)
where 2P = {¢p € HY(R®)|[W|v|? € LY(R?)} is the natural minimization
domain for ([@). We denote by 1. the corresponding minimizer, which can
be shown to be unique up to choice of the phase by strict convexity of the
functional in |¢|%.

We point out here that, mathematically speaking, the GP functional intro-
duced above may as well be named Ginzburg-Landau functional, although the
energy does not look exactly as the usual GL energy, which in a homogeneous
sample would read

£ [¢] =/RS di {ﬂwl%gms (1—|¢>|2)2}. (11)

However, it is possible (see below and the discussion in [10, Sect. 1]) to reduce
the minimization of (@) to the one of a functional very close to [II) (in fact,
its inhomogeneous counterpart).

Notice that the GP wave function 1 is not normalized in L? since we
are performing the energy minimization in the grand canonical setting, and
therefore we may think that |[¢)||, is determined by the value of the chemical
potential p. Let us denote by N such a quantity, i.e., N := ||1/1*||§, and let fo
be the positive minimizer of the GP energy

EPL) = [ dn {3IVFE + WIS +ancs VA1

with L? norm set equal to 1. Such a minimizer satisfies the variational equa-
tion
—2Afo+ W fo+2g8csN f§ = po fo,

for a chemical potential g = ESF + gN ||f0|\i, where we have set ECP :=
inf ,=1 EF []. With the splitting 1, =: V'N fo¢. and exploiting the vari-
ational equation for fy, one gets

BF = N{ES - D+ E% 5.},
where the last term is a weighted Ginzburg-Laudau functional explicitly given
by
- 2
&)= [ dn 13 {i V[ + goes N 72 (1 - 16°) } SN e
R
and ¢, its minimizer.
This makes apparent the connection between the GP and GL functionals,

so that, from this point of view, both names are mathematically equivalent to
identify ([@). There is however a strong physical motivation (see also [21]) for
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the choice we made, namely the fact that the physical regime we are inves-
tigating is a BEC one: as described in [§ 1] the mechanism behind the emer-
gence of a collective behavior in the low-temperature Fermi gas considered
here is not the usual BCS pairing phenomenon, but rather a condensation of
fermionic pairs playing the role of bosonic molecules. The pairs have indeed
a size of order i < 1 which is much smaller that the typical distance between
the fermionic particles of order of the trap length scale O(1).

2 Main Results

This section contains our main results about the semiclassical expansion of
the BCS energy.

Theorem 1 (BCS energy). Let = —FEy+ Dh?, for some D € R and let
to[3 be satisfied. Then,

EZ®S = hEGY + O(h?), (13)
as h — 0, where
gncs = (2n)° [ dp 0 + En)lao) (14)
]R‘

Moreover, for any approzimate ground state I' of the BCS functional, i.e.,
such that
EPOSII < ERS +en, 0 < e< 400, (15)

its off-diagonal element o can be decomposed as

alw,y) = h™y (552) ao (572) + r(=,y), (16)

where ¢ € PCF satisfies ESY (Y) < EGY + e+0(1), ag is the ground state of
the two-particle operator and the correction v is small in the following sense:

7= = Oh),  (IVrlZ+[[Wirf? o = O ™). (17)

Remark 1 (Diluteness). The expansion (I€) together with the heuristics
v ~ ow (see suggests that the density of the gas in our setting is
proportionaﬂ to h~! |z/1|2, i.e., the total number of particle is of order h~*.
This vindicates the statement about the diluteness of the system since the
range of the two-body interaction is o< h and therefore the diluteness param-
eter h~1h? = h? < 1 is small.

I In fact, it may be possible to prove a weak version of such a statement as in [16]
Proposition 1.11] using the Griffith’s argument, i.e., variation w.r.t. to the external
potential. However, we omit this discussion here for the sake of brevity.
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Remark 2 (Properties of ap). Note that by the estimate @), ap € L' U
H'(R3), which guarantees that &g € L>(R?), so that d¢ € LP(R3) for any
p > 2 and gpcs is a finite quantity.

