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Abstract

The experimental observation of a clear quantum signature of gravity is believed to be out of the
grasp of current technology. However, several recent promising proposals to test the possible
existence of non-classical features of gravity seem to be accessible by the state-of-art table-top
experiments. Among them, some aim at measuring the gravitationally induced entanglement
between two masses which would be a distinct non-classical signature of gravity. We explicitly
study, in two of these proposals, the effects of decoherence on the system’s dynamics by
monitoring the corresponding degree of entanglement. We identify the required experimental
conditions necessary to perform successfully the experiments. In parallel, we account also for the
possible effects of the continuous spontaneous localization (CSL) model, which is the most known
among the models of spontaneous wavefunction collapse. We find that any value of the parameters
of the CSL model would completely hinder the generation of gravitationally induced
entanglement.

1. Introduction

Testing the quantumness of gravity represents an outstanding challenge that has been approached from
different perspectives [1]. Clearly the direct detection of the graviton—the quantum mediator of the
gravitational interaction—would undeniably confirm the quantumness of gravity. However, the current
state-of-art technology is not yet sufficiently advanced to allow for such a detection [2, 3], and alternative
paths need to be explored. Several low-energy table-top experiments were proposed over the years, which
aim at testing effects resulting from either of a quantum [4—38] or a classical theory of gravity [9]. Among
such proposals, we focus on two of them, one by Bose et al [10] and Marletto—Vedral [11] (BM) and one by
Krisnanda et al [12], which seem to be within reach of the current technology. They rely on the generation
of a gravitationally induced entanglement between two masses, which would work as a witness of the
non-classical nature of the gravitational mediator [10, 11]. This new approach to witnessing non-classical
features of gravity has been subject of intense study and debate [13-26], and is at the core of several recent
experimental proposals [27-31]. Since the gravitational interaction is weak, one needs to employ large
masses to achieve a measurable amount of entanglement in an experimentally reasonable time. However,
larger masses are strongly affected by the environmental noises. Such effects, in particular decoherence,
suppress quantum superpositions and thus hinder the entanglement generated by gravity. Therefore, it is
crucial to consider explicitly environmental decoherence effects in the dynamics of the system. Moreover,
since these setups are very sensitive to any source of decoherence, one should account also for non-standard
decoherence sources as those described by models of spontaneous wavefunction collapse. These models
represent possible solutions to the quantum measurement problem. They modify the standard evolution
due to quantum mechanics by introducing stochastic and non-linear terms in the Schrédinger equation
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Figure 1. Schematic representation of the two setups presented in section 2. (a) Setup proposed by Bose et al [10] and
Marletto—Vedral [11]. Two diamond particles with an embedded spin are initially prepared in the state (|1) + |1))/+/2 and
subsequently sent through two adjacent Stern—Gerlach interferometers. The particles are initially at a distance d and the size of
the superpositions in the interferometer is Ax. (b) Setup proposed by Krisnanda et al [12]. Two osmium spheres of radius R and
mass m are initially trapped in two harmonic potentials with frequency wy at a distance d. The spheres are initially cooled down
close to the ground state of the harmonic potentials and the traps are subsequently removed, thus letting the masses freely
interact. Here, X4 and X3 denote the displacement of the centres of mass of the two spheres from their initial equilibrium
position.

[32, 33]. While these models are still under active testing [34—37], it is instructive to account for their
possible effects in these setups. Additional decoherence effects can rise from different processes related to
gravity, as those proposed and analysed in [38—50]. Our approach can easily be modified to include them,
and the analysis is left for future research.

In this work, by building on the first analysis performed in [51, 52] for the setup of Bose et al, we study
the decoherence effects on the entanglement allegedly induced by non-classical gravity and identify the
experimental conditions required to perform successfully the BM [10, 11] and Krisnanda et al [12]
proposals. Moreover, we also quantify the effective decoherence due to the action of the continuous
spontaneous localization (CSL) model [53, 54], which is the most studied among the models of
spontaneous wavefunction collapse.

2. Witnessing non-classical features of gravity

The proposals in references [10, 11] and that in reference [12] to test non-classical features of gravity are
based on the generation of gravitationally induced entanglement. Indeed, a classical mediator cannot induce
entanglement between two systems that are not directly interacting [55]. Therefore, the observation of
gravitationally induced entanglement between two massive systems implies that the gravitational mediator
displays non-classical features. We briefly review the two proposals.

