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Phase operators and blurring time of a pair-condensed Fermi gas

H. Kurkjian, Y. Castin, A. Sinatra
Laboratoire Kastler Brossel, Ecole Normale Supérieure,
UPMC and CNRS, 24 rue Lhomond, 75231 Paris Cedex 05, France

Due to atomic interactions and dispersion in the total atom number, the order parameter of a
pair-condensed Fermi gas experiences a collapse in a time that we derive microscopically. As in
the bosonic case, this blurring time depends on the derivative of the gas chemical potential with
respect to the atom number and on the variance of that atom number. The result is obtained
first using linearized time-dependent Bogoliubov-de Gennes equations, then in the Random Phase
Approximation, and then it is generalized to beyond mean field. In this framework, we construct
and compare two phase operators for the paired fermionic field: The first one, issued from our study
of the dynamics, is the infinitesimal generator of adiabatic translations in the total number of pairs.
The second one is the phase operator of the amplitude of the field of pairs on the condensate mode.
We explain that these two operators differ due to the dependence of the condensate wave function

on the atom number.

PACS numbers: 67.85.Lm,03.75.Kk

I. INTRODUCTION

Long range coherence in time and space is a key prop-
erty of macroscopic quantum systems such as lasers,
Bose-Einstein condensates, superfluids and superconduc-
tors. In the case of bosonic systems, coherence derives
from the macroscopic occupation of a single particle
mode and can be directly visualized in an interference
experiment by mixing the quantum fields extracted at
two different spatial points of the system or at two dif-
ferent times. The interference pattern then depends on
the relative phase of the two fields.

Experimental investigation of temporal coherence
in Bose-Einstein condensates began right after their
achievement in the laboratory [1-3] and the use of their
coherence properties in atomic clocks or interferometers
[4-6], or even for the creation of entangled states, is cur-
rently a cutting-edge subject of investigation. In this re-
spect a crucial role is played by the atomic interactions.
On the one hand, the interactions limit the coherence
time causing an initially well defined phase or relative
phase to blur in a finite size system [7-13]; on the other
hand, at shorter times, coherent phase dynamics in pres-
ence of interactions allows for generation of spin squeezed
states [14, 15] that opens the way to quantum metrology
[16-20].

Let us now turn to the case of fermions. Cold fermionic
gases have been widely studied in the last decade [21-
23]. With respect to bosons, fermions have the advan-
tage that the interaction strength can be changed by the
use of Feshbach resonances without introducing signifi-
cant losses in the system. Across these resonances the
s-wave scattering length characterizing the short range
interactions in the cold gas can be ideally changed from
—o0 to 4o0. Using the same physical system, different
interaction regimes can be accessed, ranging from a BCS
(Bardeen-Cooper-Schrieffer) superfluid of weakly bound
Cooper pairs, when a is small and negative, to a conden-
sate of tightly bound dimers behaving like bosons, when

a is small and positive. In between, the strongly inter-
acting unitary gas is obtained when a diverges [24, 25].
Recent progress in the experiments made it possible to
observe the coherence and superfluidity of these Fermi
gases [26, 27], to study with high precision their ther-
modynamics in the different interaction regimes [28-31]
and to perform an interference experiment between two
independent condensates of dimers [32].

In the near future we expect the experimental studies
to extend to coherence properties e.g. along the lines of
[33, 34] and this motivates a theoretical study of phase
dynamics in paired fermionic systems. The scope of this
paper is to provide an analysis of this problem, at zero
temperature.

Let us consider an unpolarized Fermi gas with two in-
ternal states T and |, in presence of weak attractive inter-
actions between fermions in different internal states. At
zero temperature, a macroscopic number of 1] pairs of
fermions condense in the same two-body wave function.
Long range order and coherence properties then show up
in the two-body correlations that are in principle measur-
able [33, 34].

To investigate temporal coherence of the pair-
condensed Fermi system, in a first stage, we determine
the time evolution of the order parameter of a state that
is a coherent superposition of different particle numbers.
At the mean field level, the broken symmetry state is sim-
ply the ground state of the gas in the BCS theory [35]. In-
teractions and an initial dispersion in the particle number
cause a blurring of the phase and the collapse of the or-
der parameter of the BCS gas, after a time that we derive
analytically. This is done in section II. Loss of coherence
is described in a low-energy subspace of the linearized
equations of motion by a zero-energy mode [36] and an
anomalous mode [37] excited respectively by phase and
particle number translations. We derive these modes and
the related phase and number operators explicitly and
express the phase blurring time in terms of the particle
number fluctuations and of thermodynamic quantities of



the gas. We show that the same microscopic expression
of the blurring time is obtained using the Random Phase
Approximation put forward in [36]. A similar symmetry
breaking approach, based on the linearized treatment of
quantum fluctuations, was introduced for bosonic phase
dynamics in [9]. We stress that the collapse we are in-
terested in is a finite size effect and the blurring time we
find diverges in the thermodynamic limit.

In section IIT we make some general considerations
about the definition of a phase operator in the fermionic
case and we examine two possible candidates for this op-
erator. We find that the phase operator derived in section
IT in the dynamical study of the order parameter is a gen-
erator of adiabatic translations of the number of particles
of the gas, that is it increases the particle number while
leaving the system in its many-body ground state. A sec-
ond natural definition of the phase operator, that we call
the phase operator of the condensate of pairs, is associ-
ated to the amplitude of the field of pairs ¢, (r)yx (r') on
the condensate wave function, defined as the macroscop-
ically populated mode of the two-body density matrix.
We show that the two phase operators differ if the con-
densate wave function depends on the total number of
particles. Although not pointed out at that time, this
difference was already present in the studies of bosonic
phase dynamics [9, 11, 38, 39].

In Sec. IV we extend our results for the blurring time
and the phase operator beyond the BCS theory. This is
done in two ways. First, we go beyond U(1) symmetry
breaking: although they are not appropriate to describe
the state of an isolated gas, as they cannot be prepared
experimentally, broken symmetry states can be given a
precise physical meaning when dealing with a bi-partite
system with a well defined relative phase [10, 34]. In Sec.
IV A we restore the symmetry by considering a mixture
of broken symmetry states, and we relate the order pa-
rameter to correlation functions. Second, in Sec. IV B we
go beyond the mean field regime by replacing the BCS
ansatz by a coherent superposition of the exact ground
states for different number of particles. We have cho-
sen to postpone this section giving a general result after
the microscopic derivations based on the mean field BCS
theory that are useful to set the stage and become fa-
miliar with the problem. Nevertheless subsection IV B is
self-contained, and the reader willing to avoid all techni-
calities might go to this subsection directly.

Finally, in Sec. V we sketch an experiment in which
such state would be prepared and which would allow the
observation of a Gaussian decay of the time-correlation
function. We conclude in section VI.

II. COLLAPSE OF THE BCS ORDER
PARAMETER

In this section we show that the phase of the order pa-
rameter of a gas initially prepared in the U(1) symmetry-
breaking BCS state spreads in time, causing the order pa-

rameter to collapse. To this aim, we use linearized equa-
tions of motion both at the “classical” mean field level
and at the quantum level (RPA). The two approaches
yield equivalent equations of motions for small fluctua-
tions, either classical or quantum, of the dynamical vari-
ables. However while the quantum fluctuations of the
initial state are build-in in the quantum theory, we need
an ad hoc probability distribution of the classical fluc-
tuations to reproduce the quantum behavior with the
“classical” theory.

