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Quantifying two-mode entanglement of bosonic Gaussian states from their full counting statistics

Victor Gondret

,“ Clothilde Lamirault

, Rui Dias @, Charlie Leprince @,

Christoph 1. Westbrook @, David Clément ®, and Denis Boiron
Université Paris-Saclay, Institut d’Optique Graduate School,
CNRS, Laboratoire Charles Fabry, 91127, Palaiseau, France.

We study the entanglement properties of two-mode bosonic Gaussian states based on their multi-mode
counting statistics. We exploit the idea that measuring high-order correlations of particle numbers can reveal
entanglement without making any assumptions about the coherence of the fields. We show that the two-
and four-body number correlations are sufficient to fully characterize the entanglement of two-mode bosonic
Gaussian states for which each mode exhibits a thermal distribution. In addition, we derive an entanglement
witness based on two-body correlations alone. Our findings are of great importance because it becomes possible

to reveal entanglement in a series of recent experiments.

Entanglement of bosonic Gaussian states is a key ingre-
dient of continuous-variable quantum information theory [1]
that has found many applications in Quantum Optics. It is
also expected to emerge in a variety of other situations de-
scribed by Hamiltonians that are quadratic in field operators,
ranging from Bogoliubov pairing in superfluids [2], Hawk-
ing emission at the black hole horizon [3] to the dynamical
Casimir effect [4]. Existing criteria which detect such entan-
glement are often expressed in terms of inequalities involving
the expectation values, products, and variances of field oper-
ators [5-7]. Measuring these quantities requires some vari-
ant of homodyne or heterodyne detection in which the states
of interest are made to interfere with coherent local oscilla-
tors [8, 9]. Although these methods have been successfully
implemented experimentally in some specific configurations
[10—12], they can be difficult to apply in general. This is the
case for example, for massive particles entangled in their ex-
ternal degrees of freedom [13—15], when the spatial mode to
be probed does not match that of the local oscillator, or sim-
ply when the number of modes in the system is large [16].
Characterization of quantum states would benefit from find-
ing entanglement criteria that do not require such homodyne
techniques.

On the other hand, particle number resolved detection
methods [17, 18] allow quantum states to be characterized via
their multi-mode counting statistics [13, 19-28], as sketched
in Fig. 1. The information extracted about a bosonic quan-
tum state yields any order of normally ordered correlation
functions of the particle number operators i.e. (:a]"Ay* :)
where the @;’s are integers, 7ii; = d:di and 4; is the anni-
hilation operator of mode i. These observables thus involve
the same number of annihilation and creation operators of a
given mode. As such, the multi-mode correlations of the field,
such as (&1&;) or (dd,), cannot be directly obtained from the
counting statistics. In general, this lack of information hinders
the ability to probe entanglement properties using existing cri-
teria.

By contrast, the particle number correlation function of
Gaussian states can be written in terms of one and two-field
correlation functions [see Egs. (1) and (2)], and, in the

Probability

FIG. 1. (a) Two modes in a system are defined (shown by the lens
here) and the number of particles n; and n, in each mode is counted.
(b) These counts can be histogrammed to obtain the full counting
statistics of each mode. In addition, the joint probability distribution
is also accessible. This information yields the n-body correlation
functions of particle number operators of any order.

context of Quantum Optics, their full counting statistics
has recently gained attention as a valuable tool for their
characterization [28-35]. In particular, Barasifiski et al.
[36] have shown that the measurement of particle number
correlation functions up to the fourth order can be used to
witness entanglement. In this work, we focus on two-mode
Gaussian states for which the single-mode statistics of each
mode exhibit a thermal probability distribution. Well known
in quantum optics, such two-mode Gaussian states have been
produced in various cold-atom experiments, ranging from the
parametric amplification of non-interacting quasi-particles
[37-40] and the Bogoliubov pairing in interacting Bose
gases [41, 42], to analog Hawking radiation [43] and the
quasi-particle creation in an expanding metric [44]. Thus far,
observations of positive two-mode correlations were related
to two-mode entanglement only upon assuming the absence
of coherence between the two modes [39, 41, 43]. A similar
assumption is made when evaluating entanglement from the
time evolution of the density-density correlation function
within Bogoliubov theory [45, 46].

We show how the measurement of higher order correlation
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functions can assess and quantify entanglement, relying
solely on the two-mode full counting statistics. We consider
two-mode Gaussian states of bosons for which single modes
exhibit thermal statistics, a property which can be verified
in experiments. Elaborating on the positivity of the partial
transpose (PPT) criterion [47] and on the properties of
Gaussian states, we introduce an entanglement criterion
based on the mode populations and the two- and four-body
correlation functions as obtained from measuring the full
counting statistics. We also derive an entanglement witness
based on the two-body correlation function alone.

Hypothesis — In the following, we consider two-mode
bosonic Gaussian states satisfying (4;) = 0 and (d%) = 0.
The latter hypothesis is equivalent to requiring that each single
mode distribution is thermal [35]. Note that “thermal” refers
here to the statistical properties of a mode and does not imply
a thermodynamic temperature nor thermal equilibrium. Ther-
mal single-mode distributions are expected in many situations
[27, 37-44] and can be verified experimentally as shown in
Refs. [19, 21, 22].

The normalized two-body correlation function of these zero
mean Gaussian states can be expanded using Wick’s theo-
rem [48] or using the characteristic function of the Gaussian
state [36]

o) (ajaiaia) Kara) > Kaial)P?
7 = =1+ + .
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Any separable state must satisfy |(d;d2)|> < nyny [7]. Thus,
the observation of gg) > 2 can be considered a signature of
entanglement only under the assumption that the coherence
between the two modes vanishes, i.e., (&1@) = 0. This is the
assumption that we aim to drop by considering higher-order
correlations.

