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Abstract. We perform a multimode treatment of spin squeezing in-
duced by interactions in atomic condensates, and we show that, at finite
temperature, the maximum spin squeezing has a finite limit when the
atom number N — oo at fixed density and interaction strength. To cal-
culate the limit of the squeezing parameter for a spatially homogeneous
system we perform a double expansion with two small parameters: 1/N
in the thermodynamic limit and the non-condensed fraction (Nnc)/N
in the Bogoliubov limit. To test our analytical results beyond the Bo-
goliubov approximation, and to perform numerical experiments, we use
improved classical field simulations with a carefully chosen cut-off, such
that the classical field model gives for the ideal Bose gas the correct
non-condensed fraction in the Bose-condensed regime.

1 Introduction

A two-level atom can be described as an effective spin 1/2. Here, to describe an
ensemble of atoms in two different internal states a and b, that are typically two
hyperfine states, we use the picture of a “collective spin”. This spin, of length N /2, is
simply the sum of the effective spins 1/2 that describe the internal degrees of freedom
of each atom. In the second quantized formalism the three hermitian spin components

S'z, Sy and SZ are defined by:

S, =8, +iS, = /d% (e )iy (r) (1)
S, = No— Ky (2)

2

where the bosonic field operators ’L/AJa,b obey the usual commutation relations, N, =
[ d&3r 1/32;(1' )@a(r) is the atom number in component a and the same for b. The spin
operators are dimensionless and obey the commutation relations [Sz, Sy] = iS’Z and
cyclic permutations. Physically S, is the population difference between a and b states,
while S, and Sy describe one-body coherence between them.

® e-mail: alice.sinatra@lkb.ens.fr
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Spin squeezing [I] is about creating quantum correlations, in such an ensemble of
atoms, that can be useful for metrology. In particular spin squeezed states can be used
to improve the accuracy of atomic clocks beyond the so called “standard quantum
limit” that has been already reached in the most precise clocks [2]. The resulting gain
for metrology is quantified by a spin squeezing parameter &2 [314]:

NAS?
2 1,min
where N is the total atom number and ASi ‘min is the minimal variance of the collec-

tive spin orthogonally to the direction of its mean value (S). The state is squeezed if
and only if £€2 < 1. As explained in [3], in an atomic clock experiment using Ramsey
population spectroscopy, ¢ directly gives the reduction in the statistical fluctuations
of the measured frequency wqp, with respect to using uncorrelated atoms (for the same
atom number N and the same Ramsey time 7 ):

€
Awlt = EAWYC = 4

ab 5 \/NT ( )
The parameter ¢ in Eq.(3) is in fact the properly normalized ratio between the “noise”
AS| min and the “signal” [(S)|. In experiments AS| min is directly measured by

measuring S, after an appropriate state rotation and |(S)| is separately deduced from
the Ramsey fringes contrast.

Very recently experimental breakthroughs in spin squeezing have been achieved
using either the interaction between atoms and light in an optical cavity [B] or atomic
interactions in bimodal Bose-Einstein condensates [6], [7]. The ultimate limits of
the different paths to spin squeezing are still objects of active studies [RIOTO/TTIT2].
We address here the issue of non-zero temperature and of the influence of the non
condensed fraction for spin squeezing schemes using Bose-Einstein condensates.

We face the following physical problem: An interacting Bose gas, prepared at fi-
nite temperature in the internal state a, is subjected to a sudden 7 /2 mixing pulse
that puts each atom in a coherent superposition of two different internal states a and
b. From this out of equilibrium state, with factorized spin and motional variables,
quantum correlations and spin squeezing are created dynamically by the atomic in-
teractions [I], [4]. Let us first sketch how this happens in a simple two-mode picture,
i.e. assuming that all the atoms in a or b share the same wave function for their
motional degrees of freedom. After the mixing pulse, the two condensates in a and
b have a well defined relative phase, with a relative phase distribution whose width
scales as 1/ VN, and fluctuations in the relative particle number difference scaling

as V' N. In a two-mode picture, the initial state can be expanded over Fock states
|No, N — N,) with N, particles in state a and N — N, particles in state b. Due to
atom-atom interactions, each Fock state acquires a phase in the evolution that is
proportional to N, — N, [TIT3IT4]. This situation is completely equivalent to the evo-
lution of a coherent state in a Kerr medium in optics. During the evolution, due to
the different phase shifts of the different Fock states, the relative phase distribution
starts to spread. At the same time, quantum fluctuations orthogonal to the mean
spin direction get distorted and, before the relative phase distribution has sensibly
spread, spin squeezing is created in the sample. Our aim is to include the two-mode
quantum dynamics that we just described, and the effect of the thermally excited
non-condensed modes within the same formalism. The thermal modes also provide
a condensate phase spreading [I5],[16],[17],[I8] and are expected to affect the spin
squeezing generated in the system at non-zero temperature [9]. For a review of spin
squeezing and decoherence see also [11].
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A central issue is the scaling of the squeezing as the system gets large, i.e. in
the thermodynamic limit. Most studies are based on a two-mode description [I]. In
this frame the squeezing parameter minimized over time 2 tends to zero (infinite
metrology gain) for N — oo as €2, ~ N~2/3. Although some studies beyond the
two-mode theory were performed [4I9120] they could not prove or disprove the two-
mode scaling of spin squeezing in real condensates. Here we can go further. We find
that for realistic atom numbers, the two-mode scaling £2. ~ N~2/3 is meaningless at
finite temperature and that the spin squeezing parameter £2.  at the thermodynamic
limit has a finite non-zero value that we calculate explicitly. In this paper we present
a detailed derivation of the results given in [9] and we present new improved classical
field simulations, with a carefully chosen cut-off such that the classical field model
gives for the ideal Bose gas the correct non-condensed fraction in the Bose-condensed
regime. We also present results for the squeezing that would be measured by detecting
only the condensed particles, which we call the “condensate squeezing”, and we show
that it is much worse than the squeezing of the total field for reasons that we explain
in the paper.

In section [2] we formalize the problem and expose our approach to solve it. In
section B] we proceed with two numerical experiments. These experiments show (i)
the existence of a non-zero thermodynamic limit for the squeezing parameter in con-
trast with the predictions of the two-mode theory, and (ii) the universal scaling with
the temperature of the squeezing in the thermodynamic and weakly interacting limit.
Analytical calculations are performed in section @l By performing a double expansion
of €2 in terms of two small parameters, the inverse atom number 1/N controlling the
thermodynamic limit and the non-condensed fraction controlling the weakly interact-
ing limit, we obtain explicitly the minimal squeezing parameter that it is possible to
achieve by this method as a function of the initial temperature and the interaction
strength. A physical interpretation of the results is given in section [l In that section
we also show that the squeezing defined for the total field and the squeezing defined
for the condensate mode only are very different and we give a physical explanation.
We conclude in section

2 The problem
2.1 The Quantum Model

We consider a spatially homogeneous system of N bosons in two internal states that
interact with short range binary interactions. We take for simplicity identical in-
teractions in components ¢ and b and no crossed a-b interactions [I. The system is
discretized on a cubic lattice of lattice spacing [, with periodic boundary condition
of period L along each direction x,y, z. For numerical convenience, L/l = npax is
an even integer. There are in total N' = V/dV lattice points, where V = L? is the
system volume and dV = [® the unit cell volume. The Hamiltonian for one separate
spin component, e.g. component a, reads

; PR o 90 itV eV (£)d)

i, - e+ Lav S G )L (1) (x) i (r) (5)

k r

2m

In the kinetic energy term we have expanded the field operator over plane waves
eik~r