2.1. BM proposal

The first setup proposed to test gravitationally-induced entanglement is that of Bose et al [10] and
Marletto—Vedral [11] (BM). The setup is based on Stern—Gerlach interferometry [56—58], however
alternative experimental schemes, as for example that exploiting magnetic levitation [59], can be also
considered. Two diamond particles of mass m and radius R embedded with a single spin 1/2 are initially
prepared in the superposition state (|1) + |1))/+/2 and sent simultaneously through two Stern—Gerlach
interferometers as depicted in figure 1(a). After passing through an inhomogeneous magnetic field, the spin
superposition induces a position superposition for each of the particles, thus entangling the spin and the
position. The composite state of the system thus becomes

[T, L)i + [, R);

[W)1 @ |¢),  where [¢); = 7

(1)
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is the single particle state, and |L) and |R) are the localized states of the particles in the left and right branch
of the interferometer, respectively. This assumption about the states of the particles has been shown to be a
valid approximation for this setup [25].

Now gravity comes in play, mediating the interaction between the two masses. If gravity is to obey the
quantum superposition principle, it induces a different phase for each of the parts of the superposition,
which depends on the distance from the other branches of the superposition [10]. This interaction leads to
an entangled state of the two masses [10, 11].

An estimate of the gravity-induced phases can be obtained by assuming that the dominant effect can be
computed via Newtonian interaction [10, 11, 13, 18]; this approximation is valid also in the linearised
quantum gravity model [1, 60]. In particular, with reference to the setup represented in figure 1(a), we
assume that the gravitational interaction is sufficiently weak to not modify the relative distances between
the branches but at the same time strong enough to modify the corresponding relative phases. Moreover, we
assume that all other interactions among the two particles are negligible and we account for the action of
gravity only in the parallel branches of the interferometers. In such a way, the problem is significantly
simplified. The corresponding driving Hamiltonian, in the {|i); ® |j),} with i,j = L, R basis representation,
reads

Uy O 0 0
0 U_ 0 0
Hpm-g = o 0 U, o] (2)
0 0 0 Uy
where we defined ) 5
m m
Uy=G—, Up=G—, 3
0 P + 1T Ax (3)

with d denoting the distance between the centre of mass of the two particles and Ax the superposition
distance. By assuming that the initial state is that in equation (1), the corresponding density matrix at time ¢
reads:

1 efiAo,t e—iAOth 1
1 eiAo,t 1 e—iA,_;,_t eiAO—t
P=75 | ddort ot | dbort | (4)
1 e—iAO,t e—iA0+t 1
with U_U
Aj=—"— with ije{0,+,—}. (5)

The entanglement of the density matrix p is verified by applying the Peres—Horodecki criterion [61, 62]. In
particular, we calculate the eigenvalues \; of the partially transposed density matrix, which we explicitly
derive in appendix A. They read:

~ 1 t ~ 1 t
A= (14]|cos—|], A5 =+ [sin —|, (6)
2 el 2 TG
where we defined the characteristic time
hd ()" 1]
6= Gm? 7

According to the Peres—Horodecki criterion, the system is in an entangled state if at least one among the
eigenvalues i is negative. The condition is both necessary and sufficient for 2 x 2 dimensional systems as in
our case. We notice that \; is always negative YVt # kw7¢ with k € Z. We quantify the corresponding
entanglement by exploiting the logarithmic negativity E = log, ||p||1, where || - ||; is the trace norm [55].

This gives
) : (8)

The entanglement of the system has a periodic dynamics and reaches its first maximum value at time

tmax = 57c. By inserting the values of the parameters chosen by Bose et al [10], which are reported in
table 1, we have fyax =~ 25 s. We remark that the value of d has been chosen by Bose et al such that the
Casimir—Polder interactions between the two spheres are 10 times smaller than the gravitational
interaction. In this way, it is easier to discriminate the contribution of gravity to entanglement from that of
these short-range forces. A slightly different setup with mitigated Casimir—Polder interactions has been
recently proposed in [51] and thoroughly analysed in [52]. This setup proposes to insert a conducting plate
between the two spheres and provides an improvement of one/two orders of magnitude on the mass and