A. Hamiltonian

We consider a gas of fermions in two internal states 1
and |, in the grand canonical ensemble of chemical po-
tential u, in a cubic lattice model of step b with periodic
boundary conditions in [0, L]3. The fermions have on-site
interactions characterized by the bare coupling constant
go- The grand canonical Hamiltonian of this system is
given by

7= Y40 (=5 e =)

+90b® Y L)) () (x)dr(x) (1)

where the single particle discrete laplacian on the lat-
tice has plane waves e’*" as eigenvectors with eigen-
values h?k?/2m and the field operators obey discrete
anti-commutation relations such as {1/;(,(1‘),1/;2, ()} =
8000 /b3, and 0,0’ =1 or |. The bare coupling con-
stant gg is adjusted to reproduce the scattering length a
of the true interaction potential [24, 40-44]:

1 m _/ 3k m @)
g0  4mh2a rpyz (2m)3 B2k?

where FBZ is the first Brillouin zone [—m/b, 7/b[> of the
lattice.

B. Reminder of the BCS theory

The BCS theory is based on the introduction of the
ansatz

[¥pos) = Ne' |o) (3)

where v is a complex number and CT creates a pair of 1|
fermions in a wave function ¢. In Fourier space

Ch= Z @deT‘iT—u (4)
k

where dLG creates a fermion of wave vector k in spin state

o and obeys the usual anti-commutation relations. For
the purpose of this work, it is sufficient to restrict to pairs



of zero total momentum, as this will describe both the
initial ground BCS state and the relevant fluctuations for
phase dynamics. To parametrize the BCS state we use
the complex Vi coefficients:

TPk
Vik=——F—————= (5)
V1t ekl

which can be interpreted as the probability amplitudes
of finding a pair with wave vectors k and —k:

Vil® = (afyal g aidir)pos
= <dLTdkT>BCS = <dtk¢&7k¢>BCS (6)

where the notation (...)gcs means that the average value
is taken in the BCS state (3). We rewrite this state using
the parameters (5) in the usual form (up to a different
sign convention)

es) = [T (U = Vealyaly ) 100 (7)
k

where Uy defined by

UkE \/1— |Vk|2 (8)

is real and positive. The BCS ansatz breaks the U(1)
symmetry and has a non-zero order parameter A

A = go(th i )Bos = *% > Vil #0 (9)
k

The BCS ground state [¢){g) is obtained by minimiz-
ing the energy functional

E = (H)pcs (10)

treated as a classical Hamiltonian with respect to the
complex parameters Vi

OF OF
== = — =0 (11)
Vi V=10 Iy Vie=1,0
Explicitly
L3 2k?
E=gyL? — AP 2 — ) VAl (12
olprps+ o 147+ 32 (g ) I (12

where the average density of spin o particles,

po = (V5ds)Bos = % >l (13)
K

is here spin-independent. This minimization leads to
26UV = Ao[(UK)? — ()] (14)

whose solution with positive V0 is

VY = %(1—5—‘;) (15

~

where &, = Bk _ w+ gopg is the kinetic energy shifted

2m

by the chemical potential and corrected by the mean-field

energy, and
ex = /& + A2 (16)

is the energy of the BCS pair-breaking excitations. The
gap Ag is the ground state value of the order parameter

9)
Ao = go(yir)o (17)

where the notation (...)o means that the average value is
taken in the BCS ground state |)}.g). The parameters
of |3 s) depend on the unknowns A and the average
total densi@y p” = pY + p{, implicitly related to p and to
the scattering length a by

o_ 1 &
p—Lng =) (13)

R (19)

Equations (18) and (19) are obtained using the mean
particle number equation

N=(N)=2) (W) (20)
k

in addition to (2) and (15). Equation (19) is called the
gap equation.

C. Time-dependent Bogoliubov-de Gennes
approach: zero frequency mode, anomalous mode
and phase dynamics

1. Linearized time-dependent Bogoliubov-de Gennes
equations

We now consider a nonstatic BCS state |¢pcs(t)), of
parameters

Vie(t) = Vi + 6VA(1) (21)

The time-dependent BCS equations (or Bogoliubov-de
Gennes equations) arise from the minimization of the ac-
tion

sl?ﬁ{%wa%wm>ca>wmmwmﬁ

2
Choosing Uy (t) as in (8) real at all times, this gives [37]
LAV  OF A% OF
Rk Rk — 7 2
a oy "at Vi (23)

These equations can be linearized around the BCS
ground state for small perturbations dVi. Introducing
the operator £ such that

. d 5Vk) <5Vk>
h— - =L " 24
! dt <5Vk keD 5Vk keD ( )




where D contains all possible values of the single particle

wave vector, D = [T, Z[3N (2£Z3), we can write £ in a
block form using the derivatives of E taken in the ground
BCS state:
A B
e (4 3) )
0’FE 0’FE
Ava = 3570+ Bra = g
V0 DI

The matrix A is hermitian and the matrix B is symmet-
ric, we give their explicit expressions in Appendix A. The
operator L gives access to the time evolution of a given
perturbation:

(52), ., 1o [Z422)(35),_ o

(26)
and to the energy difference between the perturbed state
and the BCS ground state up to second order in the per-
turbation:

i %
E[(Vi, Vi )xep] = E0+ (Vi Vi) epp 0L <5Vl’(*)
k / keD

(27)
- 01 T 0
where Ey = (H)o and o, = 10)°%=1o _]1)

are block Pauli matrices. Note that the matrix o.L is
hermitian by construction and it is non negative since
Ey is the ground state BCS energy. In full analogy with
previous results for bosons [38], our choice of canonically
conjugate variables leads to a highly symmetric linearized
evolution operator. The symplectic symmetry

0. Lo, =L (28)

ensures that the eigenvectors of LT are equal to those of
L multiplied by o.. The time reversal symmetry

o Loy, =—L" (29)

ensures that for each eigenvector (a,b) of £ with eigen-
value €, (b*, a*) is also an eigenvector of £ with eigenvalue

—€*.

2.  Zero-energy subspace

We concentrate here on the zero-energy subspace of £
where zero temperature phase dynamics occurs.

a. Zero energy mode Due to the U(1) symmetry of
the Hamiltonian, the mean energy of a BCS state does
not depend on the phase of the parameter v in (3), that
is it is invariant by the transformation

v — e
Vk — VkeiQ
Vi = Ve @

Consequently the classical Hamiltonian E (12) is not af-
fected by a global phase change of the BCS ground state
parameters V), E[(V,2e? V0e~ @) cp] = Ey. From
(27) this implies that the perturbation linearized for

Q<K1,
LW
o= (ito) oy
is a zero-energy (null energy) mode
Lé, =0 (32)

Alternatively we can consider the continuous family @ —
(V0ei@ V0e~?)cp. Each element of this family is a
time independent solution of (23). For @ infinitesimal,
the difference with respect to the (V}2, V}?)xep member
of the family is then a zero frequency solution of (24).

