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Abstract

Collapse models constitute an alternative to quantum mechanics that solve the well-know
quantum measurement problem. In this framework, a novel approach to include dissipation in
collapse models has been recently proposed, and awaits experimental scrutiny. Our work
establishes experimental bounds on the so-constructed linear-friction dissipative Di6si-Penrose
(dDP) and Continuous Spontaneous localisation (dCSL) models by exploiting experiments in the
field of levitated optomechanics. Our results in the dDP case exclude collapse temperatures below
10~ K and 6 x 102 K respectively for values of the localisation length smaller than 10~® m and
1078 m. In the dCSL case the entire parameter space is excluded for values of the temperature lower
than 6 x 1077 K.

1. Introduction

Models of spontaneous wavefunction collapse, or simply collapse models [1-3], represent a well established
paradigm in the realm of quantum foundations, and constitute a strong figure of merit for the study of the
macroscopic limits of quantum mechanics. Indeed, their investigation finds motivation in the lack of
observed quantum superpositions at the macroscopic scale: while quantum mechanics has proven highly
successful in describing microscopic phenomena, it has yet to explain why macroscopic objects do not
exhibit quantum superpositions although the theory predicts them. The key idea of collapse models is that
quantum mechanics must be modified to explain the quantum-to-classical transition at macroscopic scales.
Thus, they add suitably constructed phenomenological terms to the standard Schrodinger equation. Their
action can be seen as that of a noise field that leads to the collapse of the wavefunction. Depending on the
specific collapse model, the origin of such a field can be either of unknown origin or be related to the
gravitational field. These models introduce additional free parameters that control the collapse mechanism,
and their validity is subject to experimental verification. Although interferometric experiments, where a
superposition is directly probed, face increasing challenges that grow with the system size,
non-interferometric ones play a crucial role in testing collapse models [4—15]. Such experiments focus on
monitoring quantities like position or energy, and are relatively easier to perform. They are able to provide
strong bounds in the parameter space of specific collapse models. For an overview on the state-of-the-art in
theory and experiments, the reader can refer to [3].

The two most studied collapse models are the Didsi-Penrose (DP) model [16, 17] and the Continuous
Spontaneous Localisation (CSL) model [18, 19]. The latter is parametrised by a collapse rate A and a
localisation length rc. Conversely, the former model, which is related to gravity, is characterised only by a
localisation length Ry as the collapse rate is fixed by the gravitation constant G. An acknowledged challenge
within collapse models is the energy divergence due to the collapse mechanism. Although the rate of energy
increase is extremely small, e.g. for the CSL this is of the order of 107! Kyr~! for a free nucleon with
A=10"1s"1at rc = 1077 m [1], and the interaction with the external noise field is expected to violate
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energy conservation solely for the system, one does not expect that the noise field will convey energy
indefinitely to the system. To address this concern, dissipative extensions of collapse models were proposed as
a solution [20, 21], implying the existence of a fundamental and universal damping mechanism which can be
probed by mechanical systems with very low dissipation [12, 22, 23].

Recently, a new approach to the introduction of dissipation in collapse model has been proposed [24].
The latter is based on a different mechanism with respect to that previously proposed, namely the
linear-friction of the current of the many-body system. Such an approach has not been tested yet. The
present work falls within this context.

We derive the first experimental bounds on linear-friction dissipative DP (dDP) and CSL (dCSL) models
from levitated optomechanics characterised by ultralow damping [12, 23, 25]. In particular, for the dDP
model, values of the temperature T of the collapse field lower than 107! K and 6 x 10~ !* K are excluded
respectively for values of the localisation length smaller than 10~° m and 10~® m. On the other hand, for the
dCSL model, the entire parameter space is excluded for T 5 lower than 6 x 10~ K. Finally, we compare the
approach recently proposed in [24] with those previously suggested in [20, 21], and conclude that they can
be in principle experimentally distinguished.