.t
sin —

EpM-—free = 10g2 (1 +
TG
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Table 1. Numerical value of the parameters proposed in the
setups by Bose et al [10], Marletto—Vedral [11] and by Krisnanda
et al [12]. The masses m are assumed to be spheres of radius R and
are separated by a distance d. For the BM setup one has a
superposition distance of Ax, while in that of Krisnanda et al the
masses are initially confined in an harmonic trap of frequency wy

Proposal m (kg) R (m) d (m) Ax (m) w, (Hz)
Bose 107" 100 45x107* 25x107* /
Marletto 02 107° / /
Krisnanda 1077 107* 3x10* / 10°

superposition size with respect to [10]. The corresponding analysis of decoherence acting on the
experimental apparatus and that due to external acceleration noises were performed in [63, 64] respectively,
while the decoherence effects on the system were not quantified. In an attempt to simplify the treatment of
the decoherence effects, here we will not consider this modified version of the setup, although our analysis
can be applied also to this scenario.

2.2. Krisnanda et al proposal
The second setup we consider was recently proposed by Krisnanda et al in [12]. The setup is schematically
depicted in figure 1(b) and consists of two osmium spheres of mass m and radius R that are initially trapped
in harmonic potentials with frequency wy separated by a distance d. The masses are assumed to be cooled
down close to the ground state of their harmonic potentials, which is achievable with current technology
[65, 66]. The particles are subsequently released from the traps and are let free to interact gravitationally
and entangle. Again, the Newtonian potential can be exploited to effectively describe such an interaction.
The quantification of the degree of entanglement can be provided through well established continuous
variables techniques applied to bipartite Gaussian states [67]. In particular, in such a case, the separability of
the state can be simply verified through its 4 x 4 covariance matrix in position and momentum.

In the proposal of Krisnanda et al, one assumes that the two masses are initially prepared in Gaussian
thermal states of the harmonic potentials. Moreover, one can approximate the Newtonian potential to
second order in the quantum fluctuations (X, — Xg) of the relative distance d [12]:

)

. Gm? (ka — X)  (Xa — &p)°
Hng - - d (1 + d + d2 >

where the last term entangles the two masses [12, 68]. Under this approximation, which is valid for

|x4 — Xp| < d according to the parameters reported in table 1 and for a duration of the experiment of
around 1 s [12], the dynamics is Gaussian. Krisnanda et al derived the analytic expression for the
logarithmic negativity of the system in the limit 2Gm < w?d® and v2Gmwt < wyd®/?, which reads [12]:

Ex_fe = —log, (\/ 14 20(1) — 2/ + a(t)) : (10)

where o(t) = 4G*m?w]t®/9d°. Using the parameters reported in table 1, after 1 s, the logarithmic negativity
is 102, a value which can be detected with current technology [69].

3. Decoherence effects

To measure the entanglement created by the quantum gravitational interaction one must ensure that
environmental decoherence is sufficiently weak to not spoil such an effect. The main sources of decoherence
are the scattering of residual gas and the scattering, emission and absorption of thermal photons. Here, we
compute explicitly these effects on the dynamics of the system in the two setups above described, and their
influence on the gravitationally-induced entanglement.

3.1. BM proposal
The effect of decoherence on the BM setup can be conveniently described in terms of a master equation,
which in the position representation reads [70, 71]:

dp (x,x’, t)

i e , ,
T = —3 (x[[H. 6] | #) = T(}x = ¥Dp(x %, 1), (11)
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Table 2. Values of a and Iy entering in equation (12) which quantify the
decoherence effects induced by collisions with air molecules (Air) and scattering
(Sc), absorption (Ab) and emission (Em) of thermal photons on a sphere of
radius R, dielectric constant € and bulk temperature T, [70, 71]. Here, 1,
denotes the mass of the molecules of the residual air, T and P are respectively the
temperature and the pressure at which the experiment is performed, and ((n) is
the Riemann zeta function. To quantify the effects, one has € = 5.7 +i x 10~*
[72] for diamond used in the BM proposal, while ¢ = 0.6 + i x 2.5 [73] for
osmium used in the Krisnanda proposal. Moreover, for the sake of simplicity, we
take T; = T and m,;, ~ 6.6 x 107 kg corresponding to a atom of helium.