Whether the systems is superconducting in the asymptotic regime h — 0
thus depends on the fact that the GP wave function 1 is non-trivial. For the
GP minimizer this depends on the value of the coefficient D, which in turn
is determined by the chemical potential u. In fact, one can infer [16, 21] from
the properties of the function

BCS
p— B (18)

which is continuous, concave, and monotone decreasing, that there exists a
unique critical value p.(h) such that below p. superconductivity is present
and above it the system is in the normal state. The exact definition of y.(h)
is the following:

fic(h) == inf {p <0 | EF® <0}, (19)

i.e., it marks the threshold of the transition from a zero ground state energy
(normal state) to a strictly negative one.

Theorem 2 (Critical chemical potential). Under the assumptions of
[Theorem 1, the critical chemical potential at which the superconductivity
phase transition takes place is

pie(h) = —Eo + Ewh? + o(h?), (20)

as h — 0, where By is the ground state energy of the one-particle operator
—1A+W.

3 Proofs

The key ingredient to prove [[heorem 1| and [Theorem 2| is given by the fol-
lowing [Proposition 1] which provides the link between the BCS and GL func-
tionals.

Proposition 1 (BCS and GP functionals). Let u= —Eo+Dh? D € R.
Then,

(a) Upper bound: for any ¢ € DT there exists an admissible state Iy such
that

ERCSITL] < eGP () + On? 1+ (max {€5F (),01)°] . (1)

(b) Lower bound: let I' be an admissible BCS state such that E3S[I'] < Crh.
Then, there exists 1 € DT (R®) such that
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EPOSIT] = hERT (1) — Ch2. (22)

Furthermore, there exists a function r such that the following decomposi-
tion holds:

alz,y) =h™%P (%) o (w—;”) +7r(z,y). (23)

where the remainder v satisfies the bounds
[rl3- < Ch,  (r|-A+W|r). <Ch™" (24)

Let us then assume that holds and prove [Theorem 1] and

[Theorem 2 The proof of will be given in next and
by separately addressing points (a) and (b) of the statement.

Proof (Theorem1l). To prove the upper bound, we use the admissible trial
state Iy, , where we recall that 1), stands for the minimizer of the GP func-
tional. We then obtain by (2]

B < E]PIy.] = hERT (Y.) + O(h?) = hEFY + O(h%),  (25)

since ESP(¢*) = E%P < 0. In addition to proving a sharp upper bound for
the ground state energy, the estimate above also yields the a priori bound
EECS [I'] < Ch for any approximate minimizer I" of the BCS energy. Hence,
the minimizer satisfies ([22]), so that we can deduce the estimate from below
matching the upper bound, along with the decomposition of « as in (23]).

Proof (Theorem 3). We start from the trivial observation that
ESP <0, < D> Ey, (26)

where we recall that Eyy is the ground state energy of —iA + W: indeed, if
D > Eyy, it suffices to use Ay, A > 0, as a trial state for the GP energy,
where ¥y si the normalized ground state of —%A + W, to get

EF" = MBw — D) + gses N [vwllz: <0, (27)

for A small enough. On the other hand, if D < Ey, the functional is trivially
positive, since )
EET (W) = (Bw — D) ¢ - (28)

Note also that v, is non-trivial if and only if Egp < 0.

Next, we prove the upper bound p.(h) < —FEo+ Ewh?+ o(h?) by showing
that, if 4 = —Ey+ Dh2, D > Ey, then there exists an admissible BCS state
such that

BCS
£, <0. (29)

By [Proposition I} for any ¢ € 2% there exists Iy, admissibile such that
h™EPIy) = €57 () + O(h). (30)
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This in particular holds true for 1) = 1y, so that
EP®S < EGPh+0(h?) <0, (31)

if D> By

Conversely, we now show that, if EE’CS =0 for a certain u = —Ey + Dh?,
then D < Eyw, so completing the proof. By [Theorem 1, indeed, if EE’CS =0,
then ESP = O(h) but the GP functional is independent of h and therefore
ESP = 0, which in turn implies that D < Ey by (Z6).