Jja (I‘) = a (6)
2T

! In 8"Rb atoms this may be done by spatial separation of the spin states [7] or by Feshbach
tuning of the a-b scattering length [6].
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and ay annihilates a particle of wave vector k belonging to the first Brillouin zone
(FBZ) [—7/l, /I[> of the lattice, so that along each direction v, k, € 22{—L/(2l),...,
L/(2l) — 1}. Since we consider a lattice model, the field operator here obeys the
discrete bosonic commutation relations (76). The second term in (Bl represents atomic
interactions modeled by a purely on-site interaction with a bare coupling constant on
the lattice gg. In practice, to recover the continuous space physics, [ is taken to be
smaller than both the healing length &pea1 and the thermal de Broglie wavelength Agp.
In the weakly interacting regime, |a| < &neal, AdaB, one can further take [ > |a| so that
in the following we will identify go with the effective coupling constant g = 47h%a/m
where a is the s-wave scattering length [4.
Initially at ¢ < 0, all the N atoms are in the internal state a in thermal equilibrium
described by the canonical density operator
1 sn,
p=e (7)
with 8 = 1/(kpT) and T < T, where T, is the transition temperature for Bose-
Einstein condensation.
At t = 0 an electromagnetic pulse mixes the states a and b. The pulse Hamiltonian
acting during a time interval ¢,,1¢e is

R h2 oA iy n
Vo =57 2V Wi — ) (8)

In practice the timescale tpuise is shorter than all the relevant timescales in the original
Hamiltonians H,; so that we can take the limit tpuse — 0, 2 = 0o with 2tpu1se =
/2. After integration of the Heisenberg equations of motion during tpuise, it is found
that the fields are transformed by the 7/2 pulse as follows:

. 1~ .
5o(0%) = 210 (07) = (07 (9)
0(0%) = L[ (07) + G (07)] (10)

V2

We are interested in the squeezing and quantum correlations that develop during the
non-equilibrium dynamics following the pulse for ¢ > 0.

2.2 Our Approach

The problem of the scaling of the squeezing for N — oo in the multimode case
implies the solution of the non-equilibrium quantum dynamics for a large number
of atoms and a large number of modes. We cannot solve exactly this problem even
numerically. However, what can be solved exactly on a computer is the “classical
field equivalent” of our problem. We then adopt the strategy summarized in Table [l
We use the classical field model to (i) perform numerical experiments and (ii) test
a perturbative solution that we can generalize to the quantum case. The quantum
perturbative solution is then used to get quantitative predictions on the real physical
system.

2 The exact relation between the bare coupling constant and the effective coupling constant

. 3 m
is1/9=1/g90 + [ppy %W? where FBZ=[—7 /I, 7 /I[3.
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Table 1. We cannot solve exactly the problem in the quantum case but we find an analytical
perturbative solution. We check our perturbative approach in the classical case where we
can solve the model exactly (numerically).

Quantum field solution Classical field solution
model available 7 model available 7
FI[QZ)G (I‘)7 ’&b(r)] no H [%(r% wb(r)] YES
Perturbative yes Perturbative yes

2.3 Classical field model

The classical field model [2T22] is obtained by replacing the quantum fields with
classical fields in the Hamiltonian [

O s Vs = Bk s Ui Vb (11)

In the equations of motion the commutators are then replaced by Poisson brackets.
The classical field model is useful when the interesting physics is given by low-energy
highly populated modes [23I24125]. For our classical field simulations, we assume that
this is the case in the equilibrium state before the pulse, with all the particles in state
a. The initial field 7,/1,(10) then randomly samples the thermal equilibrium classical field
distribution for the canonical ensemble at temperature T’

1 _
Pcl = Ee pH (12)

where H is the classical Hamiltonian, which is a discrete version of the Gross-
Pitaevskii energy functional:

h2 k>
H = ; 2m

For the initially empty state b, inspired by the Wigner quasi-probability distribution
of the quantum density operator and the truncated Wigner approach [2612728/29]
we represent the vacuum by a classical field 1/)50) having in each mode independent
Gaussian complex fluctuations of zero mean and variance 1/2: More precisely, we set

aiaic+ SV Y (0)0; (1) (r)ba(r) (13)

bf(o) = X 4+ 1Y where the independent real random variables X and Y have the same
Gaussian probability distribution

P(x) = \/%6_2””2 (14)

At ¢t = 0 the fields are mixed by the pulse according to ([@)-(I0). At later times, the
fields, ¥, and v evolve independently according to the discrete non-linear Schrodinger
equation (v = a,b)

2

i Oy, — {M ; gm(r,t)ﬁ] o (15)

2m

3 In this classical limit, the substitution go — ¢ is required, since the difference between
1/go and 1/g is due to quantum fluctuations.
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where the discrete Laplacian A has the plane waves exp(ik-r) on the lattice as eigen-
vectors of eigenvalues —k2. The lattice model automatically provides a momentum
cut-off to the classical field model, corresponding to the boundaries of the first Bril-
louin zone FBZ=[—7/l, 7 /l[>. The various observables have a more or less pronounced
dependence on the cut-off. Here, guided by our analytical results (see section M) we
choose the cut-off such that, in the thermodynamic limit, the non-condensed density
for an ideal gas in continuous space in the Bose condensed regime (zero chemical
potential) is exactly reproduced by the classical field model:

/ Er1 _/ Bk kT 6)
R3 (27T)3 eﬁEk —1 h FB7Z (27T)3 Ek

where Ey, = h%k?/2m is the kinetic energy, the mode occupation numbers are given
by the Bose formula for the quantum case and by the equipartition formula for the
classical case. As revealed by the change of integration variable K = A\ggk, the con-
dition (I6) is an equation for I/Agp with Agp = [277%/(mkpT)]'/? the thermal de
Broglie wavelength. The integrals on both sides of (Il can be calculated analytically,
see e.g. [30] for the integral in the right-hand side, and the usual factor ((3/2) appears
in the left-hand side (where ( is the Riemann Zeta function). The condition (6] then
gives B ~ 2.695kpT with E;*** is the maximal kinetic energy on the grid, here
Erax = 3h2(n/1)%/(2m) B.

3 Numerical Experiments
3.1 Dimensional analysis

As specified in subsection 2.1l when the lattice model approaches the continuous space
physics for our observable (the spin squeezing), the physical parameters of the model
are the atom mass m, the effective coupling constant g characterizing low energy
binary interactions between the atoms, the temperature 7', the total atom number N
and system volume V:

FL2

m

y 9, kBTa Na 14 (17)
The spin squeezing parameter optimized over time, £2. | is a dimensionless quantity.

It is therefore a function of the independent dimensionless combinations that we can
form from the ensemble (IT):

kpT
2 _ f(N,\/pa®, B 18
gmln f( ) pa’ ) pg ) ( )

Here /pa? is the “small parameter” such that /pa® < 1 characterizes the weakly
interacting limit, and pg is the mean field chemical potential of the gas (at T' = 0).
The same dimensional analysis and the same general form of £2. hold for the classical
field model.

4 In the classical field simulations, to ensure maximal ergodicity, we did not use a cubic
lattice. We used the following aspect ratios for the quantization box, L2 : Li C L2 =42
(1+ \/5)/2 : /3, and we discretized the positions with the same even number of points nmax
along each direction. This corresponds in condition ([If) to a slightly asymmetric FBZ.
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Fig. 1. (Color online). Minimal squeezing parameter (that is, minimized over time)
for four different temperatures and increasing system sizes in the thermodynamic limit
N — oo, p,g,T = constant. Squares: classical field simulations result. kgT/pg =
1.13(a), 0.78(b), 0.50(c), 0.28(d). For all the points y/pa3 = 1.32 x 1072. The horizontal
dashed lines are analytical results in the thermodynamic and weakly interacting limit (1))
that are the classical field equivalent of (G2]). The grid sizes (number of points per direction)
are nmax = 12, 16, 20, 32, 36 for (a), nmax = 10, 12,16, 32,40 for (b), nmax = 12, 16, 24, 36, 40
for (c) and nmax = 6, 8,12, 16,24, 32 for (d).

3.2 Existence of a thermodynamic limit for &2

We have performed classical field simulations, increasing the system size in the ther-
modynamic limit

N—oc; V—>00; p,g, T = constant, (19)

In Fig[l we show the result for four different temperatures. The squeezing parameter,
minimized over time, converges to a finite value. According to the general form (I8]),

2. then depends on kgT/pg and \/pa®. The first parameter kgT'/pg is varied in
Figlll whereas the parameter y/pa3 defining the weakly interacting regime is main-
tained constant in that figure. Note that for curves (a)-(c) the limit is already almost
reached for N = 3 x 10* while a larger system is needed for the lowest temperature

curve (d).