2. The model

Here, we briefly present the universal dissipative mechanism for collapse models of many-body systems,
which was introduced in [24]. We start from the following master equation

d, P .
7= —% [H, p] + D, (1)

where H is the Hamiltonian of the system and

Dir= g [ @ [ @Dy (L0pd! )~ 5 {01001 ) @)

The dissipation is introduced in the model by considering the following Lindblad operator L(x)

L) = (x) 12V (x), 3)

where (3 is a free parameter driving the dissipation mechanism. A similar method has been considered for a
gravity-related model in [26]. When /3 is set to zero, one obtains the standard (non-dissipative) collapse
master equation. The mass density /i(x) and the current J(x) in the second-quantization framework
respectively read as

i (x) = mit (x) ) (%), (4a)

. iy - . R R

(%) = —i5 (7 (00 Vi (0) = Vadl (0§ () (4b)
with ¢)(x) being the (fermionic) annihilation field operator. In the following sections we will work in the

first-quantization. Thus, for a system of N point-like particles of mass m, the mass density and the current
can be expressed as

>

N 1 N
—mY o (x=%), 60=3> {b0(x—%)}. 5)
j=1 j=1

where X; and p; are respectively the position and momentum operator of the jth particle.

The form of the kernel D(x —y) = (27) =3 [ d*k Dxe’**~Y) in equation (2) depends on the specific
collapse model. Here we consider the dissipative Di6si-Penrose (dDP) [16, 17] and the dissipative
Continuous Spontaneous localisation (dCSL) [18, 19] models, which correspond respectively to

Iy (CSL),

4ThG/K*  (DP), (©)

Dy = exp (—0?k?) x {

where k = |k|. Here, the k=2 term in the second expression comes from the Fourier transform of the
Newtonian potential V(x —y) = —G/|x — y|. In the DP model the decoherence rate is set by the Newton
constant G and 0 = Ry is a free parameter representing the spatial cut-off due to the regularization
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procedure. The CSL model can be described in terms of two free parameters being v = (V4w )*\/m3 and
o = r¢, which are respectively the collapse rate and localisation length of the model (1 is a reference mass
chosen as that of a nucleon).

In the upcoming sections, we will delve into the dissipative dynamics of the center of mass of a
one-dimensional mechanical oscillator. Specifically, we will analyze the dynamics of the center of mass of a
rigid body composed of N particles. After having suitably linearised the dynamics, we derive the modified
Langevin equations describing the dynamics of the mechanical oscillator.

3. Dissipative dynamics of the center of mass of a N-particle system

We compute the dynamics of the center of mass of a rigid system made of N particles. For convenience, we
rewrite equation (2) in the Fourier representation

3
Dﬁt hlz / (d I; Dk <LthL -5 {L Lk:ﬁt}) ) (7)

where now the Lindblad operators become
. HB..
b=t g, (5)

and the Fourier representation of the mass density and of the current is

,ukfmZe’kx Jo = i{pj, } %)

j=1

In general the position and momentum operators in equation (9) can be written as
S 2 (0) Ax: hidd (0) AD
X]_X+Xj + X]7 p] P+P] + p]7 (10)

where x and p are the position and momentum operators of the center of mass, x ] % and p ) are the classical
equilibrium position and momentum of the j-th particle with respect to the center of mass, and Ax; and Af)j
are the relative fluctuations, and M is the total mass of the system. Under the assumption of a rigid body, the
relative fluctuations are negligible, namely Ax; = Ap; = 0. By substituting equation (10) into equation (9)
and by assuming that the spread of the wavefunction of the center of mass is much smaller than o, we can
Taylor expand the mass density and the current for small fluctuations of X, finding

fie = pi + kX, (11a)
ik
Jic ~ ]k‘F*P‘i‘lk]kX‘i‘*Mk{va} (110)
. (0) (0)
where py = m ;\]:0 ¢ and J, = ZJN ob; € 0) g™ are respectively the classical mass density and current of

the system in the Fourier representation. We notice that for a rigid body p]-(o) =0 thus J, = 0.