3.1 GP functional

We discuss some useful properties of the GP functional (@) and its minimiza-
tion. We recall that we denote by ESF the infimum of (@) and by v, any
associated minimizer.

Proposition 2 (A priori bounds on ¢)). There exists C < +00, depending
on gpcs > 0, such that

IVel72 + (@ W) + 974 + 41172 < C [1 + max {E57(1),0}]  (32)
for all ¢ € 26,

Proof. We may assume that D > 0 otherwise the result is trivially obtained
with C' = max {|D[!, Inis 4}. The starting point is the inequality

(|- LA+ W|9) + gpes [¢l7: < DI[WI[72 + EST (%)
< D |[¢5 + max {EGF (v),0}, (33)

which allows to bound from above both the quantities on the Lh.s. in terms
of the L? norm and the GP energy of 1. Next, we estimate for R large enough

]2 < / e R [ i
T|< x|>

<\ ER2 |[)|74 + CR™P (y [W] )
< 0 [R5 (D0l 2 + VE) + B (VD [0l + )]

where we have set E := max {€5F (¢),0} for short. Hence, for R > (CD)'#,
we get

(1= $B) 013 = CR2D [yl 2 < € (R 54 VE + RPE) |
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which implies

C _ -
)72 < % [(1 - £2) (R3/29BéS\/E+R ﬁE) +0233D2} (34)

cD
(1-%2
and thus the result.

Corollary 1 (Boundedness from below of £SF (). For any gpcs > 0,
there exists a finite constant C < +o0o such that

ESP > —C. (35)

Proof. Again, EGY = 0, if D < 0, and there is nothing to prove, so let us
assume that D > 0. In this case it suffices to observe that E%P < 0, which
can be obtained by simply testing the GP energy on the trivial wave function

1 = 0. Hence, implies that 3C < +o00 such that ||1/1||2Lg <C

for any v with non-positive energy, which in turn yields the lower bound
ESP > —C|D| and thus the result.

The existence of a minimizer 1, which is also unique up to gauge trans-
formation can be deduced by standard methods in variational calculus, and
any such a minimizer solves the variational equation

— LAy, + (W — D)ty + 2g8cs|vs [P, = 0. (36)

Under one can also show that ¢, € C3 N L*°(R?) and it can
be chosen strictly positive.

3.2 Semiclassical estimates

Before attacking the proof of it is useful to state some technical
but standard semiclassical bounds to be used in the rest of the paper.

Proposition 3 (Semiclassical estimates). Let u = —Eg+ h?D, D € R
and let

ay(2,y) == h72 0 (552) ao (554) (37)
for any ¢ € ST . Then, the following estimates hold as h — 0:

Trhayay+ [ dedyV (552) fag o)
R

~h{$|-1A+W - D|y) < Aoh?, (38)

L2(R3)

where

Ao =C (WIS + 19132 s (39)
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| Tr b ovy @0 vy @0 — hgses ||| 74|
2 4
<CR IV lta + W[50 + 10l3e + Aok . (40)
Before discussing the proof of the above Proposition, it is convenient to

state a technical result about the reduced density «, which is going to be used
several times. In the following we will often use the center-of-mass coordinates

= %('I_Fy)v 51:33—24, (41)
and use the notation
Ay (1, €) 7= (@, y). (42)
Lemma 1. Let oy be as &0). Then, for any n € N even,
Ch" ||| Tn NGl (43)
Rl - Goll (44)

vy | &n
[Vedy||&n

NN

where ||-||gn stands for the Schatten norm of order n € N.

Proof. See |5, Lemma 1]. The extension to any n € N is obtained by simply
observing that, thanks to the monotonicity of Schatten norms, [[ay||ge <
llowy || gn for any n € N, which allows to use {#3)) and (@) repeatedly to extend
the result to all natural numbers.