Source a I
Air wh 16721 PR?
/2mmyickg T 3 /maickgT
7 2
s o ne g1 Roc (4T ) (o) £ ]
23 ke x19/3 kgT 4 —
Ab 2kB1r} S RSC(%) Ime+_12
23 ke L19/3 T\ e
Em sz‘If: 16189 RSC( I;ic) Imf-T;
0.10; S 5
/\2
0.08
0,06
@
_
0.04
0.02
0.00:
0 10 20 30 40
Time [s]
1.0
0.8

r=0s-'

0.6 —T=0.01s"

E
0.4 — =0.03 s
— =0.05s"
0.2
20 40 60 80

Time[s]

Figure 2. Entanglement indicators for the BM proposal. (Top panel) The eigenvalue 5\2" provided by equation (14) as function of
time and of the localization strength I'. The region A, < 0, which is below the black curve, corresponds to entangled states of the
system. (Bottom panel) evolution of the logarithmic negativity of the system E given in equation (17) for different values of I".

where H is the free Hamiltonian, p(x, 8, t) = (x|p(#)|x") and we consider the common ansatz [71]

[ (Ax) =T, (1 —exp [—sz]) . (12)

4q?

Such a master equation leads to an exponential suppression in time of the off-diagonal terms of the density
matrix in the position representation. According to equation (12), decoherence is characterized by the
localization strength I'y and localization distance a, whose explicit forms are reported in table 2. In the
proposals under consideration, there are only four possible position configurations, thus the problem is
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Figure 3. Environmental conditions required to observe different amounts of entanglement in the BM setup. Each line
represents the necessary environmental conditions required to observe a specific value of the logarithmic negativity E as reported
in equation (17) at time 7. The respective shaded areas correspond to values of pressure and temperature that prevent observing
the targeted value of E within time 7. The black line identified with Min denotes the minimum experimental conditions required
to generate entanglement. We note that E = 1072 is compatible with recent experimental observations [69]. The residual gas is
assumed to be helium.

strongly simplified to a discrete description. Moreover, we assume that the decoherence acts independently
on the two masses.

By starting from the common initial state defined in equation (1), the density matrix p of the system at
time ¢ reads:

1 e—iAo,t—Ft e—iA0+t—Ft e—zl‘t
1 eiAo,t—Ft 1 efiA,thszt eiAoJ*Ft
p= 4 | Bost-Tt Ay 1-2Tt 1 eBoyt=Tt | (13)
e—th e—iAo,t—Ft e—iA0+t—Ft 1

where T' = T (Ax) 4+ PP €(Ax) + TP Ax) + TPP™(Ay) is the sum of the effects due to the collisions
of the residual air molecules and the scattering and absorption and emission of thermal photons. The
entanglement is then quantified as in the free case via the Peres-Horodecki criterion [61, 62]. While the
entire derivation is reported in appendix A, here we show the obtained eigenvalues ); of the partially
transposed density matrix:

- eIt t
)\li = — (coshI‘t:I: cos — ) R
2 rel
] = , (14)
/\2i = — <sinth:|: sin — ) R
2 TG

where 7 is defined in equation (7). We remind that entanglement can be achieved only for negative values
of one of the above eigenvalues. Since coshI't > 1 and sinh I't > 0, negative values can be achieved only by
A, . This happens when

1 Gm?
r< =" (15)

o ohd((£) 1)
or, equivalently, when
TC > TG (16)

where 7¢ = 1/T is the coherence time of the system [70]. The corresponding logarithmic negativity reads:

e

.t
sin —

EpM_dec = Max {O, log, [e‘n <cosh I't+
TG
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In the upper panel of figure 2, we report 5\2_ for different values of time and of I'. In the bottom panel,
we report the logarithmic negativity of the system for different values of I'. In figure 3, we have plotted the
environmental conditions of temperature and pressure required to reach different amounts of entanglement
with the parameters of table 1. Given these parameters, we observe in figure 2 that for I" greater than
1/76 =~ 0.06 s~! the system is separable at all times. This corresponds to pressures and temperatures
highlighted by the blue line named ‘Min’ in figure 3. Moreover, we notice that one needs temperatures
lower than 4 K and residual air pressures lower than 107!¢ Pa to detect entanglement in the setup. With
these pressures and temperatures, considerable amounts of entanglement are reached in about 1 s.

3.2. Krisnanda et al proposal

In the setup of Krisnanda et al, the effect of environmental decoherence on the system can be described by
the Heisenberg—Langevin equations for the position x; and momentum p; operators of the two masses. In
one dimension, these equations read [74]:

di(t) i
. (18)
dpi(t) _

ira . . .
5 = 3 [HLB0] = vpi(0) + &0,
where H is the free Hamiltonian of the system, . quantifies the dissipation of the environment and it is
related to I'y through [75]
AR?