For the sake of simplicity, we reduce the problem in one dimension, namely x = (x,0,0) and p = (,0,0).
Moreover, by assuming small k (i.e. |k| < 1/0) we neglect all the terms of order higher than O(k?) and
substitute the latter expressions for the mass density and the current in equation (7). In such a way, we obtain
the following master equation for the motion of the center of mass in the linear limit

d. i P | PO
&pcm = 7 [Hapcm] +n (chmL]L -3 {LTLPcm}), (12)

where L = % + iap with & = I'/2n} and where

18 L[k i
I'= M TR 2 )3 ke Dl |, (13)

are respectively the dissipation and the diffusion rates with k = (k. k,, k;). For the purpose of this work, we
can consider the case of a system being a continuous and homogeneous sphere of radius r. For such a case,
we have

3M
413

p(x) = 0(r—Ix), (14)
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where 6 is the Heaviside function. Then, 7) takes the following form

GM?R, (2R
Npp = NS [—3r2 +2R: +e (7/R3) (- 2R3) +/r erf(r/Ro)} , (15)
for the dDP model and
3¢ (/) M2 P
_ /e (2 _ 16
NesL = A s V 21 e (r? 2%)} ) (16)
for the dCSL model.

4. Application to Langevin equations of a mechanical oscillator

In the present section, we explore the dissipative dynamics of the center of mass of a one-dimensional
mechanical oscillator in order to set experimental bounds on dDP and dCSL free parameters. To include the
effects of dissipation in the Langevin equations for the mechanical oscillator [27], we use the following
unitary stochastic unravelling [22, 28] of equation (12)

i

)= -

Fde+ LdB! — it dB, - ZLATI:dt} o), (17)

where B, is called quantum noise and is equipped with the following statistical features: E[dB,] = 0,
E[dB,dB!] = ndrand E[dB! dB]] = E[dB,dB,] = E[dB] dB,] = 0. From equation (17), one can build the
Langevin equation for a generic operator O via
A:i 23 ATAA_E 11 C o1 ale
~0= [H,O] +n<L OL— {L L,o} b [o,L] b [L ,o} , (18)
where b, = dB,/ dt.

Finally, by using equation (18) with O = X, p and H = p*/2M + Mw,&* /2, we find the following modified
Langevin equations for a one-dimensional mechanical oscillator of mass M and frequency wg

dx p T, .

—_——=— — =X l

& 2x hawy, (19a)
% = —Muwik— (E +vm) p+E&— Ty, (190)

where X is the position operator for the center of mass of the oscillator, p is the corresponding momentum.

The parameter ,, is the dissipation rate due to the environment and & his stochastic effect. We define the

noises wy = BI +byand Wy =1 (19: - Bt) We notice that the addition of a collapse-induced dissipative

mechanism has changed both the equation for the position and for the momentum. Notably, this raptures

the proportionality between the velocity dx/ d¢ and the momentum p. However, from the experimental

perspective, the relevant quantity to consider is the second derivative of the position operator, which reads
d’x

N dx -
@Z—Qéx—(r+7m)a+/\/, (20)

where O = wi + 5 (5 + ) and N = —(5 + v hovive + ﬁ - LAV;” - hadj’;. Thus, we have that ' + ~,,, is
the total dissipation rate of the center of mass. This means that the effect of the inclusion of collapse-induced
dissipation is to change the total dissipation rate of the mechanical oscillator by a quantity I.

Following the same procedure as that presented in [22], one can derive the corresponding steady-state

density noise spectrum [28, 29]. By starting from equation (20), one obtains

hwym Tw_ T?(2yw+D)* | w? | W
M COth(ZkBT>+77|: 1612 + In? +]\/[Z

S(w)=

, 1)
@+ 5 (5 +7m) =)+ (D + )

where the first term quantifies for the environmental effects, while the second accounts for the
collapse-induced ones. Fundamentally, the Lorentzian profile of S(w) has a width half-height being equal to
'+,
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Figure 1. Experimental bounds for the dDP model. Blue, orange and green shaded areas represent the excluded values of the
collapse parameters, respectively, from the experiments of Pontin et al, Vinante et al and Dania et al. The black point represents
the proposal by Di6si of Ry = 10~ m and T ~ 3K being the CMB temperature.