We are now in position to present the proof of [Proposition 3}
Proof (Proposition_3). Using the change to center-of-mass and relative coor-

dinates, one gets

Trba¢@+/ drdy V (52) |y (z, y)|
RG
= (G |=1h* Ay + B*W (0 +§/2) = B*D| Gy 1
+ (G [ =P Ag + V(E/R) + Eo| Gy ) oz,
= (ay |[=3h* Ay + B*W (0 +€/2) — h*D] ay,)

L2 (RG) : (45)

where we used that ag is the normalized zero energy eigenvector of the op-
erator —A + V + Ej. The result then follows from next

In order to prove the second estimate, we use the cyclicity of the trace and
the symmetry of the Laplacian, to get

Tr Aay oy ayay = <%W0<w ’%(AI + Ay)aw>L2(R6)

= (@y | 14080 ) 1> oy + (@0 [Dety) p2mey,  (46)

where we have set for short @y (n,§) = (o @y ay)(z,y). Introducing the
coordinates
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X = 3(w1 4+ @2 + 23 + 24), Sk = Tpt1 — Tk, k=1,2,3, (47)

and rescaling the relative ones, we obtain

Tr(—h*A+ Ep) cvy gy vy Oy = h/ dXd¢ déadés (X —hs)p(X — ht)x
R12

Y(X + hs)(X + ht) [(—A + Ep) ao] (§1)ao(§2) ao(€3)an(éx)
- %hQ @w |An6‘w >L2(R6) ) (48)

where &, (= —&1 — & — &3 and s,t are functions of &1, &2, &3, i.e.,

si=1(G+264+&), t:i=1(&—&). (49)

From this expression we are going to extract the quartic term needed to
reconstruct the GP functional times h plus higher order contributions. The
fundamental theorem of calculus allows to rewrite the first term on the r.h.s.

of @J) as

iy || derdéadéa (-4 + E) aol)] aale) ao(6a)an(E-

1
+ h/R12 dXd§1d§2d§3/0 dr dir (w(X — 7hs)h(X — Tht)x

X (X + ThS)M) [(=A+ Ep) a(§1)] ao(§2) ao(€3)ao(éx)
=: hgpes||¢llzs + h°1,  (50)

thanks to the explicit computation

/}R9 d€1d&adgs [(—A + Eo) ao(&1)] ao(82) ao(€s)ao((€4))
=0 [ o + Bo)lato)l

Hence, ([A8)) yields
TH(—h?A + Bo) ay @ o @5 = hgnes [0 + 2 (1l + 1), (51)
where
I == —1 (ayp @y ay |An%>L2(Re> : (52)

The estimate on the term containing the external potential immediately fol-

lows from using Hélder inequality with exponents 3, & and §:
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ITe W vy oy vy | < T ‘W”Q aw@awmw”z"

2
1/2 — 1/2 2
< HW Pay oo 150 [l ga < HW / %HGQ oy [l g

’W1/2OA¢

S2

< Chl[¥136 llGoll76 <Olel3s WP, +hdo], (53)

2
L2

W1/2OA¢‘

by the monotonicity of Schatten norms and [Lemma 1l The replacement of
|42 with ||Vg/1||ig + ||¢||iz can be done via Sobolev inequality.

Lemma 2. Let oy be as 1) and Ay as in (39), then

< Ao. (54)

(00 W) sy =" [ an Wl

Proof. Using center-of-mass and relative coordinates as before, we get by the
Taylor expansion ([7)

% <o‘¢ |W($) + W(y)| O‘¢>L2(RG) = % <&w |W(77 + 6/2)| &1,[1>L2(]R6)
+ % <6‘1/J |W(77 - 5/2)| dw>L2(Rs)

=nt [ W+ 3a [ dnas € TWQ W o/,
R3 ko

where we recall that &y (n,§) = ay(z,y). Hence, we have only to estimate

the last term on the r.h.s. of the expression above: by on W,
we deduce that, since ¢ € (n,n+ £/2),

bt [ dnd € WO [ e/ M)
<C / dndg [¢] (B Il + 0l 1) ) lao ) (55)
R6

which immediately implies the result, via the trivial bounds |z|#~ < W (x)+1

(sgain by (SSmmpTion 3) and

2 2

<C, (56)

|8/2
127 p

<G |12 e

L2
which follows from (@]).