3.3 Weakly interacting limit of &2

Starting from a point that is already at the thermodynamic limit for each temperature,
we have performed other simulations, going more deeply in the weakly interacting
limit p — 0o, g = 0, pg, T = constant [31] [. In this limit the small parameter \/pa3
tends to zero. In Figll for a fixed value of kgT/pg, we show the squeezing parameter

divided by /pa® as a function of a rescaled time, for various values of /pa3. It is

® In our simulations (with finite size systems) we increase N and decrease g while V, T
and Ng are fixed.
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Fig. 2. (Color online). Squeezing parameter £2 divided by W as a function of a rescaled
time, in the weakly interacting limit: p — oo, g — 0 with pg,T = constant. Solid lines:
classical field simulations. Parameters: kgT'/pg = 0.5 and nmax = 32 for all the curves. (a)
N =3 x10%, /pa® = 1.32 x 107%; (b) N = 10°, \/pa® = 3.96 x 107%; (c) N = 3 x 10°,
Vpa® =1.32x107%; (d) N = 6 x 10°, \/pa® = 6.59 x 10~*. Horizontal line: analytical result
@1).

apparent that the rescaled minimal squeezing is nearly constant in the figure. For
weak interactions, £2; /+/pa® is thus a function of kpT/pg only.

3.4 Spin squeezing as a function of the temperature

From the numerical experiments described in and [3.3] we conclude that, in the
double thermodynamic plus weakly interacting limit, the squeezing parameter mini-

mized over time is equal to /pa3 times a universal function of kgT'/pg:

v (121 -

We show the universal scaling of the minimal squeezing parameter in the thermody-
namic limit in Figl3l where we collect the results of several simulations for different
temperatures and interaction strengths. In the following section we shall develop the
analytical theory that gives the explicit expression of the function F' appearing in
20). The analytical result for the classical field theory is represented as a full line in

Figll It reads:
0
e :/ Pk stoo (60, st (21)
e ez (2m)% 2p s (520))2

Here p = N/V is the total density, s, = Uy + V4, sg)) = U}go) + Vk(o) are Bogoliubov
functions defined in B0) and 28], néo) = kgT/ eéo) are the equilibrium occupation
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Fig. 3. Minimal squeezing parameter £2;, divided by /pa? as a function of kBT /pg. Sym-
bols: classical field simulations with y/pa3 = 1.32 x 1072 (squares), 1.94 x 10™% (disks),
and /pa3 = 4.17 x 10~* (triangles). Solid line: Analytical classical field result (ZI). Dashed
line: Quantum result ([62). The grid sizes, for increasing ksT'/pg are nmax = 32, 36, 40, 36 for
squares, Nmax = 24, 32, 32 for disks and nmax = 32 for triangles. The initial non condensed
fractions in component a before the pulse are (N,.)/N = 0.01,0.02,0.04,0.07 for squares,
(Nue)/N = 0.01,0.02,0.04 for disks and (Nync)/N = 0.01,0.02,0.05 for triangles.

numbers of Bogoliubov modes before the pulse with e,(co) = [Ex(Ey, +2pg)]'/? and the
integral is restricted to the first Brillouin zone FBZ with k, € [—k®*, E2***[ for the
three directions v = x,y, 2. We note a very good agreement between the analytics
and the simulations for all the points. For comparison, we also show the analytical
result for the quantum field (G2]), in the zero-lattice spacing limit, as a dashed line.
Note how well the classical results with the cut-off prescription (I6) reproduce the
quantum analytical results for kgT > pg.

4 Analytical results

We want here to address the fully quantum case and calculate analytically the func-
tion F(kgT/pg) = &2;,/+/pa’ of @) using Bogoliubov theory. In E]] we present
a modulus-phase reformulation of the Bogoliubov theory generalized for a bimodal
condensate; in and we derive the expansion of the spin squeezing parameter
in the thermodynamic limit, and we discuss the final analytical results in [£.4]

4.1 Modulus-phase Bogoliubov formalism for bimodal condensates

We generalize here to two-components the U(1)-symmetry preserving Bogoliubov
theory of [31], see also [4]. As spin squeezing in bimodal condensates is due to phase
dynamics, we rephrase the theory in terms of the relative phase operator of the a and
b condensates. This is a crucial step that allows us to obtain results by a perturbative
expansion in powers of that relative phase. The relative phase is simply the difference
of the condensate phases éa,b introduced as hermitian operators conjugate to the
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condensate atom numbers [32J33]. This is a valid description in the subspace excluding
the vacuum state (no particles) for the condensate modes, which is sufficient here: as
we suppose initially T' < T, both condensates are highly populated after the mixing
pulse with (N,) = (N,) = N/2. Some useful expressions involving the Bogoliubov
amplitudes and some commutation relations are given in Appendix [Al

Within each atomic internal state a or b, we split the bosonic field operator into
the condensate and non condensed modes contributions:

ao bo

vV vV

For the annihilation operators in the condensate modes we introduce the modulus-
phase representation

Y tPar, = + by (22)

o = e \/Noo , [Nao,0a] =i (23)
bo = ¢/ N . [Nho.f] =i (24)
while for the non condensed modes we introduce the number conserving fields [31134]
Au =Py 5 Ay=e iy, (25)

that we expand over Bogoliubov modes with amplitudes ¢,k and ¢pk. To perform this
expansion, one has to distinguish the time before the pulse and the time after the
pulse.

Before the pulse, at time t = 07, all the IV atoms are in the internal state a, with
a zero-temperature mean field chemical potential © = pg, and we expand the number
conserving field A, (t = 07) over the Bogoliubov modes:

ik-r
n 0) A(0 0) /(0 €
i =3 [0 4 O

k#0

(26)

3

Here the exponent (°) over the operators indicates that the operators are considered
at time t = 0. The bosonic operator él(i)
wave vector k, and eigenenergy

annihilates a Bogoliubov quasi-particle of

&) = [B(Bx + 2pg)]/? (27)

where we recall that Ey = h?k%/(2m) is the kinetic energy contribution. The cor-

responding amplitudes of the Bogoliubov mode, correctly normalized as [U,go)]2 —

[Vk(o)]2 =1, are given by

(0) ©) | 1/(0) 1 Bk e
s, =U + V., = © o = ( ) (28)
ul” — v B +2pg

Before the pulse, the field in the b state is in the vacuum state, so the modal expansion
is performed over the usual single particle plane wave eigenbasis.

After the pulse, at t > 07, the particles are on average equally distributed among
the two internal states a and b, (N,) = (V) = N/2. There are now two condensates,
with interaction constants g,, = gpy = ¢ among atoms of same internal state, and no
interaction (gq = 0) among atoms of different internal states. Similarly to (28), we
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perform after the pulse the modal decomposition of the number conserving fields in
each internal state o = a, b:

ik-r

/10' = Z |:Ukéak + Vkél_k =

—= (29)
k0 vV

where ¢, annihilates a Bogoliubov quasi-particle of wave vector k in internal state
0. The Bogoliubov mode amplitudes Uy, Vj, and the eigenenergies € do not depend

on the internal state and are deduced from the ones at ¢ = 0~ by replacing the mean
field term pg by pg/2:

1 B 1/4
=, Vi = = 30
Sk ke + Vi TV (Ek+pg) (30)

e = [Ex(Ey + pg)]V2, (31)

Note that this involves an approximation: In principle, the Bogoliubov modes in in-
ternal state 0 = a or b depend on the actual number of particles N, in that state,
which has small ~ 1/ VN relative fluctuations since, after the pulse, N, has a bi-
nomial distribution peaked around N/2. Taking into account this effect changes the
mathematical structure of the theory, since the Bogoliubov amplitudes Uy and Vj,
and thus the quasi-particle annihilation operators ¢, would then depend on the to-
tal number operator N, in state o, which is beyond the scope of the present work. We
nevertheless verified numerically on the complete Bogoliubov theory (in the classical
field model) that this fixed-Bogoliubov-mode approximation is extremely accurate
both at short and long times, introducing (for the typical parameters considered in
our figures) a relative error on &2 lower than 10~2 comparable to our statistical error
bars with 10° realizations. Another important point is that the Bogoliubov quasi-
particles are not at thermal equilibrium after the pulse, so that, for example, their
mean occupation numbers are not given by the Bose formula. At the level of the Bo-
goliubov approximation, the quasi-particles do not interact and cannot thermalize,
the corresponding quasi-particle creation operators evolve in Heisenberg picture with
simple phase factors:

~ _ _—iext/hy +

Cox(t) ¢ ¢ox(07) (32)
for ¢ = a,b. The validity of this no-thermalization approximation is discussed in
subsection L4 .