Within our hypothesis, the four-body correlation function

between the two modes is given by
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Importantly, while gl(g) involves the quadratic sum of I(dlci;)l
and |(d;d»)|, the normalized four-body correlation function
gf;) includes their product. Therefore, Eqs. (1) and (2)
constitute a symmetric system to determine the values of
[{@1d,)| and |(d1d;)| and can characterize entanglement

without further assumptions.

Entanglement criterion - A two-mode Gaussian state with
thermal single-mode statistics is entangled if and only if the
smallest value of the set of the symplectic eigenvalues of its
covariance matrix and its partial transpose is strictly smaller

than one. This value, 1_, is defined in Eq. (5) and solely de-
pends on the measurement of the populations n; and n, and

of the two- and four-body correlation functions gi? and gg).

Proof. Solving the system consisting of Egs. (1) and (2) for
[{@1a2)| and [{@1d,)| yields two solutions 3. given by

(2)_1 1+vV1l-6

ﬁi = n1n2(g12 ) 2 > (3)

where 6 is defined by

2
4 2 2
gy +12-16g3 4 (g7 - 1)
0= — . @)
2(s17' 1)

The quantities S+ in Eq. (3) correspond to the values of
[{@1d»)| and I(dld;)l but, because the system is symmetric,
the distinction between the two solutions is not a priori possi-
ble. However, the covariance matrix of a Gaussian state must
satisfy a so-called bona fide condition which imposes an in-
equality on its symplectic eigenvalues [49]. These constraints
identify the physical solutions. In appendix we show that,
within our hypotheses:

(i) the symplectic eigenvalues of a two-mode Gaussian
state only depend on ny, na, [(@142)| and [(@1d,)| (see
Eq. (13)) and must be greater or equal to one to describe
a physical state,

(ii) the partial transpose operation simply interchanges the
roles of [(@1dz)| and [{(d1d,)|. According to the PPT
criterion [6], the state is entangled if and only if its par-
tial transpose is not a bona fide Gaussian state, i.e., if at
least one of the symplectic eigenvalues of the partially
transposed state is smaller than one. These eigenval-
ues are found as in (i), with |(d;d»)| and I(dld;)l inter-
changed.

Based on (i) and (ii), we conclude that the measurement of
B allows us to compute the set of the symplectic eigenvalues
of the state and of its partial transpose. In particular, A_, the
smallest symplectic eigenvalue of this set, is given by [50]

222 = A — VA? — 4deto 5)

where

deto =16 (ﬁi —/32)2 +(14+2n)2(1 +2my)>

(6)

-8 (ﬁi +/3%) (1+2m)(1 +2n2)

is the determinant of the covariance matrix o and
A=Q2n +1)2+ (2ny + 12 +8(8% - p2). (7)

If A_ > 1, all the symplectic eigenvalues of the state and its
partial transpose are greater than one. Because of (ii), the state



ny=ny =0.3 LN
1.0 & 13

(a) 0546=03

. .
i separable; 0.0 - ; T "
ao 0.5 2
Sg g7 0.5
S
i entangled ‘
0.0 i ! o
1 2 3 @) +
812
nl :}12 =09 LN
1.0 ;

(b) bsd 003 20
= 9 |
S . 13
%054 separable i o . 2
S5 gy Ho
T 0.5

ientangled
0.0 . el Lo
(2)
812

FIG. 2. Two-mode entanglement in the (gg), 0) plane for equal
mean populations ny = np = 0.3 (a) and 0.9 (b). The parameter

is defined in Eq. (4) and varies linearly with gg). The grey region

corresponds to unphysical states or states not fulfilling our hypothe-
ses and the color-scale to the logarithmic negativity: the bluer, the
more entangled. The entanglement border (dotted black line) splits
the plane between separable (left) and entangled states (right). The

) for 6 = 0.3.

inset shows logatithmic negativity as a function of g

is therefore separable.

If - < 1, A_ cannot be a symplectic eigenvalue of the state,
because of (i). Thus, A_ must be a symplectic eigenvalue
of the partially transposed state, which means that the state
is entangled from (ii). In this case, we can also conclude

[{(a1d2)| = B+ and [(@1a})] = B-. o

Logarithmic negativity - The logarithmic negativity is use-
ful to quantify entanglement [51]. For instance, it increases
with the squeezing strength [52, 53], and provides an upper
bound for the number of distillable Bell states [51]. It can be
computed from the smallest symplectic eigenvalue of the par-
tially transposed state. Within our assumptions (see above),
the logarithmic negativity is

LN = max(—1log,(1-),0). (8)

When the state is separable (1_ > 1), the logarithmic negativ-
ity is zero while it is strictly positive when the state is entan-
gled, (1- < 1).

The logarithmic negativity is plotted in Fig. 2 as a function
of 6 and gii) for two populations, assuming that n; = ny. On
the left of the black dotted curve lie separable states while en-
tangled states lie on the right. The shape of this entanglement

border depends on the population. On the x-axis, 8 = 0 which
gives B_ = 0. The entangled states then correspond to two-
mode squeezed thermal states for which (@, &;) = 0. The two-
mode squeezed vacuum state is the one having the maximal
value of gl(?. The parameter 6 should lie in the interval [0, 1]
since /32 are by definition positive, see Eq. (3). This condition
imposes bounds on the possible values of (gg), gg)). This is
also the case for the gray region in which states do not satisfy
condition (7). The case of non-equal populations n; # ny is
qualitatively similar, but will not be discussed further.