Lemma 3. Let 11,15 as in (BQ) and B2). Then, as h — 0,3C < +00 such
that
L] + T2 < CIV Y25 (57)

Proof. By [l Proof of Lemma 1], there exist two finite constants C7, Cy such
that
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CilIV Yz Il ol g2 lloll 2 laoll IV aoll 1
Co|IV |72

Ty
2|

The result then follows from the properties of ag (see Remark 2)).

<
<

3.3 Energy upper bound

The result is obtained by testing the BCS energy functional on a suitable
trial state. We define an admissible state I, with off-diagonal element given
by ay as in B7) and ¢ € 2F | and upper left entry

Yo =y Oy + (1 + Ah) Oy T, (58)
for some A € RT.

Remark 3 (Admissibility). The admissibility requirement makes the correc-
tion of order Ah necessary. In fact, any correction of order h?, 0 < 8 < 1,
would work, if X is chosen appropriately, but 8 = 1 gives the best error bound
in our estimates. Indeed, the state is admissible if and only if v — 72 —a@ > 0
(see, e.g., Bl Eq. (4.8)]), which, assuming that the quartic correction is pro-
portional to Ah?, yields the condition

AP — (14 M0P) (aya)? — 2(1 + NP ay g > 0. (59)
Since [|aplloe < flaglls < ChY/?, this bound implies that we may choose
0 < B < 1, and the latter condition would be satisfied for any value of \. For

B =1, on the other hand, one is forced to take the parameter A large enough,
but the inequality may still hold.

We now apply [Proposition 3| to get
EECS[HZ,] =Trbhy, —|—/]RG dxdyV (w_;u) |oz¢(a:,y)|2
= Trhawa_¢+/ drdyV (52) |ay (@, y) [ + (1 + Ah) Tr b oy &g o o0

R6

<h [ an{HT 0P+ W - Dl + gueslul?)
R
2 4
+CR2 [V ollte + W[5 + lllz + 1] (60)

as h — 0. The upper bound (2I)) is thus a straightforward consequence of

B32).
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3.4 Energy lower bound

We consider any admissible BCS state I" satisfying E2“5[I'] < Crh, whose
existence is ensured by the analysis in the previousm The integral kernel
of o, the upper-right entry of I', can be decomposed as

a(z,y) = ay(z,y) +r(z,y) =2 (52) ao (52) +r(z,y). (61

where r is chosen to be orthogonal to ag:
(00 (- /) I7) 2y = 0, (62)

where 7(n,€) := r(z,y) and the coordinates 1, are defined in ([@Il). With
such a choice, the order parameter ¢ is naturally defined in terms of « as
(recall the notation &(n,§) := a(z,y))

wl) == o (- /D)) ey = 17 [ d€ anle/mam e, (63)
R\
Note also that, because of the orthogonality of 7 to ayp, one immediately gets

ez ey = lowll7zey + Il Z2mey = 27 11172 + Il (64)

The physical meaning of such a decomposition is apparent: « represents the
wave function of a pair of particles and it almost factorizes in the coordinates
of the center-of-mass reference frame. More precisely, g describes the wave
function in the relative coordinate living on the microscopic scale h, while
1 is the wave function in the in center-of-mass coordinate and varies on the
macroscopic scale.

We start with a preliminary lower bound on the BCS energy functional in
terms of the off diagonal entry « of I'. Indeed, for any admissible I', it can
be seen that one can bound £P®[I'] from below in terms of a functional of
« alone.