To express the evolution of the particle annihilation operators ag and bg in the
condensate modes, we use the modulus-phase representation (23] 24]). For the mod-
ulus, one simply uses the conservation of the total atom number in each internal
state,

Noo = Ny = Noi = N, = > dV AL A, (33)

so that N,o can be expressed in terms of the quasi-particle operators ¢,k. For the
phase, we use within each internal state o = a, b the equation of motion derived for a
single component in [16] and truncated at the level of the Bogoliubov approximation:

d » o S 1 X 12 ) At2
=0, = —x (N,, 2) . zr:dV (42 + 2414, + A1) (34)

where we have introduced x = g/(hV). Replacing the operators A, by their modal
expansion (29)), one gets contributions that do not oscillate in time, and contributions
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such as é,kés—x that oscillate in time (at the frequency 2e;/h in the example). As
we shall need the value of the phase operators at long times ¢ (typically ext/h > 1)
rather than the value of its derivative, we argue as in [I6] that the oscillating terms
in ([B4), after temporal integration, give a negligible contribution to the squeezing
parameter. We have checked this approximation analytically: The expression for &2
fully including the oscillating terms in the phase difference operator is given in the
Appendix [ it corrects the approximate expression ([B0) of £ by typically a sub-
percent effect at intermediate times, and by a vanishing amount at large times. These
oscillating terms in 0, — 0, are thus of little physical relevance for the spin squeezing.
Keeping only the non-oscillating terms gives for the relative phase operator of the
two condensates at time ¢:

(o~ 0)(1) = (B — B0)(0%) — xt [N — Ny + D] (35)
D= (Uk+ Vi)*(fuac — finc) (0T) (36)
k40

where we have introduced the quasi-particle number operators n,x = élkégk, which
are constants of motion in the Bogoliubov approximation, see ([B2]). The multimode
contribution D [(B4)) to the relative phase (B3] will play a central role in what follows.
It is indeed because of this term (neglected in the usual two-mode models) that the
squeezing parameter is bounded from below by a non-zero value in the thermodynamic
limit.

The last step is to relate the various operators at time ¢t = 0" to their values just
before the pulse. Since the state of the system is known at ¢ = 07, this fully specifies
the “initial” conditions for the time evolution of the operators after the pulse. The
derivation and the more precise results are given in the Appendix Here we give
the main conclusions. The initial value of the condensate phase difference is, in the
large N limit:

(B — 6,)(0%) = % {(Ng?)))_” ,2(1)0) _ h.c.)} +0 <#> (37)

where 680) = e~ 08" EE)O) and { , } stands for the anticommutator. This results from
the coherent mixing of the initial condensate amplitude with the vacuum noise fluc-
tuations in the initially empty internal state b, in the same spatial mode as the initial
condensate in state a, that is in the plane wave with zero wave vector. Similarly, the
quasi-particle annihilation operators just after the pulse are coherent superpositions
of the initial field fluctuations, mainly thermal fluctuations Ain a and only vacuum
fluctuations B in b. In the large N limit,

cr0) = 2210 (57 (39)

where the — sign is for 0 = a and the + sign is for ¢ = b. The expression of Ay in
terms of t = 0~ operators of the a internal state, and the expression of By in terms

of t = 0~ operators of the b internal state, naturally appear in the calculations of
Appendix

A = (UL = V) @ + v — vu®) (O (39)
Be = U050 _ 400 (10)

In Appendix[C] it is pointed out that these number conserving operators obey bosonic
commutation relations and all their second moments are explicitly evaluated.
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4.2 Double expansion method in the thermodynamic and weakly interacting limit

We shall now apply the Bogoliubov theory developed in section 1] to the calculation
of the time-dependent squeezing parameter £2 defined in (B]). For the configuration
that we consider, symmetric under the exchange of @ and b, the mean spin is always
aligned along x. The minimum transverse spin variance is then

A2 =5 [+ 83 -8 - eSS

where { , } is the anticommutator. From the definition (@) it appears that S, is a
constant of motion, its variance can thus be evaluated just after the pulse, at t = 0.
According to ([@I0), the pulse applies to the collective spin a rotation of angle 7/2
around y axis, so that

S.(t>0)=-59  and (§?) = (42)
To obtain the spin variance (S‘;) and the spin correlation ({S,,S.}), the challenge is
to determine, as a function of time, the operator S’y, or equivalently the antihermitian
part of the operator S introduced in () (in its discrete version for the lattice model),

since S, = (S; — h.c.)/(2i). In the expression of S, one applies the splitting 22) of
the bosonic fields in the condensate and the non-condensed contributions, one uses
the modulus-phase representation (23] 24]) for the condensate part and one introduces

the number-conserving fields A, for the non-condensed part, to obtain:

N A A N .
Sy = e i0a=0b) (5 + F) with (43)
F =/ (Nao + DN — > + S avAid, (44)
al 2 - a

Guided by the numerical experiments in section [, we have developed a systematic
double expansion technique to determine (Sj) and ({S,,5.}). The two small param-
eters controlling the large system size limit [i.e. the thermodynamic limit (I3)] and
the Bogoliubov limit are

1 Ny
Csine = - and  €gog = < NC>

(45)

where (Nye) = (N éoj> is the mean number of non-condensed particles in the initial
state, which is indeed much smaller than IV for a weakly interacting gas at T < T..
For the Bogoliubov expansion, we will keep terms up to order one included in epog;
keeping higher order terms would not be consistent with the use of the quadratic
Bogoliubov Hamiltonian. To determine the required order of the large system size
expansion, we note that (S,) in the denominator of (B) remains close to its t = 0F
value N/2 over the relevant time scales (that are finite in the thermodynamic limit
with pgt/h < N'/?), so that €2 ~ 4AS? . /N. To have a vanishingly small error on

1 min
¢? in the thermodynamic limit, we will keep in (S2)/N and ({S,,S.})/N terms up
to order zero included in €g,e, that is we can neglect the contributions that tend to
zero when eg,e — 0.
The systematic technique to determine the order of an operator is to estimate its
mean value and its standard deviation in the quantum state of the system. This is
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safer than a simple guess, in particular when the operator has a vanishing expectation
value. A relevant example is the operator D defined in (4)), that will play a crucial
role in the best achievable squeezing. After a superficial look at (B6]), one may believe
that D scales as N in the thermodynamic limit, since it involves a sum over all modes,
and that it scales as epog in the Bogoliubov limit since it involves the quasi-particle
number operators n,x. However, it is actually the differences N, — npk that matter,
and for the particular state resulting from a /2 pulse applied on a gas initially in
the a internal state. As a consequence, the expectation value of D is zero, it is the
variance of D which scales as N , SO D scales as N2 in the thermodynamic limit.
To determine its scaling with egog, we keep the leading term (B8) in the value of the
quasi-particle annihilation operator just after the pulse, to obtain

D~ — Z(Uk + Vk)Q(ALBk + Blfik) (46)
k40

This scales with N as N'/2 since each term has a zero mean. Intuitively, this scales

. /2 7 - C .
with epog as GB/OgZ By is of order unity since it corresponds to vacuum field fluctuations

in the initial empty state b, and Ay is of order eg/fg since it corresponds to the initial

non-condensed field fluctuations in state a. We thus conclude that
D ~ (Nepog)'/? (47)

This is confirmed by the correlation functions of A and B given in the Appendix [C]
that allow an explicit calculation of (D?)/N, which is indeed & epog, see Eqs. [EIIG).