Detector efficiency - On the one hand, gg) , gig) and 6 are
normalized quantities that do not depend on the detection
efficiency . On the other hand, the populations (n;, ny)
depend linearly on n [54]. As a result, one must scale the
measured mean populations by 1/5 to use the results of Fig.
2 with a imperfect detector (7 < 1). Consider a state with
0 = 0.5,gg) = 2.03) and a measured mean population
n; = np = 0.3: with a unit detection efficiency n = 1 one
concludes from Fig. 2 that the state is separable; in contrast,
if n = 1/3, one concludes that the state is entangled.

Two-body witnesses - To witness entanglement or separabil-
ity, the measurement of the four-body correlation function is
not necessary. From Fig. 2(a), it is evident that gl(? > 2.3
(entanglement border for § = 1) guarantees entanglement,
whereas Fig. 2(b) reveals that gg) > 2 is enough. The en-
tanglement threshold thus depends on the curvature of the en-
tanglement border which in turn depends on the population of
the state. In Appendix , we demonstrate that a state is entan-
gled if gg) > gg) where

1 / 2— niny
2niny +ny+ny+1/27 ()

ifniny <1/2, g2 =2+

it > 172, g =2.

The entanglement threshold gl(iz) is plotted in Fig. 3 as

a blue dotted line in the case of equal populations, n; =
n, = n. When the mean populations are sufficiently high
(ninp > 1/2), a value of gg) > 2 is sufficient to witness
entanglement. When the mean population is smaller, the en-
tanglement threshold gg) exceeds 2. It reaches 3 in the limit
of vanishing populations arising from the general inequality
|<d1d;)|2 < nyny (see Appendix ).
Likewise, the quantum states located on the left of the entan-
glement border in Fig. 2 are separable, allowing the derivation
of a separability threshold based solely on the value of 81(?'
We demonstrate in Appendix that, if gS) < ggz), the state is
separable where

ifniny < 1/4, g7 =2,
(1= dmny)’ (10
8nina (1 +2n1)(1 +2ny)

ifniny > 1/4, g =2

This separability threshold, depicted as a red dashed line in
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FIG. 3. Entanglement gl(;) (dotted blue) and separability g§2)

(dashed red) thresholds for the two-body correlation function as a
function of the mean population of the state n;y = np = n, in log
scale. The four-body correlation function is needed to discriminate
entanglement in the white region located in between the separable
and entangled regions. The unphysical gray region is above the line

2 + 1/n which is the value of gi? for a two-mode squeezed vacuum
state with population 7.

Fig. 3, equals 2 when the populations fulfill nyn; < 1/4 and
approaches 1.5 at large values of the mean populations.

These two thresholds act as entanglement and separability
witnesses and not as criteria: they cannot certify the (non-
)separability of the state in the white region of Fig. 3, where
a measurement of the four-body correlation function is re-
quired.

This is illustrated by Fig. 4 in the appendix, which shows
how the thresholds in Fig. 3 effectively become criteria when
the four-body correlation is known. The grey area in Fig. 3
is bounded by the line gg) = 2 + 1/n, which corresponds to
the value for a two-mode squeezed vacuum state with mean
population n. This boundary defines the minimal unphysical
region, obtained for 6 = 0. As 6 increases, the unphysical
region expands towards lower population and lower gg), as
illustrated in Fig. 4 in the appendix.

Discussion - In this work, we focus on entanglement be-
tween modes, following the non-separability definition of
Werner [55]. This is in contrast to the so-called particle en-
tanglement that emerges from the indistinguishability of par-
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ticles [56], Defining the ratio Cs = gg) / (gfz)géz)) where

g = ((a0)2a2) /n?, Ref. [57] shows that the violation of the
classical Cauchy-Schwarz inequality Cs < 1 is a sufficient
condition for particle entanglement. For the single-mode ther-

mal statistics we consider here, one has g(z) = géz) = 2 and

1
Cs = gg) /2. Mode entanglement (gf? > gg) > 2) there-

fore necessarily implies particle entanglement. Our witness
for mode entanglement is thus more stringent than the one for
particle entanglement.

Our results apply to Gaussian states for which single-mode
distributions are thermal, which is not always true. For ex-
ample, recent work [58, 59] has suggested using a single-
mode squeezed vacuum state at an analog black-hole horizon
to boost the effect of the two-mode squeezer. The output state
is expected to exhibit super-thermal statistics with gl.(Z) >2.In
this scenario, the symplectic spectrum depends on the relative
phase between the modes, and the four-body correlation func-
tion contains additional terms with respect to those of Eq. (2).
However following Ref. [36], an entanglement witness can
still be obtained by measuring the two-, three- and four-body
correlation functions. An interesting question for follow-up
studies is whether an entanglement criterion could be estab-
lished in such situations as well, by extending our approach to
higher orders of the counting statistics (e.g. using gig) ).

Finally, the entanglement criterion introduced using the val-
ues of gg) and gg) does not require the measurement of non-
commuting observables. While this may appear puzzling at
first, we emphasize that this is the consequence of the as-
sumption that the states are Gaussian states. Proving unam-
biguously that a state is indeed Gaussian would require the
measurement of its quadratures [60, 61], i.e. the implementa-
tion of a homodyne scheme.