5. Experimental bounds

Now we are able to set experimental bounds on dDP and dCSL free parameters. We focus on levitated
optomechanics, which provides promising platforms for testing fundamental physics and quantum
mechanics [30-32]. In particular, experiments with low dissipation are of our interest. We notice that it is
challenging to establish bounds on the parameter I' from equation (21) since it appears in different
contributions to S(w). In contrast, the task becomes straightforward when examining equation (20). Indeed,
owning the fact that the total dissipation rate in equation (20) is I 4 ~,,, we know that experimentally
measured dissipative rate ey, will provide an estimation of the upper bound for I'. Such an estimation is
conservative since the value of v, is fully neglected. Then, by using the expression for I' in equation (13) and
defining T3 = 1/kp[3 as the temperature of the collapse field, we find

_ Wy 1
 2M kT’

Vexp 2 T (22)
where kg is the Boltzmann constant. Since for the dDP model, npp in equation (15) is a function of Ry only,
we can bound the possible values of Tz as a function of R,. Conversely, for the dCSL model ncgy, in

equation (16) is a function of two free parameters (A and r¢). Thus, we study how the bounds on A with
respect to rc change when varying the values of T 5. Specifically, one has

W2 npp o 2Mkp T3 Yexp
2M kB Yexp ’ h w2 ﬁCSL

Tg > (23)

where 7jcst, = 7)cst/A. To be quantitative, we use the experimental data from three recent experiments in
levitated optomechanics, which are those of Pontin et al [12], Vinante et al [33] and Dania et al [25]. The
first and last experiment use linear Paul traps to levitate a silica nanoparticles of mass and linewidth
respectively being M = 9.6 X 1077 kg, Yexp = 27 x 48 pHz and M = 4.3 x 1077 kg, Yexp = 27 X 80 nHz.
Conversely, Vinante uses a lavitated micromagnet of mass M = 6.1 x 107!% kg from which one infers a
linewidth ey, = 27 X 9 uHz at zero pressure. The experiments of Pontin and Vinante were already used to
set bounds on an earlier dissipative version of the DP and CSL model, while that of Dania has not yet been
exploited for collapse model testing. We show the experimental bounds on the dDP and dCSL respectively in
figures 1 and 2. Here, the blue, orange and green shaded areas correspond to the excluded values of the
collapse parameters by the experiments of Pontin et al, Vinante et al and Dania et al.

In figure 1 we show the excluded values of T for the dDP model when varying R,. For comparison, we
also report (black dot) the values of Di6si proposal of Ry = 10~'> m matched with Tz ~ 3 K being the
temperature of the cosmic microwave background (CMB). This choice is based on the hypothesis of a
cosmological origin of the collapse mechanism, and thus one would expect a value of T3 of this order of
magnitude. We notice that below Tg ~ 107 K and T ~ 6 x 1072 K all the values of R, respectively
smaller than 10~° m and 10~8 m are excluded, this includes the mesoscopic regime where one would expect
a collapse.

In figure 2 we show the bounds on the dCSL parameters A and r¢ for four values of Tg = 1 K, 103K,
107° K and 107 K. The gray region is excluded theoretically as it would not guarantee an effective collapse

5
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Figure 2. Experimental bounds for the dCSL model. Blue, orange and green shaded areas represent the excluded values of the
collapse parameters, respectively, from the experiments of Pontin et al, Vinante et al and Dania et al. Each panel considers different
values of T'g, left-to-right, top-to-bottom, these are 1 K, 107*K, 107° K and 10~ K. The grey area is excluded for theoretical
reasons [34]. The grey bar is the Adler proposal of the CSL parameters [35] and the black point is the GRW proposal [36].

of macroscopic quantum superpositions [34]. The grey bar, which is the Adler proposal [35] for the CSL
parameters, is excluded for each value of T3 reported, while the GRW proposal [36] is excluded for

T3 = 10 K and below. We notice that all the parameter space is excluded for temperatures lower than
6x107°K.