Lemma 4. Let = —Eo + h?2D, D € R. For any admissible I' and for h
small enough,

EECS[F] > Trhaa + Trh aoaa + /RG drdy V (52) ez, y)|*. (65)

Proof. The proof is given, e.g., in [16, Proposition 6.2]. We spell it in details
here for the sake of completeness. The admissibility of I, i.e., the condition
0 < I' <1, is equivalent to

y—7%—aa>0. (66)

Since for h small enough § is positive, as it follows from the trivial bound
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h > Ey — Dh? >0, (67)

we can use the monotonicity of the trace and apply the above inequality to
get the result, since (GGl implies that v > a@ + a@a@ (see [16, Eq. (6.2)]).

The next lower bound give more information on the decomposition (GII).

Lemma 5. Let 4 = —Ey + h?D, D € R, and let I’ an admissible BCS state
with upper-right entry « as in (G1l). Then, there exists a finite constant C
such that (recall B9)), as h — 0,

Trf)o@—k/ da:dyV( )|a(:z: y)? > w‘—lA—FW D‘z/; L2(R3)
+ 3907l egey + 52 [(F |- 3 Ay — eA¢ + 3W = D7) o — Ao - (68)

Proof. Plugging in the operator bound (67)), we can immediately get rid of
the second term in (63]) to obtain

ERST) > Trbaa—i—/ dzdy V (52) ez, y)|* + (Eo — kD)ol &,

and the last term can be dropped since it is positive. Next, we estimate the
first term, which reads

Tfhanr/ dzdy V (52) |a(z, y)|?

= /RG dndé a(n, €) (—3h* A, — K2 A¢ + B*W(n+£/2)+
V(E/h) = p) &(n, ).

By plugging in the decomposition (G1l), we get

Trbaa:<aw|b|aw>+/ drdy V (Z72) oy (. )|
+{r|h|r) + /dazdyV( )|r(:1: y)|2—|—2h2 (g (W), (69)

since the potential W is the only operator which does not factorize in the
decomposition L*(R®) = L2 (R?)® LZ(R?). The sum of the first two terms has
already been estimated in so that it just remains to consider
the quadratic expression on r and the mixed term.

The mixed term can be controlled by exploiting the Taylor expansion ()
and the orthogonality ([62)), obtaining
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o0 [ g )] =2 [ e € TW (T nhaae/ 170, €)
<c [ dnd lel (16" + nl” + 1) 1) llao(e/m)] ()
R6

by the trivial bound |n|?~* < |n|® + 1. Hence, by Cauchy-Schwarz inequality
we get

212 [R (o [Wr)] < C 1]l ooy 17l 2 rey X

) ) 1/2
28
([ ae (1P + 12 oate/mP)
1/2
(/RG dndé n|” |7:|2> + ||r||L2(R5)] X

< ([ aelePlaate/ml) "

< OB ([l + Irlze + W2, + W] ,.)

+C (WP gy + 191 2qes))

where we have estimated

[ ande o 7 < € |wiep
y

LY(RS)

The two terms depending on r can then be absorbed in the corresponding
positive ones coming from the estimate of (r |h| ) by adding a 1 prefactor for
h small enough, while the other two can be included in the Agh? remainder
up to the change of the constant C' in Ajg.

The quadratic expression in ¢ is bounded from below by means of[Assumption 2}
/]R% dn (r(n,-) [=h*A¢ + V(- /h) + Eo| r(n,) 12 s
P / d77 <T(777 ) ‘_hzsAé + g’ 7"(777 .)>L2(]R3)
R3 ¢

= gllrl3agey + W2 [Verla e - (70)

Lemma 6. Let i = —Ey + h?D, D € R, and let I' an admissible BCS state

with upper-right entry o as in @), such that EZ°S[T] < Crh. Then, there
exists a finite constant C' such that

|Tr b ad@ad — Tr b @y ayay| < Ch? (||V77/1||i2 + Ag) . (71)

Proof. We first rewrite the quartic term via
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QAT — Oy Ly Ty, = TAODT, + Quy QOT + TOAT + (A — Ty ovy )Ty,
so that the cyclicity of trace and triangle inequality yields
_ o 1/2, — —1/2 /2 — —1/2
|Tr haawaw — Tr hoy g ayayg| < Hh racagh Hel"i'Hb apaarh H@l
+ Hbl/%a(ﬁbl/?HGl + Hbl/zaw(aa - @%)@b”zuel . (72)