The same analysis is applied to the various operators appearing in the antihermi-
tian part of ([@3]), writing for simplicity F= FR —Hﬁ}, where FR and F; are hermitian.
It is found in the Appendix [D] that

- - 1

9a — ob ~ W (48)
F[ ~ (NeBog)1/2 (49)
Fr &~ Negog + (Nepog)?/? (50)

Contrarily to the first two operators, Fg has a non-zero expectation value, and the
writing of its estimate in (B0]) corresponds to its mean value plus or minus its standard
deviation. It turns out that the fluctuations of Fp are negligible so that the operator
can be replaced by its mean value. The weak value of the phase difference operator
shows that its exponential in (@3] can be expanded to first order, which substantially
simplifies the calculations. The final result, up to zeroth order included in €, and
up to first order included in epog, is

(S) = N (1 + 2<F—R>> (51)

2 N
CrAL T A (% ‘ <FR>> A TR
(S 8:h 1 (g + <FR>) {Na = N, 00— 6,}) (53)

Note that these expressions hold independently of the approximation performed in
the phase difference operator (that neglects the oscillating terms).
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4.3 Results of the expansion method for £2(t)

To obtain an expression for ¢2 in the double thermodynamic and Bogoliubov limit,
it remains to explicitly evaluate (BIEAG3) and to insert the result in @BIEI). The
required operators have their expression given in useful form in the Appendix [D] and
by BABDMAE) for the phase difference operator.

We have first evaluated (BIG2B3) at time ¢ = 0%, and we have checked that one
recovers the exact relations (S,)(07) = N/2, (S2)(0%) = N/4 and ({S,, S.})(0F) = 0.
At finite time, squaring ([B3]), one realizes that the crossed term, linear in time, has a
zero expectation value since

(B — 05)(0%)(Na — Ny)) = (B2 — 0,)(0T)D) =0 (54)

This is due to the fact that the phase difference operator at t = 0% is proportional to

the antihermitian part iy of e_i‘%o)l;go), whereas Na — Nb only involves the hermitian

part  and D does not depend on that operator. As a consequence, the spreading
of the relative phase is purely ballistic within our Bogoliubov approximation, that it
ignores the interactions among the quasi-particles

{(Ba = 05)%) = ((Ba — 65)*)(07) + (xt)*((Na — Ny + D)?) (55)

(the inclusion of these interactions within a quantum kinetic framework introduces a
diffusive component in the phase spreading [18]). Another simplification takes place,
for similar reasons,

(F1(Ng — Ny + D)) € iR (56)
so the last term of (52)) reduces to its ¢ = 07 value. Using ([@2]), and the fact that
(Fr), (D?) and ({S.,D}) are all & Nepog, and neglecting contributions in €, we
finally obtain

(S5) —(52) (D) |, (Fr)
e ats <1+T>+TR (57)

({3, 5:})

N =7 (58)

where we have introduced a dimensionless “time”

o) = 9t (1 | 2FR(0) + <{Sz,@}>> (59)

T 2h N

that is slightly renormalized by a time dependent contribution of order epye. The
expectation values (Fz(t)) and ({S.,D}) appearing in () are given in the Appendix
D they are respectively uniformly bounded in time and time independent. Note that
the long-time behaviors of (B7ES) were expected: As the squeezing dynamic occurs,
Sy indeed grows quadratically in time while S. stays constant.

Finally, expanding ([I]) up to order one included in epoq at any fixed 7 gives the
squeezing parameter as a function of time in the thermodynamic limit (in particular

for 7 < N1/2):

R N & e )
(r+V1I+72)2  (r+V1+2VI+72

&(t) ~ (60)
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Fig. 4. (Color online) Black solid line: Squeezing parameter in the thermodynamic and
weakly interacting limit (G0) as a function of the renormalized time 7 (B9). Parameters:
ksT/pg = 1 and /pa® = 1073, Black dashed line: asymptotic value (BI). Red solid line:
two-mode model prediction.

As we show in FigHl the squeezing parameter £2(t) decreases in time essentially as
in the two-mode model [this is the first term in the right hand side of (G0) without
the (Fr)/N term, see e.g. equation (52) in [II])] until a renormalized time 7 ~
1/,/€Bog > 1 is reached, when the multimode effects [the second term] start limiting
the squeezing. At such times, the contribution of <ﬁ2> /N dominates over the one of

(EFR)/N by a factor ~ 1/€B4g, Which shows that (D?)/N constitutes the real actor in
the process of squeezing limitation.

4.4 Minimal squeezing and best squeezing time

From the central result (G0) of the previous subsection, it appears that the minimal
squeezing £2. is reached in the thermodynamic and Bogoliubov limits at “infinite”

time and it is given by

Emin = (61)
An explicit calculation gives:

- d3k 84 0) 1 (S(O))2 84
Soin _/(27r)3 2_2 l(nk * 5)( Z% + (3(013)2 -1 (62)

k

where we have introduced the mean occupation numbers n,(co) =1/ [exp(ﬁel(co)) —1]
of the Bogoliubov quasi-particles in the initial (¢ = 07) thermal equilibrium gas in
internal state a. The prediction of ([G2) is shown as a dashed line in Figl} and as a
full line in Fig[ll In Fighl we show that the minimal squeezing parameter given by
([©2) is always lower than the non condensed fraction (Nyc)/N where (Nye) = (N, éoj>
is the mean number of non condensed atoms in component a before the pulse:

O = 32 [ (017) "+ (W) ]2+ (07) (63

Asymptotically, for kgT > pg (but always T' < T..) the minimal squeezing parameter
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Fig. 5. (Color online). Minimal squeezing (black solid line) &2, and non condensed fraction
(red dashed line) (Nync)/N, both divided by 4/pa3, as a function of kgT'/pg.

2., reaches the non condensed fraction. In the opposite limit, for kgT/pg — 0, the

squeezing tends to a constant value.

( 3
min S =V2 - SIn(vV2 + 1) — 7| ~0.02344 (64)

1/pa3 - m 6 2

Although non zero, & (T=0)

min

€2 (=0 8 [19

is very small for practical purposes. Indeed pa® < 1076
in present squeezing experiments so that (64]) predicts 512]1&::0) $2x107°,

The fact that the minimal squeezing is obtained at infinite time is a limitation of
our Bogoliubov approach, that neglects the interactions between the quasi-particles
and effectively assumes that the corresponding collision time is diverging, see discus-
sion below. However, since the numerical squeezing curve £2(t) is quite flat around
its minimum (see Fig[), it suffices in practice to determine a “close to best” squeez-
ing time ¢, defined as &%(t,) = (1 + n)&2,;,, where n > 0. Then, according to (G0)

expanded for large 7 up to order 72 included, ¢, is finite and given for n < 1 by

pg, 1
n =
h \% 77512nin

The “close to best” squeezing time ¢, (60 for 7 = 0.2 is shown in Fig[fl as a full line
and compared to simulations (filled symbols).

An important issue is that of thermalization that brings the system back to equi-
librium after the pulse. Thermalization is neglected in the Bogoliubov theory and in
our analytics but it is included in the classical field simulations. It is thus possible
to reach &% = (1 + n)&2,, only if ¢, given by (GH) is shorter than the thermalization
time:

(65)

tn < ttherm (66)

We show the thermalization times, that we extract from the classical simulations as
explained in [9], as empty symbols in Figlfl For the points we considered they are
indeed longer than the close to best squeezing times and the condition (66]) is satisfied.
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We can also estimate tiperm from Landau-Beliaev damping rates of Bogoliubov modes
[I7135]. The damping rate of the mode q is

9 L B

=— (I +1 67)
! 27r2ﬁ§1?eal ( ) (

where the healing length &pear is defined by pg = 1% /(2mé&?.,;) and the rescaled Landau

and Beliaev damping rates I qL and I f are dimensionless functions of kpT/pg only,

given e.g. in equations (A7) and (A13) of [I7]. Concentrating on the pre-factor in
©7), for fixed kT /pg, this gives

h T nlL, V128

pgttherm Nﬁ ™ (V ~ )*1 1

_ —

The scaling with (pa®) of the thermalization time is shown in Fig[ll On the other
hand, the close to best squeezing time ¢, scales as

(68)

—1/2

pgty 1 tn 341/4
o x 7(pa3)1/4 so that - x (pa”) (69)

and (G0)) is satisfied in the weakly interacting limit.