=" 1
Ve ke (19)

with A = Ty/4a?, m denoting the mass of the particle and T the temperature of the environment. fj(t) is an
environmental noise operator, which can be described in terms of its mean (£ i(t))e = 0, where (-). denotes
the average over the environmental degrees of freedom, and the two-time correlation function. In
particular, the latter can be strongly simplified in the Markovian regime which can be achieved in the limit
of high temperatures of the environment: kg T >> hw. In such a case, it reads [74, 75]:

(&g () sz(f')ff(t»g — 202A5(t — 1), (20

where J(-) is the Dirac delta. Using the parameters considered by Krisnanda et al, which are reported in
table 1, we see that the high-temperature limit holds for T >> 107° K.

We now apply equation (18) to the setup under consideration. By denoting with wy the frequency of the
harmonic potentials where the two particles are initially trapped, the Langevin equations for the

adimensional quadratures Xj = /mwy/hx; and Pj = f)j /v/(himwy), read

dx:

T; = OJOpj with ] =A,B,

dp . . . .

d—tA = won (Xa — Xg) —=Pa+ &4 + k, (1)
dp . . A

T: = won (X — Xa) —1=Ps + & — k,

where we defined v = ,yair 4 ’th’ st ,th,abs + ,th,em and é]/ — (é?ir + é]l?h,sc + éjph,abs + é]ph,em) / /—hmwO,
and introduced the parameters
2Gm Gm?
=75 and k= —F—=— (22)
wyd v/ hmwod*
which characterize the strength of the gravitational attraction [12]. We notice that, since the separation
between the two spheres is much greater than the localization distances of the various processes, the noises
acting on the two spheres can be safely considered as independent. Therefore, the two-time correlation
function becomes

Ui

DEN) + EE))  2hA
GG+ GWEw) _amng o)
2 mwo
where A = Aair + Aph, € Aph,abs 4 Aph,em'

The procedure that we use to calculate the logarithmic negativity of the system in this setup is reported
thoroughly in appendix B and is here briefly outlined. First of all, we use the Langevin equation (21) to
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01 1 10 100 1000 10*
Time [s]

0.01
— A=0 m?s™"

E
- — A=10% m~2s7"
— A=2x10% m 257"
168 — A=2.3%10% m 25!
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Time[s]

Figure4. (Top panel). Minimum symplectic eigenvalue 7, of the covariance matrix of p for different values of time and A,
with 7. = 0. The region U, < 0.5, below the black curve, corresponds to entangled states of the system. Values lower than 0.5,
which is highlighted with a black line, correspond to entangled states of the system. A numerical analysis shows that the results
do not change significantly for values of 7, up to 10~> s~!, which would correspond to pressures around 1072 Pa and
temperatures around 500 K. (Bottom panel). Evolution of the logarithmic negativity E as reported in equation (24) for different
values of A. As for the top panel, we consider 7y, = 0.

compute the covariance matrix o for the quadratures X; and P;. Using this matrix we can easily find the
covariance matrix o of the partially transposed state of the system p. The entanglement of the system can
be calculated by using the so-called symplectic eigenvalues 7; of . For bipartite Gaussian states, the
minimum ¥ y;, of these eigenvalues is smaller than 1/2 if and only if the system is in an entangled state.
Finally, the logarithmic negativity of the system can be expressed as [67]

EK—dec = _logz(Zﬁmin)~ (24)

The explicit expression for 77,,;, is cambersome and we report it in appendix B. Here, we report its
behaviour for small times:

2hA
Dmin = — + — (— — Wy — 75> t+ O). (25)
2 2 )

Comparing the term 2hA /mwy with the value of 7, given in equation (19), we notice that v, < 2hA /mw,
when T > hw/kg &~ 107 K. If we work in this limit, we can safely neglect 7. in equation (25) and we have
that Umin < 1/2, thus indicating that the system is in an entangled state, when 2AA /mw, < nw,. Notably,

this latter condition can be rewritten as
Gm?