The vector (31) is equal to its time-reversal symmetric
€n = 04€,, and does not span the full zero-energy sub-
space. We will obtain the missing vector in the following
paragraph.

b. Anomalous mode After phase translations, one
naturally turns to mean particle number translations. By
adiabatically varying the chemical potential p of the gas
(i.e. by changing the mean number of particles continu-
ously following the BCS ground state), we will prove the
existence of an anomalous mode with the properties

dp
_ ¢, 33
YanN© (33)

£, =0 (34)

Le, = —2i

Let us introduce V(i) € RT, the parameters of the
ground state BCS solution corresponding to a chemical
potential z. Within the BCS ansatz, they minimize the
mean value of H+(pu— )N with H given by (1). We then
consider the family of time-dependent BCS parameters

i Vi, ) = W (e 2wt/ (35)
We will show later on that each element of this family is
a solution of the time dependent BCS equations (23) for
a chemical potential u, the phase factor in (35) precisely
compensating the mismatch between the two chemical
potentials © and fi. By linearizing (35) for a small value

of fi — p, we obtain the deviations
5Vk) . 2t (Vi () SV (1)
|2 (50 +
(7% e =) T\ |
(36)

which must be a solution of the linearized time depen-
dent BCS equations (24). Using the expression (31) for
the zero-energy mode, this explicitly gives the announced
anomalous mode (33)

L dp (W
= an \dwg (37)
du "k ) yep



Let us now show as promised that the family (35) is a
solution of the time dependent BCS equations (23) for a
chemical potential . A first way is to remark that if |z/~1>
is a solution of the time dependent Schrodinger equation
of Hamiltonian H + (i — )N, then e~ “A=mtN/h|4f) ig
a solution of the time dependent Schrodinger equation
of Hamiltonian H. By the application of this unitary
transformation to the ground-state BCS solution in the
usual form (7) for a chemical potential i and using
e—i(ﬂ—M)tI\Af/ﬁder’fik¢

pia—mtN/h _ =2i(a—p)t/hgt ot

ket @—ky

(38)
we get the announced result. Alternatively one can di-
rectly inject the form (35) into the time dependent BCS
equations (23), which also gives the announced result. In-
troducing E as the classical Hamiltonian for a chemical
potential /i one indeed has from (12)

E[(Vic(ji 1), Vi (i ) Jxen) = E[(Vic(jis 1), Vid (jis ) Jxe]
+2(5— 1) > Vel t)]* (39)
k

Furthermore the derivatives dE/0V;* and E/0Vi van-
ish when evaluated in the point (Vi(f,t), Vi¥ (i, t))keD
since this point coincides with the ground state point
(V2(i1), Vi2(j1))xep up to a global phase factor.

c¢.  Dual vectors of €, and €, An arbitrary fluctua-
tion of components 6Vx and 6V} can be expanded on the
basis formed by the anomalous mode €, and the eigen-
vectors of £ including the zero-energy mode €, and the
excited eigenmodes €. To obtain the coefficients of such
an expansion, we introduce the dual basis (also called ad-

joint basis) formed by cfa, d,, and the duals of the excited
modes dy such that

-

dx.

i where

é}‘ - (Sij ’i,j =n,a, A (40)
We now calculate explicitly Jn and d_; using the symplec-
tic symmetry (28). By taking the hermitian conjugate of
(32) and of (33) and using (28) we obtain Vz:

L LE=0 (41)

(ngn)
(0.8 LE=2 (06 (42)
0,€4)" - LT =2i—=(0,€,)" - T

dN

This suggests that the dual vectors of €, and €, are ob-
tained by the action of o, on €, and €, respectively.
Indeed we obtain

- du [ iV
dy, 2i0,€, = 22— K ( Zd“ ‘1;0> (43)
keD

AN —zd# K
- 0
d, = —2io.é, =2 (“%) (44)
k/ keD
To check that df - & = 0 we simply take Z = & in (41).
Further taking & = €, in (42) gives d* CE\ = 0. Taking

1) and using (33) gives d_:;‘ €y, = 0. The
last orthogonality relation d_;j - €5 = 0 can be checked by
direct substltumon Finally the normalization conditions
d* €, = d = 1 result from the relation

d 1dN
VQ—W) = —-— 45

obtained from (20) by a derivation with respect to p.

Z=¢€,in(4

3. Phase variable and phase dynamics

We expand a classical fluctuation over the modes in-
troduced in the previous subsubsection:

5vk) . . .
* = Pé, + Qen + Crén (46)
(6Vk keD z,\:

The time dependent coeflicients P and @ of the anoma-
lous and zero-energy modes are determined by projection
upon their dual vectors:

P

2 Z V2(6Vi + 6V) = 6N (47)

i 3 (i

and are real quantities. We interpret P as the classical
particle number fluctuation, from linearization of (13).
To interpret Q we consider the infinitesimal phase trans-
lation:

Q - >5vk V) (48)

v — ye'? Vi = 0oV (49)
Inserting such fluctuation in (48) and using (45) gives
Q = 6¢. For reasons that will become clear in the next
section, we call Q) the classical adiabatic phase.

The two quantities P and @ are canonically conjugate
classical variables. Defining the Poisson brackets as

oy  9X oY (
)O(6Vyr)  0(0VF) O(6Vk)

{(X,Y} = hza A 50)

so that £X = {X, E}, we obtain

QPr=—3 6

Inserting the modal decomposition (46) in the quadra-
tized Hamiltonian (27), we find that the P and @ vari-
ables appear only via a term proportional to P?

14
Eo+=SEp2i . (52)

E[(Vi, Vi Jxep] = 5 N

“ 7

only involve the excited modes ampli-
This implies that P is a constant of motion

where the
tudes C.



and that @ has a ballistic trajectory[62]:

dp — P B =0 (53)

dt

d 2 du

—Q = EF}=—-— 54

20 = {Qry=—3k (54
If P = 0N fluctuates from one realization to the other
the slope of the classical phase evolution changes from
shot to shot, and the overall phase distribution spreads
out ballistically. For a classical distribution having zero
first moments for P and @ one has:

2 du

<Q>C1(t) = _ﬁﬁ<P>dt =0

(@) - QO = 3z (%) P

If we choose our classical probability distribution to
mimic quantum fluctuations in the ground state of the

BCS theory, thus with (P?). = <(N — N)2> , we obtain
0
from our classical approach a phase blurring time scale

—1/2

Var N <5—]’%)2] (55)

D. Quantum approach: adiabatic phase operator

toy = h

In this subsection, we use a fully quantum approach to
quantize the conjugate phase and number variables of the
classical approach of the previous subsection. The quan-
tum approach uses Anderson’s Random-Phase Approxi-
mation (RPA) [36] treatment of the interaction term of
the full Hamiltonian (1) to derive linearized equations of
motion directly for the two-body operators, rather than
for classical perturbations.

We introduce the quadratic operators

Al =al, .a il =alya
kT k+qtdkt kl —k}9—k—ql

dig = Gk—qLlr, A = ey 0Ly (56)

The equations of motion of these operators in the Heisen-
berg picture involve quartic terms, for example for ﬁﬁ,r:

- ih_ﬁﬁ’r =[H, ﬁg’r] = (§ktq — Ek)ﬁE’r
L3 (di/Tdik/+pld_k_q+p‘LdkT

. Lt N .
_a;chquakarpia—k’-‘rpiak’T) (57)

where all the combinations of wave vectors have to be
mapped back into the first Brillouin zone. To linearize
these equations of motion, we consider a small region
of the Hilbert space around the BCS ground state in
which the action of the operators is only slightly different

from multiplication by their BCS ground state expecta-
tion value noted (. ..)o. These average values will then be
taken as zeroth order quantities (note that only the oper-
ators with g = 0 have a non-zero expectation value) from
which the operators differ by a first order infinitesimal
quantity. This suggest to write an arbitrary quadratic
operator ab (where a and b are creation or annihilation
operators) as

ab = (ab)o + (ab) (58)

This prescription however is not sufficient. Indeed, a
quartic operator abéd can be reordered using anticommu-
tation rules and one cannot pair the operators inserting
the first order expansion (58) in a unique way. Instead,
the RPA considers that a product abéd is of relevant or-
der if one can form a q = 0 quadratic operator from at
least two of the linear operators. Otherwise, the prod-
uct will be regarded as second order and discarded. This
procedure is equivalent to replacing the product using
incomplete Wick’s contractions:

abed — ab(éd)g + (ab)oéd — aé(bd)o — (aé)obd + ad(bé)o

+ (ad)obe — (@bl (ed)a + (@ho(bd)o — (ad)olbe)o  (59)