Conclusion - We have shown that measuring both the
two- and four-body correlation functions is necessary to
unambiguously determine the entanglement of a two-mode
Gaussian state with single-mode thermal statistics.  Still,
the two-body correlation function alone provides an entan-
glement witness that can be used to analyze some already
published experimental data. Based on our results, recent
work on four-wave mixing induced by the collision of
Bose-Einstein condensates reported by Ref. [62] and to
the Bogoliubov quantum depletion observed by Ref. [41]
are sufficient to claim entanglement, without any additional
assumptions on the field coherence (51163;)-

Data availability — The code which generates the figures
that support the findings of this article are openly available
at [63].

ACKNOWLEDGMENTS

We acknowledge fruitful discussions with Amaury Micheli
and Scott Robertson, and thank Jaromir Fiurdsek for pro-
viding us with insightful references. We also acknowledge
Léa Camier and Amaury Micheli for their careful reading and
feedback on the manuscript. V.G. thanks the organizers of the
Analog Gravity in 2023 summer school, and Anthony Brady
for his lecture on Gaussian states. The research leading to
these results has received funding from QuantERA Grant No.
ANR-22-QUA2-000801 (MENTA), ANR Grant No. 20-CE-
47-0001-01 (COSQUA), France 2030 programs of the French
National Research Agency (Grant numbers ANR-22-PETQ-
0004), Région Ile-de-France in the framework of the DIM



SIRTEQ program, and the Quantum Saclay program, sup-
ported by the state under France 2030 (reference ANR-21-
CMAQ-0002). R.D. acknowledges a PhD grant with reference
2024.03181.BD from the Portuguese Foundation for Science
and Technology (FCT).

* victor.gondret@institutoptique.fr

[1] C. Weedbrook, S. Pirandola, R. Garcia-Patrén, N. J. Cerf, T. C.
Ralph, J. H. Shapiro, and S. Lloyd, Gaussian quantum informa-
tion, Reviews of Modern Physics 84, 621 (2012).

[2] N. Bogoliubov, On the theory of superfluidity, J. Phys 11, 23
(1947).

[3] S. W. Hawking, Black hole explosions?, Nature 248, 30 (1974).

[4] G. T. Moore, Quantum theory of the electromagnetic field in a
variable-length one-dimensional cavity, Journal of Mathemati-
cal Physics 11, 2679 (1970).

[5] L.-M. Duan, G. Giedke, J. L. Cirac, and P. Zoller, Inseparability
criterion for continuous variable systems, Phys. Rev. Lett. 84,
2722 (2000).

[6] R. Simon, Peres-horodecki separability criterion for continuous
variable systems, Phys. Rev. Lett. 84, 2726 (2000).

[7]1 M. Hillery and M. S. Zubairy, Entanglement Conditions for
Two-Mode States, Physical Review Letters 96, 050503 (2006).

[8] K. Vogel and H. Risken, Determination of quasiprobability dis-
tributions in terms of probability distributions for the rotated
quadrature phase, Phys. Rev. A 40, 2847 (1989).

[9] A. J. Ferris, M. K. Olsen, E. G. Cavalcanti, and M. J. Davis,
Detection of continuous variable entanglement without coher-
ent local oscillators, Phys. Rev. A 78, 060104 (2008).

[10] Z. Y. Ou, S. F. Pereira, H. J. Kimble, and K. C. Peng, Real-
ization of the einstein-podolsky-rosen paradox for continuous
variables, Phys. Rev. Lett. 68, 3663 (1992).

[11] C. Gross, H. Strobel, E. Nicklas, T. Zibold, N. Bar-Gill, G. Kur-
izki, and M. K. Oberthaler, Atomic homodyne detection of
continuous-variable entangled twin-atom states, Nature 480,
219 (2011).

[12] J. Peise, L. Kruse, K. Lange, B. Liicke, L. Pezze, J. Arlt, W. Ert-
mer, K. Hammerer, L. Santos, A. Smerzi, and C. Klempt, Satis-
fying the Einstein—Podolsky—Rosen criterion with massive par-
ticles, Nature Communications 6, 8984 (2015).

[13] A. Bergschneider, V. M. Klinkhamer, J. H. Becher, R. Klemt,
L. Palm, G. Ziirn, S. Jochim, and P. M. Preiss, Experimental
characterization of two-particle entanglement through position
and momentum correlations, Nature Physics 15, 640 (2019).

[14] G. P. Greve, C. Luo, B. Wu, and J. K. Thompson,
Entanglement-enhanced matter-wave interferometry in a high-
finesse cavity, Nature 610, 472 (2022).

[15] Y. S. Athreya, S. Kannan, X. T. Yan, R. J. Lewis-Swan, K. V.
Kheruntsyan, A. G. Truscott, and S. S. Hodgman, Bell cor-
relations between momentum-entangled pairs of “He* atoms
(2025), arXiv:2502.12392 [cond-mat.quant-gas].

[16] A. Christ, K. Laiho, A. Eckstein, K. N. Cassemiro, and C. Sil-
berhorn, Probing multimode squeezing with correlation func-
tions, New Journal of Physics 13, 033027 (2011).

[17] 1. Esmaeil Zadeh, J. Chang, J. W. N. Los, S. Gyger, A. W.
Elshaari, S. Steinhauer, S. N. Dorenbos, and V. Zwiller, Su-
perconducting nanowire single-photon detectors: A perspective
on evolution, state-of-the-art, future developments, and appli-
cations, Applied Physics Letters 118, 190502 (2021).

[18] H. Ott, Single atom detection in ultracold quantum gases: a
review of current progress, Reports on Progress in Physics 79,
054401 (2016).