To estimate this four terms, we apply Holder inequality:

], <] e ]
s <] et
[0 /2rar 2|, = amo2|, < e 0172,
|02 (0@ — agag )@ 2|, < o~ wgaglens |9 2au|, -

Plugging the above bounds in (72), we obtain

bl/QT

|Tr haaaw — Tr how @y oy | < 2 H[j1/2oz¢H . ||Oz||263

& &2

2 2
— 1/2

&2 + [[@a %%Hes/z h™ "oy ’65 :

(73)

‘bl/2r

2
+llallge

By (68) and the condition on the BCS energy of I', we deduce the inequal-
ity

(g — DR?) ||7||75 + h* [(f |—14, — e + W] f>L2(R6)}
<CR[L+8)3: +hdo| . (74)

with Ag defined in This, for h small enough (e.g., smaller than
g/(4D)), gives a bound on ||r||7, as well as its Sobolev norms in terms of
the norm of . Hence, we have

[@a —ayay|lgs = [[gr +Tay +Trlgs-

2 2 2
<2layllgs I7le2 + I7lle2 < Ch|ll¢lLe + 1]z + 1+ hAo|,

by the monotonicity of Schatten norms, [Lemma 1] and (74). Similarly, by
Sobolev inequality
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2 2 2 2 2
lolige < € (lawligs + i) < Ch [I[WllFe + IlI7: +1+hAo]

<CR[IV8|3a + ll3s +1+hdo| . (75)

To conclude, we have to estimate the norms of f)l/ 2 oy, but, for any operator
T, one has

1/2

1/2
=

=777

S2n

< (0| TH AT g + 12 |TWT | + 1 | T7T | )

<h (F IV Tl gon + IVeTllgan + |[W2T| ) + (Bo = h2D) [Tl g
Applying this inequality to estimate the norms above and using once more

the monotonicity of Schatten norms, [Proposition 3| [Lemmas 1] and [2] and
Sobolev inequality, we obtain

[972a0 ., <n [31V00lles + I Vedullos + [ 2au]| , |+ Bo llav o

< O [[ WP + 1] o + Ao + R IV 2]

< O [I1V] o + [ WIS 2 + 4o,

e

<h (3 IVarlles + IVerllgs +||W/2r

o) +Eolrllse

< ORY2 (14 [l 2 + 12/ A0

S2

as follows from the a priori estimate (74]). Putting together all the bounds
found so far, we get the result.

In order to complete the proof of the lower bound, we need a last ingredi-
ent.

Lemma 7. Let 4 = —Ey + h?D, D € R, and let I’ an admissible BCS state
with upper-right entry o as in @), such that EFS[T] < Crh. Then, there
exists a finite constant C such that

[ an {190 + Wi + 0P +10l'} < C (76)
Proof. Let us denote for short
gim [ dn {IV6P -+ WIUP + P + 101"}
R3

Combining [Lemma 6 with {0), we get
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Trhama@ > geesh |[¢]|7. — Ch2E2, (77)
so that, by [Lemma 5] we find
Crh > E2S[M) > hEGF () — Ch? (€2 +1), (78)

where we used once more the estimate on ||r[|,. following from (7). Since

there exists a positive constant ¢ > 0 such that E5F () > ¢&€ — D ||¢||iz, we
get

£ <L(Cy+DIvI3:) +0M),

However, such a bound gives a control on the norms HVV|¢|2HL1 and [|¢|| .4,

which can be used as in the proof of to get an estimate of
||7,/)||2L2, i.e., one obtains that there exists a finite constant such that

[N (79)
which in turn yields the result.

The estimate (78) together with (76) gives the energy lower bound (22).
The combination of [Cemmas 4] to [7 provides the proof of the remaining state-
ments about the decomposition of «.
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