Note that the last three terms are included to ensure that
the expectation value (abéd)y remains exact in this ap-
proximation. The simplification introduced by the RPA
decouples the operators of different q so that we are left
with a set of linear differential equations for each value
of q. Furthermore the phase dynamics we are interested
in takes place in the q = 0 subspace where lives the
anomalous mode due to the U(1) symmetry breaking,
a subspace to which we restrict by now. We have then
from (56) the simplifications ng, = fuct, Ny = Nk, and

diﬁ = dAﬁT. As a shorthand notation we use
Czk = ng = d—kj,dkT- (60)

We also introduce as a more convenient combination of
zero-mean variables:
Uk =

Sdy — od]. 81 = Ody + od]. (61)

MKk = 57¢Lk¢ + 5ﬁ_k¢ hx = 57¢Lk¢ — 5ﬁ_k¢ (62)
where the § indicates the deviation of the operator with
respect to its expectation value in the BCS ground state:
d& = & — (Z)o. From the linear equations of motion (not
given here) we remark that two linear combinations of
these four variables are in fact constants of motion:

dh

e 0 (63)
d¢ s R

% =0 where (x = 8k+ i—zmk (64)

The quantity hy is indeed conserved when one creates or
annihilates pairs of particles with opposite spin and zero



total momentum. Remarkably, the hermitian operator fk
has a zero mean and a zero variance in the BCS ground
state:

Cel¥Bes) =0 (65)

To derive (65) we expressed the various quantities in
terms of V)2, keeping in mind the relation (14) :

<Cik>0 = _;A_ei = - l(c)Vl? (66)
2fina)o = 1- 2 = 2(32)? (67)

We thus eliminate the redundant variable sk in terms of
myk and (x to obtain the inhomogeneous linear system

ih— | 2 = Lrpa + (68)
dt \Mx )y cp M)y ep 0/ yen

The source term is

Sic = 26+ 95 5 3 (69)

Explicitly, the equations take the form

dije 26 . §kéq LA
itk _ 2% =20 _
dt AO et T L3 GkAO Jr €k Ma Sk(70)
dn
—ih Z”“‘ 200k + 2020 E Jq (71)

Direct spectral decomposition of Lrpa yields the zero
energy mode

gRPA — (2i<dk>0) and Lrpa@lPA = ] (72)
0 keD

where we used (19) and (66), and the anomalous mode
0 dp
~RPA ~RPA SRPA
€, "= A and Lrpa€, = —2i——=¢€,
(2diN<nkT>0) keD A dN
(73)

where we used the two intermediate relations

d . du AO dA go dN
2 — 4 A e
9 arto = I [e n ( ol
d “ dﬂ dAO AoLg
i 4
2 Sagy (e =~ 0N 0 . (74)

respectively obtained by taking the derivative of (15) and
of the ground state version of (12), with respect to N or
i, and further using (45) and the thermodynamic rela-
tion —N = 222 Note that we normalized ¢RF4 so that
the second equahty in (73) is identical to the one of the
semiclassical theory (33).

Lrpa does not show the symplectic symmetry (28),
hence the necessity to perform the spectral analysis of

E}L{PA to find the dual vectors defined as in (40). We
obtain [45] for the dual of the zero-energy mode:

JRPA _ (i(%@kgo)/@@o) (75)
keD

and for the dual of the anomalous mode

JRPA — <(1)) (76)
keD

Remarkably the matrix Lrpa (68) and the corresponding
Bogoliubov-de Gennes matrix £ (24) are related through
a change of basis

Lrpa =ALAT? (77)
and so are their modes
Yk \ oVi U\ (at) 0V
() = () (), = 0 (%),
(78)

where the subscript d in (), refers to the dual vectors.
Here Ak is a two-by-two matrix

ve o
Aic = (2v0 2V0) (79)

and A is a block-diagonal matrix with matrices Ay, k € D
on the diagonal. To show this correspondence, we think
of the classical fluctuations 0(dy) = (di) — (di)o and
() = (Akr) — (kr)o (where the expectation value
(...) is taken in a BCS state of the form (7) slightly
perturbed away from the BCS ground state) as a partic-
ular case of the quantum fluctuations we consider here.
In the state (7) (dx) = —UxVi according to (9), and
(nky) = W V¥, Linearizing these relations around the
BCS ground state one gets

gk & —Ug (0Vi — V) (80)
M ¢ 2V (6Vi + 0Vy) (81)

which explains the value of the matrix Ax. One has also
the correspondence ilk < 0 and fk <> 0. The equivalence
(77) between the matrices is shown in Appendix A.

In the RPA quantum theory, P and Q are now the
amplitudes of the vector (g)k ﬁlk) on the anomalous

Tk keD
and zero energy mode respectively:

Uk _ A=R
<mk)keD Q

where we have written explicitly the expansion within
the zero-energy subspace only. Using the expression of
the dual vectors (75) and (76) we obtain:

P = ka:m (83)

A pelRPAL (82)

Q

Z i k (&ik - 5d1) (84)



The resulting equations of motion are

dp

— =0 85
o (85)
dQ 2du ~ -

< = 2 Lpi7.

dt hav' © (86)

The difference with the corresponding linearized time-
dependent Bogoliubov-de Gennes equations (53) and (54)

A 0 A~
is due to the operator Z = (2/h) > 'fi‘]/\l; Sk /U that orig-
inates from the source term in (70). Its mean and vari-

ance in the BCS ground state are however zero,
Z|YBos) =0 (87)

so that this operator will not contribute to the collapse
of the order parameter in the thermodynamic limit as we
will see.

E. Collapse of the order parameter

We can now calculate the evolution of the order param-
eter for a system initially prepared in the BCS ground
state. In the Heisenberg picture,

A= goldy (81 (D)o =

=73 (de(t))o  (88)

Kk
From (82) and using (8),(14),(66),(67), we obtain the evo-
lution of dk in the zero energy subspace:

d(t) = [1+ QU)o + I (dido + S0+

(89)
Should we calculate the order parameter directly from
this expression we would obtain a constant value because
all the operators arising from the linearized equations of
motion have a zero mean value. To overcome this diffi-
culty, we recall that, for an arbitrary (i.e not necessarily
infinitesimal) phase fluctuation @, the field is modified
as

Vk = eiQVkO <Czk> = eiQ <Cik>0 (90)

The 1+ ZQ terms appearing in our decomposition must
therefore be the linearization of the operator e’ con-

tained in di (). Having recovered this factor, the order
parameter reads:

At) = Ay <eiQ<t>>O (91)

Using Q(t) = Q(O)de%%(NfN)% and going to the ther-
modynamic limit where one can neglect the contributions
of Z and of the fluctuations of the initial phase Q(0), we
obtain

A(t) = Age 2"/t (92)

where the phase blurring time ¢y, is given by (55). We
give the details of this calculation in Appendix B.

F. Application: blurring time in the BEC-BCS
crossover

The mean field BCS theory gives analytical expres-
sions of the thermodynamical quantities in the BEC-BCS
crossover [46—48] in terms of special functions [49]. We
use them here to show some numerical results for the
coherence time of a BCS ground state, paying a special
attention to the so-called BEC and BCS limits.