[19] R. G. Dall, A. G. Manning, S. S. Hodgman, W. RuGway, K. V.
Kheruntsyan, and A. G. Truscott, Ideal n-body correlations with
massive particles, Nature Physics 9, 341 (2013).

[20] T. Schweigler, V. Kasper, S. Erne, 1. Mazets, B. Rauer, F. Catal-
dini, T. Langen, T. Gasenzer, J. Berges, and J. Schmiedmayer,
Experimental characterization of a quantum many-body system
via higher-order correlations, Nature 545, 323 (2017).

[21] M. Perrier, Z. Amodjee, P. Dussarrat, A. Dareau, A. Aspect,
M. Cheneau, D. Boiron, and C. Westbrook, Thermal counting
statistics in an atomic two-mode squeezed vacuum state, Sci-
Post Physics 7, 002 (2019).

[22] G. Hercé, J.-P. Bureik, A. Ténart, A. Aspect, A. Dareau, and
D. Clément, Full counting statistics of interacting lattice gases
after an expansion: The role of condensate depletion in many-
body coherence, Physical Review Research 5, L012037 (2023).

[23] S. Massar, F. Devaux, and E. Lantz, Multiphoton correlations
between quantum images, Phys. Rev. A 108, 013705 (2023).

[24] M. Allemand, R. Jannin, G. Dupuy, J.-P. Bureik, L. Pezze,
D. Boiron, and D. Clément, Tomography of a spatially resolved
single-atom detector in the presence of shot-to-shot number
fluctuations, PRX Quantum 5, 040324 (2024).

[25] J. Xiang, E. Cruz-Colén, C. C. Chua, W. R. Milner, J. de Hond,
J. F. Fricke, and W. Ketterle, In situ imaging of the thermal de
Broglie wavelength in an ultracold Bose gas, Phys. Rev. Lett.
134, 183401 (2025).

[26] S. Krishnaswamy, F. Schlue, L. Ares, V. Dyachuk, M. Stef-
szky, B. Brecht, C. Silberhorn, and J. Sperling, Experimental
retrieval of photon statistics from click detection, Phys. Rev. A
110, 023717 (2024).

[27] F. Finger, R. Rosa-Medina, N. Reiter, P. Christodoulou, T. Don-
ner, and T. Esslinger, Spin- and momentum-correlated atom
pairs mediated by photon exchange and seeded by vacuum fluc-
tuations, Phys. Rev. Lett. 132, 093402 (2024).

[28] I. A. Burenkov, A. K. Sharma, T. Gerrits, G. Harder, T. J. Bart-
ley, C. Silberhorn, E. A. Goldschmidt, and S. V. Polyakov, Full
statistical mode reconstruction of a light field via a photon-
number-resolved measurement, Phys. Rev. A 95, 053806
(2017).

[29] J. Fiurasek and N. J. Cerf, How to measure squeezing and en-
tanglement of Gaussian states without homodyning, Phys. Rev.
Lett. 93, 063601 (2004).

[30] J. Wenger, J. Fiurdsek, R. Tualle-Brouri, N. J. Cerf, and
P. Grangier, Pulsed squeezed vacuum measurements without
homodyning, Phys. Rev. A 70, 053812 (2004).

[31] J. Sperling, W. Vogel, and G. S. Agarwal, Correlation measure-
ments with on-off detectors, Phys. Rev. A 88, 043821 (2013).

[32] J. Pefina, 1. I. Arkhipov, V. Michdlek, and O. c. v. Haderka,
Nonclassicality and entanglement criteria for bipartite optical
fields characterized by quadratic detectors, Phys. Rev. A 96,
043845 (2017).

[33] G. Zuo, Y. Zhang, J. Li, S. Zhu, Y. Guo, and T. Zhang, De-
termination of weakly squeezed vacuum states through photon
statistics measurement, Physics Letters A 439, 128133 (2022).

[34] C. Kumar, R. Sengupta, and Arvind, Optimal characterization
of Gaussian channels using photon-number-resolving detectors,
Phys. Rev. A 102, 012616 (2020).

[35] A. Avagyan, E. Knill, and S. Glancy, Multi-mode Gaussian
state analysis with total-photon counting, Journal of Physics B:
Atomic, Molecular and Optical Physics 56, 145501 (2023).

[36] A. Barasinski, J. Pefina, and A. éernoch, Quantification
of quantum correlations in two-beam Gaussian states using