5 Physical interpretation
5.1 Limit to the squeezing

In the spin squeezing scheme with condensates that we consider, the useful quantum
correlations are built through mean field interactions that introduces a phase shift
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for each atom that depends on the collective variable N, — V. In the collective spin
picture, we can say that in a given realization of the experiment, the component Sy
becomes an enlarged copy of S. so that correlations build up in the S-S, plane,
orthogonally to mean spin. To explain this fact in a surnple reasoning, we can identify
S, with the condensate relative phase: S, ~ %(9 — ) and look at equation (37)
that we rewrite here replacing x by its expression x = g/(AV):

00 — 0y = (0o — By)(0F) — g—% [N — Ny + D} (70)

Initially, at ¢ = 0, the phase difference (6, —03)(0%) is of order 1/v/N and N, — N is of
order v/N. As soon as pgt/h > 1, the time dependent term in (Z0) dominates over the
initial condition. In the absence of the multimode contribution to the phase difference
(i.e. for D =0), 6, — 0, and thus S, become an enlarged copy of S, = (N — Ny)/2.
This is the scenario in the two-mode theory. Correlations between S and S becomes
perfect in the long time limit. In this case there is no limit to the squeezing and
2. — 0 when N — oco. On the other hand, in the presence of D this is not possible.

Looking at squeezing in the long time limit where |S,| > |S.| and keeping only the
leading (0'") order in 1/t in equation (B0), we can write

o SIS — (81,8127 (D) _
(1) ~ I =2, (71)

The only contribution left in €2, is the variance of D that is the part of 6, — 0, that
is not proportional to N, — N,. But what is the physical origin of 15, given by (34]) ?
It comes from the fact that the mean field interaction for a condensed atom with and
another condensed atom or with an atom in an excited mode is not the same. This
is particularly clear in the Hartree-Fock limit where Vi, — 0 and U, — 1. In this case
D reduces to Na 1 - Nb | that is the non-condensed atom number difference. In this
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limit we have

5 pot o % C
bu—6y) =22 [Nuo — Noo +2 (Nuw = Ny )| 72
(a b ) ur AN Va0 b0 + al bl (72)
the factor 2 is the Hartree-Fock factor that doubles the effective strength of the
condensate-non condensate interaction with respect to the condensate-condensate
interaction.

5.2 Squeezing of the condensate mode

In FiglR for two temperatures: kT > pg and kT < pg, we compare the squeezing
of the total field 52 that we have been considering so far, with the squeezing of the
condensate mode &7, constructed Wlth a spm operator 1nvolv1ng the condensate mode

only: Soz + zSoy = aobo and So. = Nao — Npo:

y _ Na0)ASG, min
&= TTsE (73)

This is the squeezing that would be obtained by “selecting” only the condensed par-
ticles for the squeezing measurement. Besides the classical field simulations, in Fig[8h
and Fig[Bb we also show as dashed curves results obtained in the Bogohubov approx-
imation 0. Clearly €2 < «EO in both graphs. Particularly striking is the case in Fig8b
where €2 . /€2, ~ 60 while the non condensed fraction is only (Ny.)/N = 0.02. We
explain here why this is the case. In order to have condensate squeezing we need to
build up correlations between Soy, that is still proportlonal to O, — 9;,, and Sp.. Ac-

cording to (70), at long times 0, — 0, differs from Sp. by the quantity N, — Ny +D
that prevents the correlations to become perfect at long times. Indeed, we find at long
times and for a large system that

i (T ;NM)W} (74)

The evaluation of the minimal achievable values of ¢2 from (7)) is more involved than
for €2 because the quantity Noi — Ny 1, contrarily to ﬁ, is not a constant of motion. A
detailed discussion is beyond the scope of this paper, but one can give simple reasons
explaing why the minimal value of &3 is numerically found to be much larger than the
one of £2. Let us first forget about the time dependence of Na L — Nb 1 and evaluate
it at time ¢ = 0T. It is found that the variance of Noi — Ny, at t = 0% is simply
(N, (O)> that is the mean number (N,.) of non-condensed particles before the pulse.
In the Hartree-Fock limit kT > pg, D reduces to NaJ_ — NbJ_. One then expects
that the minimal &2 is four times the non-condensed fraction, that is four times larger
than €2, . In the low temperature regime kpT < pg, (D?) < (Nye), so the ratio of
condensate to total field squeezing is expected to be even larger.

Let us now take into account the time dependence of Na 1= Nb . This makes the
situation even worse for the condensate mode squeezing: Whereas the operator D has

6 Before the pulse, we start with a thermalized field sampling ([@2). After the pulse,

we evolve the condensate phase with the classical equivalent of (B4)), also performing in
that equation the approximation of neglecting the oscillating terms, and the Bogoliubov
amplitudes with ([B2]). The condensate atom numbers are obtained by the classical equivalent

of (33).
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normal fluctuations with a variance scaling as the volume V' of the system, it is found
that N,1 — Npy has anomalous fluctuations at long times. If one replaces discrete
sums over k by integrals in the expression (II7) of the variance of N,; — Ny, as

usual in the thermodynamic limit, one finds converging integrals but the variance
diverges linearly in the long time limit:

VaI‘(NaL—NbL)‘| 1/2kBTt

~ g(Qﬂpcﬁ) (75)

N

therm.lim.

This result obtained within the Bogoliubov theory of course fails for times larger
than the thermalisation time. In practice, it is more physical to consider a finite
size system. One then finds that, in the long time limit, the variance is dominated
by the contribution of the low-k terms in the sum over k in (II7): The variance

of Nyt — Ny, grows from its extensive t = 0% value <N éoj> to a super-extensive
value ~ 10(kgT/pg)(mecL/27h)*[1 in a time scaling as L/c where L = V1/3 is the
system size and ¢ = /pg/m is the initial sound velocity. After this time, the variance
oscillates around the super-extensive value with a period again scaling as L/c, given
by the fundamental Bogoliubov modes in the box. This explains the oscillations of
&2 and its temporal mean value in FiglBb. In Fig[Bh the oscillations are less visible as

the anomalous contribution to the variance is smaller than its t = 07 value (N éoﬁ>

6 Conclusion

We have shown that, in a multimode theory, the spin squeezing that can be obtained
dynamically using interactions in condensates is finite in the thermodynamic limit.
This is contrary to the results of the currently used two-mode theory that predicts
an infinite metrology gain for N — oo. Using a convenient reformulation of the
Bogoliubov theory, we could calculate the temperature and interactions dependent
limit of the spin squeezing parameter analytically for a spatially homogeneous system.
We performed non perturbative classical field simulations to test our analytical results
including interactions among Bogoliubov modes and thermalization that are neglected
in the perturbative treatment.

At temperatures kT < pg the limit that we find for the squeezing parameter
optimized over time, 2, , is very small and in particular much smaller than what is
currently measured in present experiments. Nevertheless it represent the fundamental
limit of this squeezing scheme and we hope that the temperature dependent limita-
tion to spin squeezing will be soon within reach of experiments. We explained that
the physical origin to this limit of the squeezing lies in the difference of mean field
interactions between condensate-condensate and condensate-non condensed atoms.

A.S. acknowledges useful discussions with J. Reichel and J. Estéve. E.W. acknowl-
edges support from CNRS and Polish GRF: N N202 128539.