We imagine that we have initially prepared a BCS
ground state so that the variance of the particle num-
ber can be expressed as a sum over k using (66):

" A2
VarN =" —~ (93)
Xk
Var N is an explicit function of p and Ag. Using BCS
equations (18) and (19) we express it in terms of the
Fermi wavenumber kp = (672p%)!/3 and of the scattering
length a as we change the sum in (93) into an integral
in the thermodynamic limit and as we take the limit of
a vanishing lattice step b. The result is shown in Fig. 1.

In the kpa — 0~ BCS limit, the variance is proportional

FIG. 1: (Color online) Variance of the total particle number

N in the BCS ground state (solid line). The dashed-dotted
blue lines are the asymptotic behaviors in the BEC or BCS
limits.

to the gap and thus tends exponentially to zero:

o 37N __ =
VarN ~ 2 Aj=—"—"—8¢ 2¢ Zrlal 4
a krpa—0— 4 €r 0 4 B e " (9 )

where ep = h%*k%/(2m) is the Fermi energy. In the
kra — 07 BEC limit, the BCS theory correctly pre-
dicts the Poissonian variance of an ideal gas of composite
bosons Var (N/2) = N /2.

The derivative du/dN is the variation with N of the
energy cost of adding an extra particle to the gas when



N in average are already present. For a BCS state, it
can be obtained by taking the derivative of the mean
density equation (18) with respect to p. When b — 0,
the coupling constant go — 0 and

d/L Aoe

i~ X2 (95)
where we have defined the quantities
A Af
=) =2 X-= Y 96
ety d W
related to Ag by
A .4
FC) (7)

as it can be obtained by taking the derivative of (19)
with respect to p. The behavior of du/dN is shown in
Fig. 2 (see also [50]). Since adding an extra fermion to

(/0N (NVe,)
© O 09 909 o oo
A N W DN O N o ©

FIG. 2: (Color online) du/dN in the BCS ground state. The
full line is the BCS mean field approximation, the dashed-
dotted blue lines show the asymptotic behaviors. The dashed
red line is the exact (beyond BCS theory) asymptotic behav-
ior on the BEC side and the red cross is the value at the
unitary limit kr|a] = co deduced from the value of the uni-
versal parameter £ in the equation of state [23].

a Fermi sea costs an energy ep, u should tend to e and
dp/dN to dep/dN = (2/3)ep/N when krpa — 07, as is
correctly reproduced by the BCS approximation. In the
BEC limit, the approximation predicts for u

€r €r

+

_W . kramol + O(k/’Fa) (98)

,U/ =
kra—0t

which is the mean field chemical potential of a gas of
dimers with binding energy h?/ma® and dimer-dimer
scattering length amer. Then for du/dN

€F

— kpamo + o(kra) (99)

du/dN =
‘u/ kra—0t 37TN

The value of the dimer-dimer scattering length predicted
by the BCS theory amo = 2a [51] is however quantita-

tively incorrect. The exact value amo = 0.6a obtained
in reference [52, 53] is used to plot the dashed red line of
Fig. 2.

The blurring time is shown in Fig. 3. It tends to in-

100

gt/ hVN
5

FIG. 3: (Color online) Phase blurring time ¢, in the BCS
ground state (solid line). The dashed-dotted blue lines show
the asymptotic behaviors. The dashed red line is the exact
asymptotic behavior and the red cross is the expected value
for krla| = co. In all cases we take Var N as given by the
BCS ground state.

finity in both BEC and BCS limits, however not for the
same reasons. In the BEC limit, as it is the case in
bosonic phase dynamics, the blurring time diverges be-
cause the non-linearity of the Hamiltonian introduced by
the dp/dN factor vanishes:

37V N
kra—0% \/2epkpamol

Again the exact value apo = 0.6a is used to plot the
dashed red line. In the BCS limit however, the divergence
is due the fact that the initial variance Var N tends to
zero as the BCS ansatz converges to the Fermi sea of the
ideal gas:

tor/ R (100)

s
e+4’fF\a\

(362)1/2@

81

tbr/ﬁ ~

kpa—>07

- (101)

In the whole interaction range, the blurring time is
proportional to VN and diverges in the thermodynamic
limit as expected. We emphasize however that the parti-
cle number variance of the U(1) symmetry breaking BCS
state does not have in fact any physical meaning [54]. We
use it here as an illustration of our results. In practice
the variance of N, and hence the N dependence of the
blurring time, will depend on the details of the realization
of the interference experiment (see Sec. V).



III. WHAT THE ADIABATIC PHASE
OPERATOR REALLY IS

Surprisingly, the phase operator Q that appears in our
dynamical study is not the phase of the condensate of
pairs, 6y, that we introduce in this section.

1.  Phase of the condensate

To define the phase operator of the condensate, we
assume that the state of the gas is such that one and only
one mode, noted ¢(r1,ra), of the two body density matrix
is macroscopically populated. This mode is defined by
the eigenvalue problem (see section 2.4 in [55])

= N0¢(r1,r2) (102)

b6 Z p2(1‘1a ro; rlla rl2)¢(r/1 ) rl2)

—;
rl,rz

where ps is the opposite spin two-body density matrix in
real space

pa(ry,raixy,xh) = (I (e))P] (rh) b (x2)er (x1)) . (103)
Here ¢ is the condensate wave-function and Ny, which
scales as N, is the number of condensed pairs.

This is indeed the case of the BCS ground state. The
density matrix computed using Wick’s contractions con-
tains two non zero terms:

PQ(rlaI'Q;rlprlz)

(@] (r) & (rh))o(dhy (r2) dr (r1))o
+ (] (r] )o

)bt (r1))o(¥] (xh) by (r2))o.  (104)

The second term involves functions of r1 —r} and ro —rf
which tend to zero on typical scales given by the Fermi
length k' or the pair size h2kp/mAg. In the thermody-
namic limit, keeping only the long range (LR) part, we
obtain a factorized density matrix:

LR
P2 (rla ra; r17r2

k,k’
= Nog(r1,12)" (], 15) .

The only populated eigenvector of this matrix, here nor-
malized to unity, does not depends on the center of mass
coordinates:

(105)

A
0 e—zk (ri—r2)

\/FOLB Z 26k

Even though we deal with an homogeneous system, this
wave function depends (via €x) on the total number of
particles in the system. The corresponding number of
condensed particles is

P(r1,12) = (106)

(107)

2
7zk (r1— l‘z) ik’ (v} —r})
L6 Z 46k€k’
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Remarkably the condensed fraction 2Ng/N is equal to
the quantity Var N /2N already shown in Fig. 1, as it is
apparent from equation (93). In the ground state No/N
has a fixed value for a given interaction strength kra.
Changing this ratio by adding new particles in the con-
densate will excite the system. In the BEC limit all the
composite bosons are condensed, whereas in the BCS
limit the number of condensed Cooper pairs goes to zero
as Ag — 0 and the state of the system approaches the
Fermi sea.