mailto:victor.gondret@institutoptique.fr
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1038/248030a0
https://doi.org/10.1063/1.1665432
https://doi.org/10.1063/1.1665432
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1103/PhysRevLett.84.2726
https://doi.org/10.1103/PhysRevLett.96.050503
https://doi.org/10.1103/PhysRevA.40.2847
https://doi.org/10.1103/PhysRevA.78.060104
https://doi.org/10.1103/PhysRevLett.68.3663
https://doi.org/10.1038/nature10654
https://doi.org/10.1038/nature10654
https://doi.org/10.1038/ncomms9984
https://doi.org/10.1038/s41567-019-0508-6
https://doi.org/10.1038/s41586-022-05197-9
https://arxiv.org/abs/2502.12392
https://arxiv.org/abs/2502.12392
https://arxiv.org/abs/2502.12392
https://doi.org/10.1088/1367-2630/13/3/033027
https://doi.org/10.1063/5.0045990
https://doi.org/10.1088/0034-4885/79/5/054401
https://doi.org/10.1088/0034-4885/79/5/054401
https://doi.org/10.1038/nphys2632
https://doi.org/10.1038/nature22310
https://doi.org/10.21468/SciPostPhys.7.1.002
https://doi.org/10.21468/SciPostPhys.7.1.002
https://doi.org/10.1103/PhysRevResearch.5.L012037
https://doi.org/10.1103/PhysRevA.108.013705
https://doi.org/10.1103/PRXQuantum.5.040324
https://doi.org/10.1103/PhysRevLett.134.183401
https://doi.org/10.1103/PhysRevLett.134.183401
https://doi.org/10.1103/PhysRevA.110.023717
https://doi.org/10.1103/PhysRevA.110.023717
https://doi.org/10.1103/PhysRevLett.132.093402
https://doi.org/10.1103/PhysRevA.95.053806
https://doi.org/10.1103/PhysRevA.95.053806
https://doi.org/10.1103/PhysRevLett.93.063601
https://doi.org/10.1103/PhysRevLett.93.063601
https://doi.org/10.1103/PhysRevA.70.053812
https://doi.org/10.1103/PhysRevA.88.043821
https://doi.org/10.1103/PhysRevA.96.043845
https://doi.org/10.1103/PhysRevA.96.043845
https://doi.org/https://doi.org/10.1016/j.physleta.2022.128133
https://doi.org/10.1103/PhysRevA.102.012616
https://doi.org/10.1088/1361-6455/ace175
https://doi.org/10.1088/1361-6455/ace175

photon-number measurements, Phys. Rev. Lett. 130, 043603
(2023).

[37] J.-C. Jaskula, G. B. Partridge, M. Bonneau, R. Lopes, J. Ru-
audel, D. Boiron, and C. I. Westbrook, Acoustic analog to the
dynamical Casimir effect in a Bose-Einstein condensate, Phys.
Rev. Lett. 109, 220401 (2012).

[38] L. W. Clark, A. Gaj, L. Feng, and C. Chin, Collective emis-
sion of matter-wave jets from driven Bose—Einstein conden-
sates, Nature 551, 356 (2017).

[39] C.-A. Chen, S. Khlebnikov, and C.-L. Hung, Observation of
quasiparticle pair production and quantum entanglement in
atomic quantum gases quenched to an attractive interaction,
Phys. Rev. Lett. 127, 060404 (2021).

[40] M. Schemmer, A. Johnson, and I. Bouchoule, Monitoring
squeezed collective modes of a one-dimensional Bose gas af-
ter an interaction quench using density-ripple analysis, Phys.
Rev. A 98, 043604 (2018).

[41] A. Tenart, G. Hercé, J.-P. Bureik, A. Dareau, and D. Clément,
Observation of pairs of atoms at opposite momenta in an equi-
librium interacting Bose gas, Nature Physics 17, 1364 (2021).

[42] J.-P. Bureik, G. Hercé, M. Allemand, A. Tenart, T. Roscilde,
and D. Clément, Suppression of Bogoliubov momentum pair-
ing and emergence of non-Gaussian correlations in ultracold
interacting Bose gases, Nature Physics 21, 57 (2025).

[43] J. Steinhauer, Observation of quantum Hawking radiation and
its entanglement in an analogue black hole, Nature Physics 12,
959 (2016).

[44] M. Sparn, E. Kath, N. Liebster, J. Duchene, C. F. Schmidt,
M. Tolosa-Simedn, A. Parra-Lépez, S. Floerchinger, H. Strobel,
and M. K. Oberthaler, Experimental particle production in time-
dependent spacetimes: A one-dimensional scattering problem,
Phys. Rev. Lett. 133, 260201 (2024).

[45] S. Robertson, F. Michel, and R. Parentani, Assessing degrees
of entanglement of phonon states in atomic Bose gases through
the measurement of commuting observables, Phys. Rev. D 96,
045012 (2017).

[46] 1. Agullo, A. Delhom, and A. Parra-Lépez, Toward the obser-
vation of entangled pairs in BEC analog expanding universes,
Phys. Rev. D 110, 125023 (2024).

[47] A. Peres, Separability Criterion for Density Matrices, Physical
Review Letters 77, 1413 (1996).

[48] M. Kardar, Statistical Physics of Fields (Cambridge University
Press, 2007) Chap. 5.

[49] A. Serafini, Quantum continuous variables: a primer of theo-
retical methods, 1st ed. (CRC Press, Taylor and Francis Group,
Boca Raton, 2017).

[50] A. Serafini, F. Illuminati, and S. D. Siena, Symplectic invari-
ants, entropic measures and correlations of Gaussian states,
Journal of Physics B: Atomic, Molecular and Optical Physics
37,121 (2004).

[51] G. Vidal and R. F. Werner, Computable measure of entangle-
ment, Phys. Rev. A 65, 032314 (2002).

[52] M. Isoard, N. Milazzo, N. Pavloff, and O. Giraud, Bipartite and
tripartite entanglement in a Bose-Einstein acoustic black hole,
Phys. Rev. A 104, 063302 (2021).

[53] A.J. Brady, I. Agullo, and D. Kranas, Symplectic circuits, en-
tanglement, and stimulated hawking radiation in analogue grav-
ity, Phys. Rev. D 106, 105021 (2022).

[54] J. Martin, A. Micheli, and V. Vennin, Comparing quantumness
criteria, Europhysics Letters 142, 18001 (2023).

[55] R. F. Werner, Quantum states with Einstein-Podolsky-Rosen
correlations admitting a hidden-variable model, Physical Re-
view A 40, 4277 (1989).

[56] B. Morris, B. Yadin, M. Fadel, T. Zibold, P. Treutlein, and
G. Adesso, Entanglement between identical particles is a useful
and consistent resource, Phys. Rev. X 10, 041012 (2020).