ﬁ >

which coincides with the condition in equation (15) in the limit of Ax < d once one considers the
short-wavelength approximation in equation (12), i.e. I' ~ AAx* which is valid for Ax < a. Thus, both
equations (15) and (26) can be synthesised as equation (16): to generate gravitational induced
entanglement, the characteristic time of entanglement creation must be shorter than the decoherence time
characterizing the interaction of the system with its surrounding environment.

A< (26)
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Figure 5. Environmental conditions required to observe different amounts of entanglement in the setup of Krisnanda et al Each
line represents the necessary environmental conditions required to observe a given value of logarithmic negativity E, as reported
in equation (24), at a fixed time £. The shaded areas correspond to values of pressure and temperature that prevent the
observation of the targeted value of E within time 7. Min denotes the minimum experimental conditions required to have any
amount of entanglement in the system. The residual gas is assumed to be helium.

For later times, the behaviour of the entanglement can be seen in the upper panel of figure 4 where we
report Umin for different values of time and of A, with v, = 0. A numerical analysis shows that the results
do not change appreciably for values of . up to 107> s~!, which correspond to pressures around 1072 Pa
and temperatures around 500 K. In the bottom panel of figure 4 we show the time evolution of the
logarithmic negativity Ex_gec of the system for different values of A. Finally, in figure 5 we show the
environmental conditions required to obtain a specific amount of entanglement at fixed times with the
parameters of table 1. We notice that one needs temperatures lower than 9 K and residual air pressures
around 10~ '® Pa to have entanglement. With these pressures and temperatures, considerable amounts of
entanglement are reached in about 10 s.

4, CSL model

In addition to environmental decoherence, we study also the possible effects of the CSL model on the two
setups. This is the most studied among collapse models [32, 33]. The CSL model proposes a non-linear and
stochastic modification of the Schrodinger equation. This modification induces the collapse of the
wavefunction for macroscopic systems while it leaves the dynamics of microscopic systems almost
unaffected [32, 33]. The collapse of the wavefunction causes the suppression of quantum superpositions
and thus of any non-classical correlation, such as entanglement. CSL is quantified in terms of two
parameters A and r¢, which describe respectively the frequency of the collapse and its spatial resolution.
Theoretical proposals include [53, 54, 76, 77]:

re=10"m, and A= (1077 +10"%) s (27)

Larger values of A are experimentally excluded. For further details we refer to [36] and references therein.
We now apply CSL to the two setups we are considering.

4.1. BM proposal

Since, in the BM proposal, the distance d between the two masses is greater than r¢ [cf table 1], one can
safely neglect possible correlations of the noise and describe the CSL effect by simply using equation (11).
According to CSL, a = r¢, while I'y depends on the geometry of the system. In particular, for a




10P Publishing

New J. Phys. 23 (2021) 043040 S Rijavec et al

homogeneous sphere of mass m and radius R, I'; reads [78]:

R2

6m*r 2r% T 2r>
CSL C C r C
L™ =2 mR* L te s (1 R2> ' (28)

Consequently, by exploiting the relation in equation (15), one finds that gravitationally induced
entanglement can be generated only for A < 1072 s™! at rc = 1077 m. This value is seven orders of
magnitude smaller than the theoretical estimates on the lower bound on A. Therefore we conclude that any
value of the CSL parameters proposed in the literature would prevent the creation of entanglement in the
BM setup.

4.2. Krisnanda et al proposal
For the setup of Krisnanda et al, we quantify the effect of the CSL model using the Langevin equation (18),
where we substitute the second equation with [78, 79]:

DO _ Ly, 0+ 0, )

gCSL

where (t) is a real-valued white noise with zero mean and correlation function reading [80]

ESHOESHEY) = 205UI26(0 — )5y, 0

with (-) denoting the average over the realizations of the noise, and A“*" = I'§®" /4rZ. Since the distance
between the two spheres is much larger than r¢, the CSL noise acts independently on the two masses.
Accordingly to CSL, there is no dissipation. Therefore, equation (26), where A is substituted by At holds
true for small times and defines the regime where gravitationally induced entanglement can be generated.
By using the values of the parameters in table 1, the latter condition is satisfied for A < 10% s~ ! at

rc = 1077 m, which is six orders of magnitude smaller than the lower value in equation (27). Therefore, the
same conclusion as for the BM proposal holds: the presence of the CSL noise would prevent the creation of
entanglement in the setup.