The amplitude of the field of pairs on the condensate
mode is obtained by projection onto the condensate wave-
function:

a0 =) ¢ (r1,ra)idy (ra)ihr (r1) (108)

rira

And the phase of the condensate is the phase of this am-
plitude

5 1
—ify __ I
e "0 = 0

(109)

where NO = dgdo and éo is hermitian. In the BEC limit,
aop obeys bosonic commutation relations and the phase
operator is well defined if we neglect border effects for an
empty condensate mode [56]. It then generates transla-
tions of the number of condensed dimers:

(NP4 age0No00) = Ny + 6Ny (110)
Out of the BEC limit, ag is not a bosonic operator and
the translation (110) does not hold [63]. In the BCS

approximation the phase can be expressed analytically:

—iflo _

Roat 4 (111)

\/— Z _ak’ra Kkl

If we linearize (111), close to the BCS ground state, we
obtain an expression with a structure similar to (84):

e

P 1

0 112
A (112)

(6dk - 5dT)

but the coefficients on each mode of wave vector k are
different so that 6y is not in general equal to Q.
We note that the variance of § (at time ¢ = 0) has the
property
Var 0 (0)Var N = 1 (113)
In Fig. 4 we show, as a function of 1/kpa, Var Q(0)Var N
and Var 0 (0)Var NV, the latter being identically equal to
one (113) and the former being larger than one. The

value of Var Q(0) is given in (B5). The variances of the
two phases coincide only in the BEC limit.
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FIG. 4: (Color online) Product of the variances of the phases
with the variance of the number of particles at time ¢t = 0 for
a system in the BCS ground state. The black solid line shows
Var Q(0)Var N, the dashed red line Var 6p(0)Var N, and the
blue dashed dotted line is the BCS limit of Var Q(0)Var N.
The expression of Var Q(0) is given by (B5) and the one of
Var N by equation (93).

2. The adiabatic phase shifts the number of particles in the
ground state

To explain the difference between Q and éo, we study

the action of €@ on the BCS ground state. Using the
expression (84) we write

251\7
uSNQ = H exp ( UO yk>

20N -+ 1,0
~ H (1-#@1() (114)
SN<N - Uy
Then acting on the BCS ground state we obtain
2
I1 (1285 ) e
k k
d
"II {< —26N _.Uk)
( ~20N - Vk) s k¢] |0) (115)

and hence the property

[¥Bes (N —20N)) (116)
Q is then the generator of adiabatic translations of the
number of pairs in the ground state. In the BEC limit

Pauli blocking plays no role and the ground state is a

¢INRQUYS o (N)) =

11

pure condensate of dimers, Ny = N /2. We are then not
surprised that translating the ground state or translating
the number of condensed particles be strictly equivalent:

by (117)

—
kp a—0t

as we have checked explicitly. In other regimes, Pauli
blocking cannot be neglected. Adding a new Cooper
pair in the ground state thus requires to update the wave
function ¢. Q does this updating whereas 0y creates ex-
citations out of the BCS ground state.

Using the RPA equation (70) we can evaluate the time
derivative of éo. For simplicity we give the results only

in the zero lattice spacing limit (more details are given
App. D):

d90 1
dt b0 20N,

|:ﬁlk(€k - gk) SkA_i (118)

where the contribution involving my is not proportional
to P except in the BEC limit. 6o thus has a projection
on the excited modes of the RPA equations. However we
argue that the long time dynamics of the two phases is
the same. We expand gy over the eigenmodes of £ using
(89) including the projection y5*® of gi over the excited
modes of L:

e = 2iQdio + G (119)
Inserting this expression in (112) and using (66), we find
remarkably

AOAX
90_Q+WZ Ui

(120)
At long times, the second term on the right hand side
of (120), which is a sum of oscillating terms, is negligi-
ble with respect to the first term that is linear in time
according to (86).

8. The bosonic case revisited

We show here that even for bosons, the adiabatic phase
and the phase of the condensate do not coincide if the
condensate wave function depends on the particle num-
ber as for example in the trapped case.

a. Figenmodes of the linearized equations The adia-
batic phase QP naturally appears in the dynamics when
the number of particles is not fixed. To set a frame, we
consider the symmetry breaking description in section V
of [38]. The linearized dynamics is ruled by the opera-
tor Lgp obtained by linearization of the Gross-Pitaevskii

equation:
51 5t
gy (nir) = 20 () e



The field fluctuations of the bosonic field operator are
51/; = 1[) — Uy where we introduced the ground state order
parameter ¥g = <1/A)>0 taken to be the positive solution of
the Gross-Pitaevskii equation

(ho — u+ go¥3) W =0, (122)
and
ho + 29003 — 9003
L 0 . (123
ar = ( —90‘1’2 —(ho + 2903 — 1) (123)

Here hg is the one-body Hamiltonian including kinetic
energy and trapping potential. In addition to the usual
Bogoliubov modes, of positive energy ef and modal func-
tions UP(r) and V,B(r), such that

UB Us
cor (1) = (72)
with Y 03[|UB(x)|> — |[VB(r)]?] = 1, Lgp has a zero-

energy and an anomalous mode. With similar notations
to those of section II [64]

5 _ (Vo ~B _
€, = (—i\IIO) and € (da 0) (125)

d
dB ( dN\II\I?O) and df:(gg) (126)

where Wy = V N¢y is the order parameter and ¢ is the
condensate wave function. One has

(124)

Lepel =0 (127)
d
Lep el = fid—]l\ff eB . (128)
One then obtains the decomposition of unity [38]
Uy d d %o
1= (—\Ilo) (d—N\I/O _d_NlIIO) + (Z%\IIO (\IJO \110)

Bx
#3 (vp) e -+ () (i iz
b. The adiabatic phase The adiabatic phase QB and
all the other operators that have a simple linearized dy-
namics are obtained by projecting the vector of field fluc-

tuations over the modes discussed above, using their dual
vectors given in (129):

5 W\ A5, (7%%0\ 55
L) = . P
(sin) = (25,) @ (2w,
Uf : V,\B* ot
with the operator valued coefficients

QP = —zzzﬁ—% ) [69 ) - a0 w)]  (131)
PP = 3 5W(r) [&p(
By = Y0 |Uf () a(r) -

r) + 5¢T(r)} — 6N (132)

ViE () 691 (r)] (133)
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From (121) and (130) we easily get

d 5B Ldp 4p d 55

- —__1p — PP = 134
dtQ hdN dt 0 (134)
As in the fermionic case one can check that Q7 is a gen-

erator of adiabatic translations of the number of particles

N fo(N) > [a(N-ON)  (135)
SNKN
where |(N)) is the bosonic coherent state
|a(]\7)> — e b3[\1/0(N,r)w(r)—h.c.]|O> (136)
To show (135), one can use the identity
eApB — oA+BL[A,B] (137)

where A and B are arbitrary linear combinations of 41 (r)
and ().

c. Phase of the condensate We define the phase of
the condensate as the phase of the operator a2 that an-

nihilates a particle in the condensate mode ¢g. To first
order in the field fluctuations:
o8 b3 o (r) [ — ot r} 138
Oy \/—Z P(r) (r) (138)
From the bosonic commutation relation [af, (aF)'] = 1

it results that 963 is conjugate to No. As a consequence
0F is the generator of translations of the number of con-
densed particles [57]. At variance with the transforma-
tion induced by Q{)B, the transformation induced by 969
is non adiabatic as soon as the condensate wavefunction
depends on N.

Indeed from the definition of the phases (138) and
(131), and given the fact that

d oo = d
—Vy=—=+VN—
0 2v'N de)O

pi (139)

we see the adiabatic phase and the phase of the conden-
sate are different operators if %qﬁo # 0. In particular we
have

éég =QF - %Z (CY/\BA - OCT\B;) (140)
A
with
ay = Zbgf% Vi ()]

fzzﬁ—m UL (r) -

Vi ()] (141)

where we 1nserted (130) in eq:thetaB and use the fact
that >, b4, (UP —V,f) = 0. By taking the time



derivative of (140) we obtain the dynamics of the phase
of the condensate 6
d g 1 du

~ 1 ~
Lop - _~Wpp - ( BB, 4h. ) 142
dar’o hdN +h; ey By fhe ) (142)

The operators By corresponding to excited Bogoliubov
modes oscillate in time. The equation (142) then indi-
cates that, although they are different operators, éég and
QB have the same dynamics at long times, dominated by
the constant term in (142) proportional to PZ. The os-
cillating terms in the condensate phase derivative (142)
are also found within a number conserving theory in the
spatially inhomogeneous case [39)].