A Some useful relations

Here we collect useful commutation relations and recall the expression of the Bogoli-
ubov quasi-particle annihilation operators ¢,k after the mixing pulse in terms of the
atomic annihilation and creation operators.

" The numerical coefficient in this formula is given for a cubic quantization box with
periodic boundary conditions, see discussion in section 7.8 of [36].
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total field ¢? (red middle curves) as a function of time. Full lines: classical field simulation.
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Commutation relations: In our lattice model, the field operators obey discrete
bosonic commutation relations:

3 2 61‘ r/ 60 o’
(o (1), 95 (X)) = 5225 Vo0’ = a.b (76)

The hermitian condensate number and phase operators obey, for 0,0’ = a, b:

[Nyo,050] = 16,00 (77)
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The fields of the non-condensed modes, orthogonal to the condensate wavefunction,
obey

. . 0g.0'0r ' Ou o
T ny _ Yo,0’% Yoo
[wal (I’), Q/Jgu_(r )] - dV V (78)

The non-condensed fields do not commute with the the total atom number but they
commute with all the condensate operators:

[]{700,1/;(,/J_(r)] = [éaad}d’J—(r)] =0 (79)

The number-conserving operators A, obey the same commutation relations (78) as
the non-condensed fields, e. g.

6[‘ r’ 1
— — —  VYo=ua,b (80)

o (), A ) = 20—

but, contrarily to them, they commute with the total atom number operators in each
component:

[/L,(r), ]\Afg/} =0 Vo,0 =a,b (81)
Their commutation relations with the condensate operators are, for o,0’ = a, b:

Ao @), 00| =0, [Ao(x), Novo| = = A1) b (82)

Finally, from the relation e‘ié“f(Nag) eife = f(Nao — 1) resulting from (Z7), for a
generic function f, we have in the large IV, and thus large N g limit:

- ~ S 1 1
/ i0a | __ 0,

Bogoliubov transformations: By projecting (29) over the plane waves, we obtain
after the pulse (¢ > 0):

g = el (aak Uy + él_kvk) (84)

by = eife (abk Uy + ag_kvk) (85)

where ax and l;k annihilate an atom with internal state a,b and wave vector k. The
inverse relations are useful:

Cae = e ey U, — al e, (86)

e = e b Uy, — at | eV, (87)

with Uy, Vi given by B0). Note that it is often convenient to express Uy and Vi in
terms of si, so that for example

1 1
U,? + Vk2 = 5(5% + 5122) and 2U,V), = 5(5% - 5;2) (88)
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B After-pulse values of the condensate phases and quasi-particle
annihilation operators

To determine the condensate phase operator for the internal state o at time ¢ = 0%
in terms of operators at t = 07, we use the fact resulting from (@I) that ae(07) =

[l — b{"1/v/2 and bo(0+) = [} + b\"]/v/2. Then the definition () leads to

where the upper sign (—) is for ¢ = a and the lower sign (+) for o = b, the modulus

(XT X) v (90)

and we have introduced the number conserving operator b

(89)

operator of an operator X is

RY
E)O) = e_iéf(lo)l;go). By ex-
panding in the large N ég) limit, we obtain :

R R e onN-Y2 1oL 1

0,(07) = 0 = Herm {:Fy (Néo)) - 51,9} (Néo)) +O0\ v (91)
We have introduced the decomposition l;(()o) = & + iy, where Z and ¢ are hermitian

operators, the usual notation { , } for the anticommutator and the notation Herm X =

(X + XT)/2 for the hermitian part of an operator X. This leads to (&7).

To determine the quasi-particle annihilation operators é,i at time ¢ = 0T in
terms of operators at time ¢ = 07, we use the relations ([BORT) to express them in
terms of the atomic creation and annihilation operators at time ¢ = 0T, that are in
turn expressed in terms of their values at 0~ thanks to (QI0). One also needs the

expansion exp[ifly (07)] = exp[i05][1 +i(0,(0+) — 6) + O(1/N)] deduced from (@I
and the Hausdorf formula. With the short-hand notations dl((o) = exp(fiégo))dl((o) and
F0) _ o :6(0)15(0),

i =exp(—ifa )b :

Usay — Via ) U — Vbt
Vi

del(f)) + de(,ol)j Uk?)l((o) + Vkl;(fl)j 1
oo () o

where the upper, — sign is for ¢ = a and the lower, + sign if for ¢ = b. One then

introduces the operators

eor(07) =

— [ég(oﬂ - ég@}

Ak = del((o)—de(ﬂ)j and Bk = Ukél((o)—VkE(ﬂ)j (93)
This directly gives ([@0). Expressing df(o) and d(ol)j in terms of the pre-pulse quasi-

particle annihilation and creation operators thanks to the ¢ = 0~ equivalent of (&),
gives ([B9)). Restricting the accuracy of ([@2) to O(1) included, gives (3J).

C Correlations of Ak and Bk

Some useful properties of the operators defined in (BHEQ) [or equivalently in ([@3])] are
given here. The commutation relations of these operators are bosonic. This means
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that the only non-zero commutators (considered among all possible values of k) are
[Ak,AH - [Bk,BH -1 (94)

To calculate averages of products of A and B operators (here at equal times) one

can use the Wick theorem as the initial density operator for {ct(lok)} and {bf(o)} is a
Gaussian. All the non-zero correlations involving the Ax can be deduced from

(0)2 2
P 1 1 s s 1
T _ = 0 , * k k_|_Z
(A Ak) = 5 (nk + 2) 52 + Séo)z] B (95)
(0)2 2
PN 1 0 1 S S
(Aicd i) = 5 (n£’+§) . S(O’%Q] (96)
k

with sg)) and s; defined by @330). All the non-zero correlations involving the By
can be deduced from

i 1 1 1
(B{By) =V, —<s2+—>— (97)
k k 4 k S% 2
BiBo) = —UpVi = -~ (22— L 98
(BxB-x) k Vi 1\ 5k = 2 (98)
Sk

All the crossed second moments, for example of the form (AB) or (AT B), are zero.

D Double expansion of some operators

As explained in the main text, to have a vanishing error on the squeezing parameter
€% in the thermodynamic limit, it suffices to determine the operators S’ and S, up
to ~ N'/2 included. X X

Case of S.: The operator S, = (N, — N;)/2 is a constant of motion, it can be
evaluated at t = 07, and related with (@IQ) to the fields at ¢ = 0~. Then one uses
the modulus-phase representation for the condensate operator in a and one introduces

the number-conserving fields /1( ) and _Zééo)wé(j_) for the non-condensed modes, whose
Fourier components can be expressed in terms of the operators Ay and By through
([@3). The only approximation is then to neglect the commutator of § with (N, ég))l/ 2,
which is O(1/N3/2), to obtain

8, - 8y - {a N} - X [0 + V2 A+ )
k+£0
YUV (ALBT, + AkB,k)} (99)
We recall than & and ¢ are defined below (@1]). The operator S. has a zero expectation

value, and a variance exactly equal to N/4, as already found by a more direct method
in ([@2), so we reach the estimate

S, ~ N/2 (100)
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With more lengthy calculations, we now deduce S’y from the antihermitian part
of S; written in the form [@3) and we then obtain S2 and {S,, S.}.
The phase difference: We first evaluate the scaling of the phase difference 0, — 0
in the thermodynamic limit from the writing ([B5). The contribution of the phase
difference at time t = 0% scales as 1/N'/? according to (). The contribution pro-
portional to N, — Ny, scales in the same way, since the total number difference ~ N'1/2
for the binomial distribution after the /2 pulse. The same conclusion holds for the

contribution proportional to 25, see ([AT). We reach the important conclusion that, for
a finite time ¢ in the thermodynamic limit,

A - 1

9,1 - 9[) ~ W (101)

As % + Fis O(N), it suffices to expand the exponential in @3) to first order included
in the phase difference to obtain

~ ~ ~ 1 N . A
Sy = 1i(9a95)+0<ﬁ>} <?+FR+’L'F[> (102)
where we have split F = Fr +iFy in terms of the hermitian operators Fg and E7.