5. Conclusions

In this paper, we have studied decoherence effects on the gravitationally induced entanglement in the setups
of BM [10, 11] and Krisnanda et al [12]. We have found an analytic expression for the entanglement when
decoherence is explicitly considered in the dynamics of the system. Moreover, we have determined the
maximum strength of decoherence, quantified by the expression in equation (16), which allows for
gravitationally-induced entanglement generation in these setups. Such an expression also provides the
ground to set the requirements of temperature and pressure necessary to perform the experiment.

The numerical analysis has shown that temperatures and pressures as low as 1 K and 107'¢ Pa are
sufficient for generating entanglement with E = 10~ after 0.15 s for the BM proposal and after 1.1 s for the
Krisnanda proposal. Notably, cryogenic experiments can easily provide temperatures reaching 10 mK and
pressures down to 10~ !¢ Pa have already been reached in experiments with Penning traps [81]. However, the
time-scale involved requires a free-falling particle to fall for 10 cm and 6.2 m respectively for the BM and
the Krisnanda proposals. Clearly, maintaining the above conditions of temperature and pressure can be
technically challenging. As pointed out in [10], milder environmental conditions such as P = 1071° Pa
would lead to a decoherence time of the order of a few seconds, which is comparable to the time of the
experiment. However, such conditions would invalidate the BM proposal, while the Krisnanda proposal
would work only for lower temperatures < 10 mK. Moreover the two particles should remain aligned
during the experiments, one should also prepare the system without any horizontal and vertical relative
velocity, which, over time, would change the relative distance thus potentially disrupting the experiments.
Table 3 compares the free-fall times and corresponding heights necessary for the two proposals at different
environmental conditions. While entanglement could be difficult to generate, one could rely on other
non-classical correlations such as discord [6], but this was beyond the aim of the current work.

In addition to environmental decoherence, we have also considered the effect of the CSL model on the
two setups. We have shown that any proposed value of the CSL parameters would prevent the creation of
entanglement in the two setups. We note that this was previously noted by Bose et al [10] for the BM
proposal. Conversely, if gravitationally induced entanglement were observed in such setups, it would rule
out the CSL model by 6 ~ 7 orders of magnitude. Such an achievement would improve the current bounds
[36] by more than 13 orders of magnitude, showcasing the necessity of a strong improvement of the
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Table 3. Free-fall times ¢ and heights h = 1g#, with g ~ 9.8 m s, required to
generate the amount E of entanglement at fixed values of temperature T and
pressure P for the proposals of BM and Krisnanda.

Proposal T (K) P (Pa) E T (s) H (m)
BM 1 10716 1072 0.15 0.1
1 1071¢ 107! 1.5 11
1 1071 No generation / /
1072 10 No generation / /
Krisnanda 1 1071 1072 1.1 6.2
1 1071¢ 107! 2.9 42
1 1071 No generation / /
1072 10 1072 1.2 7.6

state-of-art technology to successfully perform these experiments. On the contrary, one expects no effects
from a stochastic gravitational wave background [82].

Finally, given the generality of the approaches used to consider explicitly the decoherence effects in the
dynamics of the system, the results that we have obtained can be easily generalized to similar setups [27, 28]
or to different decohering mechanisms, such as gravitational decoherence [83].
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Appendix A. Entanglement for the BM proposal

Here, we derive the eigenvalues of the partially transposed density matrix in the case of the BM proposal.
The analysis is performed in the case of absence and presence of decoherence effects.

A.1. Case with no decoherence
If we assume that the initial state of the system is (|1)1 + [4)1) @ (|1)2 + |4)2)/2, the initial density matrix
in the {|i); ® |j)2, 4,7 =1, ]} basis reads:

1 1 11
11 1 1 1
p(0) = a1 11 (A1)
1 1 1 1
The density matrix at time ¢ is given by p(t) = e~/ p(0)e"/" p which, using the Hamiltonian of
equation (2), reads:
q 1 e*l‘Ag,t e*iA(H,t 1
1 eiAo,t 1 e—iA,+t eiAg,t
p(t) = 1| oot ga | gBost [ (A2)
1 e—iAg,t e—iA0+t 1
Let us consider the partial transposition of p with respect to the second system:
1 eiAo,t e—iA0+t e—iA,_;'_t
—ilg_t iAot
_ e 20 1 1 e
p(t) = o ) ] e idort | (A3)
eiA,_;'_t e—iAo,t eiA0+t 1
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The eigenvalues of p can be easily evaluated and are those reported in equation (6).