IV. BEYOND BCS THEORY

A. Restoring a physical state by mixing symmetry
breaking states

In our study of the phase dynamics, the choice of a
symmetry-breaking ground state as the starting point of
a linearized treatment is more than a matter of conve-
nience in the sense that no zero temperature phase dy-
namics would appear in a state with a fixed number of
particle. Therefore we need to give a precise meaning to
this choice of an a priori non physical state.

Experimentally one cannot prepare a BCS state with
a well defined phase. The choice of a broken symme-
try state is however meaningful when we deal with a bi-
partite system, for example a Josephson junction with
two wells a and b. We imagine that the two subsystems
interact in a way that fixes the relative phase ¢ but leaves
the global phase 8 as a free parameter. For a given re-
alization we write the initial state of the system as a
product of BCS ground states:

16(8)) = NNjee” (aCite®BE]) g

where o and 3 are real numbers and C‘l(b) creates a pair

(143)

in well a(b) centered in position r,). As we said, the
relative phase ¢ is fixed whereas the global phase 6§ must
be treated as a random variable. The physical state of
the system is then described by the density operator

p= [ Gl

since, contrarily to (143), it does not contain unphysical
coherences between states of different total numbers of
particles [10]. The corresponding correlation function

C(t) = Tr (P, 0] (0, )y (0, )8y (x0,1) ) (145)

can be expressed in terms of the order parameters of the
two subsystems:

Ct) = W’%CSVH(I% t)"Z)I(rbv )YBes)
x (Yhes |ty (Ta, )01 (Ta, ) [Yhcs)  (146)

(144)
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where [1h80g) = Noe®Cll0) and |[hos) = Noet “4C|0).
The predicted Gaussian collapse (92) of these order pa-
rameters thus implies a Gaussian decay of the correlation
function.

B. Blurring time beyond mean field approximation

1. Collapse of the order parameter beyond the mean field
approrimation

Now that we have given our symmetry breaking de-
scription of phase dynamics a precise meaning, we wish
to generalize it beyond the mean field approximation. To
this end we introduce the state |¢):

) = enlto(N)) (147)

where |¢o(N)) is the ezact ground state with exactly N
particles, and ¢y are coefficients of a distribution peaked
around N. The state (147) differs from the BCS ground
state insofar as the projection of the BCS state of (3) onto
the subspace with IV particles is not the exact ground
state for that particle number. The state [¢)) leads to a
non zero order parameter:

U = (Pl rfep) £ 0

that we will show to undergo a collapse using minimal
approximations.

During the time evolution, each eigenstate |¢o(N)) i
(147) acquires a phase factor involving its energy Fo (N
in the canonical ensemble, that we expand around N
N:

(148)

=

~—

dp

I | .
Eo(N)=pN = Eo(N)=pN+5(N-N)"—o

(N =N)+...
(149)
For the time evolution of the order parameter this implies

-t dp 2it — d/J/
(t) = e2n(—rtan) Zexp [——(N —N)—
~ h dN

X (o(N = 2|y |0 (N))ehy_sen  (150)

Assuming a weak dependence of the matrix element on
N:

(o (N — 2)[thy 4 1o (N)) 2= (o (N — 2)|th b0 (N))
~W(t=0) (151)

and changing the sum into an integral for a Gaussian

distribution of ¢y of width V VarN , one obtains the ex-
pected collapse

T(t) = (0 ovarie () L 152
0= ved2vard (F)  SH 05

From (152), we recover the expression of the blurring
time tp, of (55), except that now the exact chemical po-
tential and the physical variance of the particle number
enter.



2. Generalization of the adiabatic phase and its dynamics

We now generalize the adiabatic phase and show that
its dynamics can be formally derived beyond the lin-
earized dynamics of Sec. II.

a. Generalized adiabatic phase We define the gener-
alized adiabatic phase @ as a generator of translations of
the exact ground states:

¢ONQyo(N)) = J1ho(N—25N)) (153)

Using this definition, we can calculate the commutators:

R, 69) = S Eo(N—2)— Eo(N)] [0 (N)) o (V)

N
= —2u(N) (154)
and
e QAL [H,. . [H,e9) = (f2u(1v)) (155)
—_——
P

one can show that formally

Q) — ,iQ(0) ,—2in(N) £ (156)

A more convenient expression can be obtained at short
times, writing Q(¢t) = Q(0) + Q(t) — Q(0) and treating
Q(t) — Q(0) as an infinitesimal [65]:

~

Q(t) — Q(0) ~ —2u(N)~

- (157)

whose variance predicts a t? ballistic spreading of the
phase change during ¢, that reproduces (55) for small
relative fluctuations of the total atom number. Another
application of (156) is that, in the case of negligible initial
fluctuations in the phase operator @ around zero,

<eiQ(t)> ~ <e—2iu(1\7)%> (158)
that reproduces the Gaussian decay of (152) for weak
relative fluctuations of N.

V. HINTS FOR AN EXPERIMENT

To conclude this work, we propose an experimental
situation in which one could observe, for any value of the
interaction strength, the phase dynamics that we have
described. The first step is to prepare an ideal gas of
bosonic dimers in a trap (see Fig. 5). In the middle of
this trap we adiabatically raise a barrier that splits it
into two wells a and b (see Fig. 6). Such a splitting was
achieved experimentally in [32]. During this stage, the
tunneling link and the adiabatic variation of the trapping
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FIG. 5: Ideal gas of bosonic dimers initially in a single-well
trap

FIG. 6: The gas is split into two components by adiabatically
changing the single-well potential of Fig. 5 to a double-well
potential

potential ensure that the gas remains in its ground state:

1 at it
a' +
= 0 159
) (N/2)!< 7 ) 0 (59
N/2
= Z Cny et Ga; N/2 —ng : ¢p)  (160)
ng=0
where ¢,,, = 2%\,/2 (11{12) 1/2, ®a(p) is the condensate wave

function in the a(b) well, n, is the number of bosonic
dimers in the a well, and N is the total number of
fermions in the two wells.

We then cut the link between the two wells so that
they form isolated but entangled systems. We tune the
scattering length to reach the region of the BEC-BCS
crossover we wish to study. The evolution is slow enough
so that the state |ng : ¢a; N/2 —ng @ ¢p) evolves to a
state [18(2n4); Y8 (N —2n,)) with 2n, fermions (N —2n,
fermions) in the ground state of the a (b) well:

N/2

) = cn, |G (2na); U5 (N — 2n4))

ng=0

(161)

but fast enough so that phase dynamics during this stage
can be neglected. We then let the the state (161) evolve
from 0 to ¢.

Finally, we measure the left-right equal time correla-
tion function

Cab (t) = <1/;';r*(rba t)'LZJI (rb7 t)iﬁi (I‘a, t)'LZJT (rm t))

Following the steps of the derivation of the previous sec-
tion (Sec. TV B2), and writing with a subscript a(b) the
operators acting on the a(b) well, we predict

Can(t) = Cap(0) exp lQH—f (%)2 Var (N - Nb)]
(162)



where the second equality assumes the quadratic expan-
sion of the energy around the mean atom numbers for
equal chemical potential in the two wells.