6. Comparison with the previous dissipative model

Here we compare the linear friction (LF) dissipative model, introduced in [24] and shown in equation (1),
with the previously proposed dissipative collapse models [20, 21]. The latter have a mathematical structure
similar to the collisional dynamics of a test particle interacting with a low-density gas in the weak coupling
regime [37]. Thus, for simplicity, we refer to these as collisional dynamics (CD) models. For such a
comparison, we compute the asymptotic temperature of the center of mass of the mechanical oscillator,
which in both frameworks can be derived from their respective master equations. Indeed, given an arbitrary

operator O, one can compute the evolution of its expectation value as d% (0); = Tr(Oﬁﬁcm). The equation

with O = His not in a closed form, however we can write the system of three differential equations for

O =V, Kand {,p}, where K = p?/2M and V = Mw2i?/2. Under the assumption of a reaching a stable
condition at the thermal equilibrium, we can set all the derivatives to zero and find the asymptotic values of
(K) oo and (V) o, from which we obtain (H)., = (K)o + (V)oo. Then, we define the temperature of the

system by exploiting the equipartition theorem for single harmonic oscillator (H) o, = kg T.
In the LF framework, we have

d<{/‘>t o ~ wi(% PN FzMw(z)
= TV D g,
d(K), oW n
a —IN(K); — 7<{xap}>t+ M
HEL gz e+ a0, — (1) 24)
which correspond to
2wl

both for the dDP and the dCSL model. We notice that equation (25) does not depend on the free parameters
of the model except for the dissipation parameter 3 = (kgTj3) ~'. When T is high, the asymptotic
temperature T coincides with the collapse temperature T g. Indeed, in the limit of Tg — oo (8 — 0,

i.e. I' = 0), the last term of the first expression in equation (24) can be neglected and the only important
collapse term is the last one in the second expression. In such a way one recovers the predictions of the
standard collapse model without dissipation, for which one has T'= co. Also in the limit of Tg — 0, the
asymptotic temperature T goes to infinity. Indeed, in such a limit, is the last term in the second expression of
equation (24) that can be neglected, and the last term in the first expression becomes the relevant one. The
latter leads to an infinite increase to the mean potential energy, and thus to (H),, = oc.
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Table 1. Comparison between the parameters of the linear friction and collisional dynamics dissipative models. Here o = Ry, r¢ for DP
and CSL respectively, v = (v4ma)>\/m} and x = K /8moo?kp Ty fu and Jy are defined in equation (9).

Linear friction (LF) model Collisional dynamics (CD) model

L = fi+ 221, T = MmN M2 ((0ke 2K

Ry (CSL)
47hG/K*  (DP)

By (CSL)

D, = _ 2k2
k= exp(=0 )X{ 47hG/K (DP)

Dy = exp(—a’k* (14 x)*) x {

Iy = :
N I'= 2MkBTX ( + SmoohszTX)
=5/ (%3 KDl =g/ (zClwI;3kZDk|Mk\2
Pl = T Hw? 2 o7 # ?
T=Ts+ g, T=1 ank T TRy (1 + Smoo'zkgTX) + kT (1 + SmooZkBTX)
8mo kg Ty
In the CD framework, one has
d(V wr o 2Mw?
Wt 0 (5 p) o+ h
dt 2 87
d(K), P I ]
— iRy, 20 il
R T e )
d{x,p . N N
HELI P )+ 4(R),— 4(). 26)

whose corresponding asymptotic temperature reads

TMw2 Ky M
8nks  2MTky  167kg’

T= (27)
The latter depends on two parameters 7) and I that play the role, respectively, of n and I in the LF framework
[22]. To be specific, we have I' = 47702 x (1 + x)mo/M with o = R or rc and where x = h*/8moo?kp Ty is
the dissipation parameter of the CD model and T, is the associated temperature of the collapse field
(analogous to T'g in the LF framework). The coefficient 7} takes the following form

MRy [Ry [ -5 R} _2
ﬁDP:ﬁerf(r)+Gfr3° [1 (e R1—3>—|—2r31 (l—e Rl)}, (28)

for the CD-dDP model with R; = Ry(1 + x), and

. 3AM2P3 Rc -z RZ
nCSL}WZYSll z(r> +e K (1+2r§) , (29)
0

for the CD-dCSL model with Rc = r¢(1 + x). Notably, in the CD framework, T depends on all the free
parameters of the CD model. In the limit T,, — oo (x — 0), one recovers the standard collapse model with
T = cc. In the opposite limit, for T, — 0 (1 e. ' — o0), the last term of the first expression of equation (26)
is the relevant one, while the last of the second expression can be neglected. Then, following the same
reasoning as in the LF framework, one has T = co. Table 1 presents a direct comparison between the
parameters of the two models.