[57] T. Wasak, P. Szadkowski, P. Zid, M. Trippenbach, and
J. Chwedeniczuk, Cauchy-schwarz inequality and particle en-
tanglement, Phys. Rev. A 90, 033616 (2014).

[58] I. Agullo, A.J. Brady, and D. Kranas, Quantum aspects of stim-
ulated hawking radiation in an optical analog white-black hole
pair, Phys. Rev. Lett. 128, 091301 (2022).

[59] A. Delhom, K. Guerrero, P. Calizaya Cabrera, K. Falque,
A. Bramati, A. J. Brady, M. J. Jacquet, and 1. Agullo, Entangle-
ment from superradiance and rotating quantum fluids of light,
Phys. Rev. D 109, 105024 (2024).

[60] A. Finke, P. Jain, and S. Weinfurtner, On the observation of non-
classical excitations in Bose—Einstein condensates, New Jour-
nal of Physics 18, 113017 (2016).

[61] S. Finazzi and I. Carusotto, Entangled phonons in atomic Bose-
Einstein condensates, Phys. Rev. A 90, 033607 (2014).

[62] S. Hodgman, R. Khakimov, R. Lewis-Swan, A. Truscott, and
K. Kheruntsyan, Solving the Quantum Many-Body Problem via
Correlations Measured with a Momentum Microscope, Physi-
cal Review Letters 118, 240402 (2017).

[63] V. Gondret, C. Lamirault, R. Dias, C. Leprince, C. Westbrook,
D. Clément, and D. Boiron, Code for “quantifying two-mode
entanglement of bosonic Gaussian states from their full count-
ing statistics” (2025).

[64] J. Adamek, X. Busch, and R. Parentani, Dissipative fields in de
sitter and black hole spacetimes: Quantum entanglement due
to pair production and dissipation, Phys. Rev. D 87, 124039
(2013).

END MATTER

Gaussian state formalism in a nutshell

We consider the two-mode Gaussian reduced density ma-
trix of a quantum state. This (reduced) state is thus fully
characterized by its first and second moments: the mean vec-
tor (null based on our hypothesis) and the covariance ma-
trix [49]. We work in the creation and annihilation operator
basis # = (41,4}, d»,d})T and define the (complex hermi-
tian) covariance matrix by o;; = (f‘iﬂ. + f'Tﬁi>. Within our
hypothesis, this matrix is given by [49]

az(g g), (1

where A = (2n;+1)I; and B = (2n; + 1)]; are the covariance
matrices of the respective reduced states composed of modes
1 and 2 and T is the identity matrix. (d?) # 0 would imply
the presence of non-zero off-diagonal terms in these matrices.
Sub-matrix C encodes the correlation between the two modes
and is given by

(a,a} <drz>)
C=2 2 . 12
(<a1az>* (@aly (12

Because the covariance matrix is a positive semi-definite ma-
trix, it can be diagonalized through symplectic transforma-
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tions i.e. transformations that preserve the canonical commu-
tation relations [49]. The symplectic eigenvalues v. of this
matrix are given by [50]

2v2 =T + VI? - 4deto (13)

where I" = detA + detB + 2detC'. From Eq. (12), detC' does
not depend on the relative phase between {d 1&27) and (d;d»).
The value of deto is given by Eq. (6) of the main text, where
B should be replaced by the values of |[{(d;d»)| and |(€11d;)|.
We see that the values of v, do not depend on the relative
phase between (d@;) and {d,d,), which is a consequence of
the (a3) = 0 hypothesis.

With our convention, the bona fide condition on the covari-
ance matrix is equivalent to v, > 1 [53]. Positivity of the par-
tial transpose (PT) state is a necessary and sufficient condition
for the separability of the state [6]. Here, the partial transpose
operation on mode 2 transforms the covariance matrix as

A% A BEo.Bo, Cc5co, (14

where o, = ((1) (1)) Within our hypothesis, the partial trans-

pose only exchanges the roles of (dld;) and (dd>).

The symplectic eigenvalues of the partial transpose covari-
ance matrix 7, are thus given by Eq. (13) where I is replaced
by I' = detA + detB — 2detC. The determinant of the co-
variance matrix is preserved under partial transpose opera-
tion [50], which also explains why Eq. (6) is invariant un-
der the exchange of B.. Thus we conclude that the two-
mode Gaussian state is entangled iff #_ < 1. The expression
A_ = min(v_, ¥_) defined in Eq. (5) in the main text is given
by Eq. (13) replacing I' by A = detA+detB+2|detC|. As dis-
cussed by Simon [6], an entangled state must have detC' < 0
to respect the bona fide condition. Thus, when the state is en-

A AT

tangled, inequality [(d1d2)| > [{d1d,)| must hold and because
B+ = B-, we can identify [(dd2)| = B+ and [{(dd,)| = B-.

The grey region in Fig. 2 corresponds to states which do
not satisfy the bona fide condition. For these states, the two
solutions (|(d14d2)|,{(d1d,)|) = (B=, B=) are unphysical: both
v_ and v_ are smaller than 1. Thus, A = max(v_,V_) is
smaller than 1 where A" is given by Eq. (5) where A should
be replaced by

A = detA + detB - 2|detC|

=2n +1)2+ 2y + 1) = 8(82 - B). (1>

Detection efficiency - The effect of non-unit efficiency 7,
can be modeled by a pure loss channel that mixes each mode
with the vacuum through a beam-splitter with a transmitivity
1. Such an operation does not alter the Gaussianity of the state
and transforms the covariance matrix o according to no+(1-
)y [54]. With our parametrization, the values ny, n;, (4, d;)
and (d1d,) are divided by n. In the main text, the values of
[ are proportional to the populations and should be rescaled
accordingly when taking into account the non-unit efficiency.