A.2. Case with decoherence
When the system is subject to decoherence, the density matrix of the system at time ¢ can be calculated
using equation (11):

1 efiAo,t—Ft efiAoth—Ft e 2t
1 eiAo,t—I‘t 1 e—iA,+t—2Ft eiAo,t—I‘t
p(t) = 3 | gost-Tr ATt 1 elott-Tt | - (A4)
e—th e—iAo,t—Ft e—iA0+t—Ft 1

Again, if we consider the partial transposition of p with respect to the second system we get:

1 eiAo, t—I't e—iA0+ t—I't e—iA,+t—2Ft
~ B e—on,tht 1 6721—‘[ eon,tht
P =1 | roret oI 1 e iBopiTr | (A5)
eiA,thszt efiAo,t—Ft eiAo#*Ff 1

whose correspondent eigenvalues are given by equation (14).

Appendix B. Symplectic eigenvalues—Krisnanda et al

In order to calculate the logarithmic negativity of the system, we first find its covariance matrix. This can be
done in the following way. First, if we define

):(A(l‘)
N Pa(t)
u(t) =1 - S Bl
(t) Xt (B1)
Py(1)
in terms of which we can rewrite equation (21) in a more compact way:
du(t -
t‘i(t ) = Kie) + it) + (B2)
where we introduced
0 w 0 0 9 0
_|wn = o—wpo 0| o G |k
K = 0 0 0 " ,0(t) = o =10 | (B3)
—wn 0wy - €p —k
The solution of equation (B2) reads:
t ~
() = Wy (00) + W (1) / AW ()A) + k), (B4)
0

where W, = ¢*X, This expression can be used to calculate the covariance matrix of the system. Its elements

are defined as: A A

(i (D)) + (1) (1))
2

oii(t) =

— (i (1)) (i;(1)), (B5)

where (-) denotes the average over the initial state and over the environmental degrees of freedom if the case
with decoherence is considered. Using equation (B4), we can calculate o () as:

o(t) = Wi (o (0OWL(t) + Wi(t) {/t dt' W_({) DWT ()| WL(1), (B6)
0

where WT denotes the transposed of W and D = diag(0, iwy, 0, pwy), with = 2hA /mw]. Now, if we
divide o (t) in the following 2 x 2 submatrices:

a:(; g), (B7)
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we can calculate the symplectic eigenvalues of the covariance matrix of the partially transposed state in the

following way [67]:
~ \/A(a’) T VA(0)? — 4 Detor
Ve = 7 ,

(B8)
where we defined .
A(o) = Detax + Det 3 — 2 Det . (B9)
The smallest of these symplectic eigenvalues is related to the logarithmic negativity of the system via
E = —log,(20min).
If we assume to start in the ground state of the two harmonic traps, the initial covariance matrix
appearing in equation (B6) reads:
1 0 0 0
110 1 0 O
o(0) = 21o 0 1 o (B10)
0 0 0 1

We use o (0) to find the solution of equation (B6) and the symplectic eigenvalues of the partially transposed
covariance matrix via equation (B8). The general expression for /i, is cumbersome but expanding ¥/ min
around 7 = 0, where 7 = wyt, we get:

1 1 ~
Do (7) = = 4 = (u—n— —%> 7+ 0(r). (B11)
2 2 Wo

Replacing 7 with wyf in equation (B11) we get equation (25).
If we neglect 7., as discussed in the section 3, the analytic expression for 7, becomes much simpler:

Pnin(7) = ﬁ\/am — V&) — b, (B12)

where a and b are given by:
a(t) =2n [4772 (2uT3 +372 + 3) +2n (2u73 + 372 4 6ut + 6) —6uiT + 3] cosh (2\/2777')
—2n [4n* (2u7 + 372 4+ 3) — 2 (4pP7* + 8uT’ + 377 + 1247 + 6) + 677" + 6T + 3]

— V20 [24nP(ur + 1) + 1 (=6 — 427 + 67 + 127) — 3u(2pr + 1)] sinh (2\/57) ,

(B13)
b(t) = 961 (u27'4 +2u7 + 6uT + 3) [8,[1/1727' + 8nF — > — 4pPnT* + pi* cosh <2\/2777) —4unt

+ /2720 + 1)y sinh (2\/%7)] . (B14)

This expression is easier to handle and has been used to plot 7, and E in figure 4.
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