The antihermitian part of F': The operator F; directly contributes to the anti-

hermitian part of Sy, so it has to be evaluated up to ~ N'/2 included. Its exact
expression is

1
k£0

. 1 P 1 A oa
b= zr:dV (AfAy - Afda) = 5> (¢hxme —hc.) (103)
This corresponds to a complex scalar product between the bicomponent fields (/fa7 /i:g)

and (/ib, /iZ) The Bogoliubov equations of motion for spin state o conserve this scalar
product [3I]. Due to the a — b symmetry, the coefficient of Bogoliubov equations of

motion are the same for the two internal states, and F7 is a constant of motion
within Bogoliubov theory. We can thus evaluate it at time 0%, taking into account
the corrections to ¢k, (07) due to the small condensate phase change induced by the

pulse, as in ([@2)):
A, O) A, O)
L1 IR P NG - N
24 217 < (0)
k#0 N,o

where the operator § is defined below (@II). This correction involving § is important to
ensure that (SZ(0%)) = N/4 as it should be. The operator F; has a zero expectation

value, this is why the same phenomenon as for the operator D oceurs. Calculating its
variance, which is dominated by the contribution of the sum over k in (I03)),

(104)

oy _ (NG 1 ©2 | 0) [[2 /(02
(F) = 2Ll = 25 VO 40l [0 + V] (105)

k£0
we get as in (A7) the estimate

Fr = (Nepog)/? (106)
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The hermitian part of F: Contrarily to Fy, the operator F' alone cannot contribute
to the antihermitian part of SUH it has to be multiplied at least once by the phase
difference operator. To obtain Sy up to ~ N'/2 included, we thus need Fr up to~ N
included. To this end we decompose N,o after the pulse, for ¢ = a or b, as follows:

. N N A - N -
N00:§+5Na, 5N0’<N(T§>NUJ- (107)

and we expand the square root in F' (@) in the large N limit to obtain :

" " N . .
\/ (Nao + 1)Nyo = 3—1——( + 0N, +INy)

N[ —

1+ 8N, — 6Np)?
_a+ o o L (108)

In the second contribution in the right-hand side of (I08), we can replace N, + Nj

with N. Since 6N, — 6N} scales as N1'/2 the third contribution scales as N° and is
thus negligible at the required order. The terms in the ... are of too high order in
€size OF N €pog to be relevant. We conclude that, for our purposes, we can take

Py~ 3 S V(A — A))(dy — Ay) (109)

By expanding the fields A, and A, over the Bogoliubov modes, we obtain Fg in terms
of the quasi-particle annihilation operators ¢,k at time ¢ > 0. Using (B2]) we can relate
these operators to their value at time 0T, that we can replace by the leading order
expression (38)) to obtain

FR ~ — Z {V]? + (U;? + VkQ)BIT(Bk + U,V (672i€kt/thB,k + hC):| (110)
k#0

Its expectation value is
(Fr) = =Y _AUFV sin® wyt (111)
k#£0

with wg = €, /h. Even if the B’s correspond to vacuum fluctuations, we still find
(replacing the sum by an integral over R®, which is convergent, and making the

change of variable k = K /&},ca1, where &heal is the healing length) that (F r)/N scales
as (pa®)'/2) which is O(epog). For simplicity, we shall forget about this detail and
consider that (F r) ~ Nepog. Using Wick’s theorem we have also determined the
variance of FR,

Var Fp = Z 8ULV;Z sin® wyt (1 + AUZV}? sin® wit) (112)
k#0

Since (U Vi)* diverges as k=% for k — 0, with a similar reasoning as for the discussion

around (7)), we find that Var F is O ((Nepog)*/?) uniformly in time. We summarize
these estimates by the writing

Fr &~ Nepog + (Nepog)?/? (113)
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As we said, we need to estimate Fr up to & N included. This means that the fluctu-
ations of FR, that are N'/3 times smaller, are negligible and the operator Fg can be
replaced by its mean value (Fg).

Operators S’y, etc: From the antihermitian part of (I02), and from the estimates
(IOTIT3, [06), we can approximate S, up to the terms ~ N'/2 included as

. 1 (4 ~ N .
Sy’:F]—g{(ga—eb,g—l—(FR)} (114)

Squaring this expression, and neglecting terms of order larger than one in epog, we
finally obtain the expectation value (S7)/N with an accuracy up to ~ €3, and ~

€Bog included, see (52). Taking the anticommutator of (ITd) with S, and then the

expectation value gives (B3), with the additional simplification that (F [§Z> is purely
imaginary and cancels out in the anticommutator [this results from ([@9) and (I04),
and in particular from (§&) = 1/(44)].

To conclude this Appendix, we give an expectation value useful for subsection [£.3}

(8.} = > st ((ALAw) - 12) (115)
k+#£0

where the ATA expectation value is given by ([@5]). We also give the expression of the
difference of non-condensed atom number operators at ¢t > 0:

Noy = Nop =- ) [(sz + Vi) (AL Bi + B Ay)
k0

+ UL Vi (AkB_ke—%Wkt + h.c.) } (116)

and the corresponding variance written as a sum of non-negative terms, useful for the
discussion below Eq.([74):

Var ( aL—NbL N(0 +Z ( )sm wit
k;&O

1 84 (O) 1 3 8(0)2 82
4 k Sk 2 k k 2
- — =) [ 2= - t| (17
l( sﬁi)<s§f’2 )+ (5) (i) oes] 0m

E With the oscillating terms in 6, — 0,

As announced above (BH), we give here the analytical result for £2(¢) (with the double
expansion technique) without performing the approximation used in the main text of
the paper. The temporally oscillating terms in the phase difference operator are now
kept, which amounts to replacing Din B8l with Dmt D+ DOSC with the oscillating

contribution ;
~ sin Wk
Dose (t) = - i
wkt
k#0

where wy, = €/h. In the renormalized time (B9) one has also to replace D with Dy,
which involves the new expectation value

(e—iWktAkB_k + h.c.) (118)

FN sin 2wyt PR
({82, Dosc}) = l;i o — (¢ (AkA_k)—i—Uka) (119)
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that will thus be added to the contribution (15 [see (@3] for the ALA_k expectation

value]. One can show that ¢({S., Dos. }) is uniformly bounded in time, so it contributes
to 7 as a time dependent small temporal shift. The result (IBIII) is replaced by

1_alfn 2(Beke s i)
ViR (T+\/1+—72m+—72

As expected, again, D was replaced by Diot. There is also an extra term, ((t), which
is simply the value of the last term of (52)) at time ¢ minus its value at time 0F. This

Epor (1) = (120)

difference is no longer zero, because (B0) no longer holds when D is replaced with
Dtom since Dtot has imaginary components. We find

Pg 0)1 (0 0 1
N((t) kz;éosm wkthw skU( Vi )<nk)+§> (121)

Note that () is uniformly bounded in time, as <FR> /N, it is thus not particularly
relevant. .
More significant deviations may come from the occurrence of (D2 ) that differs

from the original (D?) by the two terms

sin 2wyt s8 1
{D, Dosc oy ——— ( b (0’§2>(n,ﬁo)+—) (122)
Sk

oy 2wt

P> () [+ vey AL

U2 — 2U Vi (A A_y) cos 2wkt} (123)

These two terms however are O(epog/72) in the long time limit. At the relevant times
Tl eg/fg, where the multimode nature of the field starts limiting the squeezing,

their contributions to & are O(eg,,) and negligible.

To summarize, the inclusion of the non-oscillating terms in the phase difference
operator does not change at all the long time limit of £ (which, importantly, is its
infimum in the Bogoliubov approximation): Eq. (GI)) is unchanged. At intermediate
times, it gives small deviations. For the extreme case kgT/pg = 10 and (pa®)'/? =
1073, where the non-condensed fraction reaches 10%, we find a maximal relative
deviation of 2% between £2(t) of (G0) and the more accurate 2, (t), at a time pgt/h ~
1.5 when £? is still a factor ~ 4 above its minimal value ~ 0.1.
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