In figure 3 we compare LF-dDP and CD-dDP models, where the experimental values considered are the
mass and the radius of the nano-particle from Dania et al [25]. In panel (a) we show in black the plot of T as
a function of T and in green the plots of T as a function of T, for various values of Ry. We notice that T and
T coincide for Ry = 1 m. As R, decreases, the difference between T and T increases.

More interestingly if we assume that both the models reach the same asymptotic temperature, namely
T = T, then we can link the two dissipation parameters Tg and T, and display how they are related. Thus, in
panel (b) of figure 3 we show the plot of the function T(Ts) — T(T,) = 0. The solid green line is for
Ry = 1077 m and the dash dotted one for Ry = 10~'" m. In general the relation between Ts and T, is
non-linear and it does not lead to a one-to-one relation. However, in some regimes, we have a linear
behaviour and we can compare the two collapse temperatures T s and T, directly. For example Tg = 1 K

7
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Figure 3. Comparison between the linear friction dDP and the collisional dynamics dDP models. In panel (a) the solid black
curve represents the asymptotic temperature T' of the LF-dDP model as a function of the dissipation parameter T g, while the
green curves show the asymptotic temperature T of the CD-dDP model as a function of the dissipation parameter T for
different values of Ry. For Ry = 1 m, T and T coincide in the black curve. Panel (b) shows the contour plot of the function
T(Tg) — T(Ty) = 0 where the solid green line is for Ry = 10~7 m and the dash dotted green line is for Ry = 10~'° m.
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Figure 4. Comparison between the linear friction dCSL and the collisional dynamics dCSL models. In panel (a) the solid black
curve represents the asymptotic temperature T of the LF-dCSL model as a function of the dissipation parameter T g, while the
green curves show the asymptotic temperature T of the CD-dCSL model as a function of the dissipation parameter T’ for
different values of rc. For rc = 1 m, T and T coincide in the black curve. Panel (b) shows the contour plot of the function
T(Tg) — T(Ty) = 0 where the solid green line is for rc = 10~7 m and the dash dotted green line is for rc = 10~ m. We fix
A=10""0s"1

corresponds to Ty, = 1077 K for Ry = 10~7 m (solid line) and to T, ~ 10~ '°K for Ry = 10! m (dashed
line). We show the same analysis for LF-dCSL and CD-dCSL models in figure 4 where we used the same
colouring and dashing as in figure 3, and where we set A = 107 !¢ s™! corresponding to the GRW point at

rc = 1077 m. We notice that the LF-dCSL and CD-dCSL models lead two different predictions. This is
exemplified by the GRW point, which in the CD-dCSL model is excluded for collapse temperatures T',, below
1077 K (see [33]). On the other hand, focusing on the top right branch of the solid line in figure 4(b), the
value of T), = 10~ K corresponds to Tg = 10~* K for which the GRW point is not excluded (cf figure 2).
This means that the two frameworks, LF and CD, can be in principle discriminates experimentally. A similar
example can be showcased in the comparison of the LE-dDP and CD-dDP models. Notably, the relation
between T, and T'g for the dDP and dCSL models show the same behaviour (cf figures 3(b) and 4(b)).

7. Conclusions and outlook

A new mechanism to introduce dissipation in collapse models has been recently proposed. Conversely to a
previously proposed one (indicated as CDs dissipative model), this mechanism is based on the linear-friction
of the current being linear in the current of the many-body system (thus, named as LF dissipative model).
Due to this feature, the LF model has a more physical appeal than the CD model. In addition, LF is easier to
investigate, as evidenced in table 1, which enables a comparison of the parameters of the two models. LF
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model has not yet been tested, opens a promising avenue for new investigations in the collapse models
framework. We focus on establishing the first experimental bounds for LF dDP and dCSL models, using data
from levitated optomechanical experiments. The results reveal significant exclusions of the parameter space,
with collapse temperatures below Tz ~ 10~ Kand Tg ~ 6 x 10~!? K for dDP model and all parameter
space for dCSL model is excluded for temperatures below Tjg ~ 6 x 10~° K. Finally, we compare the two
models. We find the relations between the respective collapse temperature under the assumption that the
collapse process leads the system to thermalisation. We conclude that they can in principle be discriminated
experimentally.
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