Entanglement and separability thresholds for g(2>

As we saw in the last section, a two-mode Gaussian state
must satisfy the bona fide condition v, > 1 and such a state is
entangled if and only if ¥~ < 1. As a result, a two-mode
Gaussian state is entangled if only if min(v_,v_) < 1, or
equivalently P_ < 0 where [6, 50, 53]

P_ =1+deto — detA — detB —2|detC/|. (16)

This condition being necessary and sufficient, such a state is
separable if and only if $_ > 0. As the second order correla-
tion function gives access to [(d;d2)|> + I(dldz)lz, it is natural
to introduce

& = |[Ka1ax)* - [Ka1al) P|/nina (17)

so that P_ is given by

P_ = 16nny|(1+n1)(1 +n2)(2—8$))

1
+ (5 —nlnz) (gf? - 1) (18)

1
+0 (n1n25 - E)]

The value of ¢ cannot take arbitrarily large or small values.
In particular, since the density matrix of the state is positive
semi-definite, the following Cauchy-Schwarz inequality for
any operators ¢ and i must be satisfied [64]

(") < (676) (7). (19)

This inequality cannot be violated and that the so-called vi-
olation of the classical Cauchy-Schwarz inequality refers to
a normally ordered version of Eq. (19) [64]. This inequality
yields

[(a1d2)* <ninay +ny,
| (@21} |* <nina +na, (20)

|<6316?;>|2 <mny.

Assuming that n; < ny without loss of generality, we see that
¢ must lie within [0, 1 + 1/n5].

Lemma: If 6 > 1, the state is entangled.

Proof. If 6 > 1, then at least one of the two terms
[{(@1d2)|*/n1ny and |(d1d2)|2/n|n2 is strictly greater than 1.
Since the Cauchy-Schwarz inequality (20) gives |(d1d2)|2 <
niny, then we must have |{(ad,)|> > nin, which implies en-
tanglement from Ref. [7]. m]

Entanglement threshold: A two-mode Gaussian state for

which each mode is thermal and which satisfies gg) > gg)

is entangled. gg) depends on the population and is given in
Eq. (9).
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FIG. 4. Entanglement regions in the (n, glz)) plane, for a given value
of 6 in each panel. Compared to the entanglement witness shown in
Fig. 3, there is no unknown entanglement region.

(2)
2 therefore

if P_ (g(z) 6) < 0 for the allowed values of §, then any state
satisfying gé > gz(z)
g? which is the highest value of the normalized two-body
correlation function for a separable state i.e. the “last one”.

Fixing the populations n| and ny, g ( ) is found solving

Proof. P_ is a strictly decreasing function of g

is entangled. We therefore look for

Max s {P_(nl,nz,gj;),a)} = 0. 1)

We now seek an upper bound for the expression &(njné —
1/2) in Eq. (18) and subsequently solve £ = 0. From the
above lemma, any state with 6 > 1 is entangled (- < 0). As
we aim to find the “last” separable state (P_ = 0), we restrict
our analysis to § € [0, 1]. We are left to distinguish two cases.

e If niny < 1/2, the last term of equation (18) is always
negative, and an upper bound for this term is obtained
for 6 = 0. Solving P_ = 0 leads to g glven in Eq. (9).

e If nyn, > 1/2, an upper bound is found for § = 1.
In this scenario, the second and third terms of Eq. (18)
simplify, and solving $_ = 0 yields g(z) 2.

]

In Fig. 4, we show the entanglement criterion in the
(n, glz)) plane for four values of 8. The entanglement thresh-

old g E can be graphically understood from the behavior of
the entanglement border (black line). At fixed population
n, gg) corresponds to corresponds to the maximum of the
values of gg) that belong to the entanglement border with
respect to 6. For small populations, we see in Fig. 4 that,
at fixed population, the values of g(z) on the entanglement
border are larger than 2. The maximum value is given for
6 = 1, which implies B, = B_ thus [(d1d2)| = |(d14,)| and
60 = 0. On the other hand, for large population, the values
of g( ) of the entanglement border lie below 2, and the

maximum is given for 6 = 0 for which g(2) 2.

Separability threshold: A two-mode Gaussian state for

which each mode is thermal and which satisfies g(z) géz)

is separable. g 2 depends on the population and is given in
Eq. (10).

Proof. P_ is a strictly decreasing function of gg), therefore if

P_ (g(z) 6) = 0 for all allowed values of &, then any state sat-

isfying gl(? < géz) is separable. From Eq. (18), the minimum

of the $_(6) polynomial is reached for § = 1/4nn;. But here
again, ¢ cannot take arbitrarily large values: it must lie within
[0, 1], as we show below.

When the coherence is null, we know that separable states sat-

isfy gf) < 2 thus this specific case means that g( )

gsz) < 2. However, 6 > 1 implies that g( )

requlre gfz) < géz) < 2, we conclude that 6 <

€ [0, 1]. We are left to distinguish two cases.

satisfies
> 2. As we
< 1 and thus

e If nyny < 1/4, the minimum of the £_ polynomial on
[0,1] is 1, and solving P_(6 = 1) = 0 yields g’ = 2.

e If nyny > 1/4, the minimum of #_ is reached for 8, =
1/4n1n;. Solving P_(6min) = 0 yields géz) given in
Eq. (9).
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