Direct measurement of pair correlation functions using
noise correlations in time-of-flight images have been pro-
posed in [33, 34, 58, 59]. Experimental results in that
direction have been obtained for fermions in [60, 61]. An
alternative possibility is to ramp the interactions back to
the BEC side before the measurement. The pair correla-
tion functions should behave as bosonic one-body correla-
tions functions whose measurement was already achieved.

VI. CONCLUSION

By linearization of the equations of motion around
the BCS ground state for an interacting spin 1/2 Fermi
gas, both in a time-dependent Bogoliubov-de Gennes ap-
proach and in the RPA approach, we microscopically de-
rived the existence of and we gave the explicit expres-
sions for a zero-energy mode and an anomalous mode,
associated to infinitesimal generators of the translation
of the phase and of the adiabatic translation of the num-
ber of particles, respectively. Projection of the quantum
field of pairs on these modes yields conjugate phase and
number operators, and the linearly increasing dispersion
of the phase operator in time is responsible for the col-
lapse of the order parameter. We predict a coherence
time of the order parameter depending of the derivative
of the chemical potential of the gas with respect to the
atom number, and on the variance of that atom number.
In the thermodynamic limit, with a variance scaling as
the mean atom number, the coherence time scales as the
square root of the system size, and it is thus observable
in systems with relatively small particle numbers, such as
cold atomic gases. As expected, in the BEC limit of the
crossover, where the ground state of the system is a con-
densate of bosonic dimers, our formula for the coherence
time is consistent with what is known for bosons.

Further studying our phase operator, we interpret it as
a generator of adiabatic particle number translations for
the ground state of the gas; it is in general different from
the phase operator of the condensate defined from the
amplitude of the field of pairs on the condensate mode.
This difference originates from a dependence of the con-
densate wave function on the number of particles, which
is the case for our fermionic system, even in the spatially
homogeneous case. With this interpretation of the phase
operator in mind, we were able to extend our results for
the blurring time and for the phase dynamics beyond the
BCS mean field approximation.
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Appendix A: Relation between the linearized
time-dependent Bogoliubov-de Gennes and the RPA
equations

1. Time-dependent Bogoliubov-de Gennes
equations

From the expression (12) it is apparent that the deriva-
tive of the energy with respect to Vi can be deduced from
the derivatives of the density and order parameter

I _ W

= Al
OV L3 (A1)
A 90 Vi ?

= 5N - A2
i L3 (U“ 20y (A2)
A" go ()

= = A3
OV L3 2Uy (A3)

where we used (8), (9) and (13). We then obtain
d oF h2k?
mdt Vi E1 ( o M + QOPT) Vi
S AT+ S (AT TEA) (Ad)

2Ux

By linearizing around the BCS ground state value V;?,
we obtain

. d OF AoV
CihLsr =2~ (2 k) g
Ve = an (5“+ g ) Y

AoV (d)? \
1
+ Ul(() ( + 2(U£)2 (5Vk + 5Vk)
0 0 * (Vl?)Q *
+ 290V dpy — UOA™ + <5 (0A + 6A*)  (A5)

20

where 0py and JA are obtained by linearizing (9) and
(13)

1 *
opr =75 D Va (0Va+0Vy) (A6)
q
_ % o (9) Va) .
A =-75 (Uq 308 Vg — 200 SV |(AT)
q

Referring to the notations in (25), we finally obtain

Avo V02
Akqakq{2§k+ 2k {2+ W ]}

Ui 2(Uy)?
07/70\2 0)\2 0\2
9o 0770 0770 (Vkvq) *(Uk) (Uq)
+== 12(U. U+ V. V) +
I3 ( k¥ q k q) 2U£U3
(A8)



AoV (V)2
Biq = 1
ka = fka 0 [ REICE
VieVq)? — (Uw)* - (Ug)
0 04 (Vi q k q
+ 55 |vug + 2vdvy + 20003
(A9)

2. Link with the RPA equations

Using the correspondence (80) and (81) and (A5) we
obtain

m%mk & 20U (6Vi — 0ViF) — 2U2VY2 (6 — 6A¥)
(A10)
0
inLoe o -t (6Vi + 0V) — 4go VU L5+
dt Ao
+ [(UR)* = (Vi)?] (6A + 6A%) (A11)

where, to obtain the simplified forms of the coefficients
of 6Vi — 6V; in (A10) and of 6Vi + 6V} in (A1l), we
used the equation (15) in the forms

AoV = (e — &) U AoUR = (e + &) Vi (A12)

or alternatively we eliminated &k from (A5) using (14).
Remarking that

SA + A" Z 5“ A (A13)
SA — 6A* & ﬁ ng (A14)
k
1 .

and using (66) we then recover the equations of motion
(70) and (71) except for the Sy contribution. This is not
surprising because the BCS ground state is an eigenstate
of Sk with zero eigenvalue (see (65)). The expectation

value (Sk)BCS is then a quantity of second order in Vi,
V.

Appendix B: Computing (eiQ(t)> in the BCS
approximation

In section II we obtained

= ZQk(t) (B1)

k

where Qi (t) is a linear combination of the operators
M (0), 9x(0) and (x with time-dependent coefficients.
Due to the factorized form of the BCS state, we have

o = [T (e’ uy) (B2)

k

<eiQ(t)>
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Within the two-
|0) and [1)x =
JL|O>, the operator Q acts as a linear superposition of
Pauli matrices and 1, which allows to calculate its expo-
nential exactly [45]. If we however consider (i) the ther-
modynamic limit and (ii) time scales of order L3/? (as
expected from the expression of t,) such that ¢/L3 — 0
for L — oo, we find that Qi (t) — 0 and it is sufficient to
expand its exponential to second order within each factor
of the product over k:

where i) = (U9 - VL) o).
dimensional subspace spanned by |0x) =

(€90 ~]] [1 - %@i(t»} ~ e (@2 (B)
k

where we use the fact that 3, (Q3 (¢ )> (Q%(t)). The
contribution of Z to the variance of Q(t) is exactly zero
due to (87) as well as the one of the crossed terms between
Q(0) and P, so that

(@) = il (d“

@on+ 3z (%) 8 ®

By legitimately neglecting the variance of Q(0),

Var Q

(5 0)2
—4 Z
we finally recover (92).

Appendix C: Initial variance of the adiabatic phase
in the BCS ground state

In equation (B5), d;f; can be deduced from the first

line of (74),
X &
14 =5k
MG Ao)

where we have neglected the mean field contribution
godp?/dp in the b — 0 limit and used the relation (97).
Expressing du/dN in terms of X and © from (95), we
obtain

A

= 1
du 2e (C1)

A 1
Var Q(0) = m[

A}
Xy
k

i

Al
0
oy
€k
A3E

g
+2X0 ;



Appendix D: Details on the computation of %éo

Taking the temporal derivative of (112) and replacing
%gk by its RPA expression leads to

d » 1 9o 9oéx .
Lhp=——— 05, 4 LSk,
dat 28N, [; <6“+ o3 =1 T s 2 ) M

K Sk
where
A2 -
¥ = Ze—Q:VarN (D2)
k k
3
Yy = 26_2 (D3)
k k

31 tends to a finite value in the limit of zero lattice spac-
ing, regardless of the system size. Consequently, its con-

17

tribution in (D1) tends to zero:

9o
DY) D4
21371 bjo 0 (D4)

39 does not converge in the limit of zero lattice spacing,
but using the gap equation (19) we can rewrite it as

2L3
Yo=——+2X3

go (DS)

v G : < N
where X3 = >~ 2 converges since X3 < X;- As a
consequence

go
90 v, 1 D6
2052 30 (D6)

and hence the value of the limit of dfy/dt given in (118).
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