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Long-term vision and targeted 
breakthrough

The long-term vision of TEQ is the identification of the fundamental 
limitations to the applicability of quantum mechanics towards the 
establishment of a novel paradigm for quantum-enhanced 
technology that makes use of large-scale devices 



Quantum mechanics is 

certainly imposing. But an 

inner voice tells me that it is 

not yet the real thing. 

Albert Einstein

I’m not as sure as I once was 

about the future of quantum 

mechanics.

Steven Weinberg

I think I can safely say that no 
one understands quantum 

mechanics
Richard Feynman

I am inclined to put my 

money on the idea that if you 

push quantum mechanics 

hard enough it will break 

down and something else will 

take over – something we 

can’t envisage at the 

moment.

Anthony J. Leggett



The trouble with Quantum 
Mechanics

Microscopic systems can be in a 
quantum superposition; 
macroscopic systems no… at least 
so far.

Why is it so? How is quantumness
lost when moving from the micro-
to the macro-world?



Is the lack of observation of quantum effects at the macroscopic 

level a manifestation of a breakdown of quantum linearity, or 

simply the consequence of the fact that no one so far was able to 

create a macroscopic quantum superposition? 

We are presented with a compelling case for the exploration of 

quantum effects at the large scale and open up a new route for 

fundamental and technologically relevant investigations.

The core of TEQ



The standard route: large-mass 
matter-wave interferometry

Quantum Mechanics ok! Quantum Mechanics wrong!



A novel route: non-
interferometric experiments

+

= center of mass

A localization of the 
wave function changes 
the position of the 
center of mass

Collapse-induced 
Brownian motion

Also theoretical reasons 
for that

co
lla

p
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A comparison: interferometric
bounds on the CSL model
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Atom Interferometry
T. Kovachy et al., Nature 528, 530 
(2015) 

M = 87 amu
d = 0.54 m
T = 1 s

Molecular Interferometry
S. Eibenberger et al. PCCP 15, 14696 (2013)
Y.Y. Fein et al. Nature Physics 15, 1242 (2019)

M = 104 amu
d = 10-7 m
T = 10-3 s

Entangling Diamonds
K. C. Lee et al., Science. 334, 1253 (2011).
S. Belli et al., PRA 94, 012108 (2016) 

M = 1016 amu
d = 10-11 m
T = 10-12 s

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 



Adler

GRW

10- 10 10- 8 10- 6 10- 4 10- 2 100 102

10- 22

10- 20

10- 18

10- 16

10- 14

10- 12

10- 10

10- 8

10- 6

10- 4

10- 2

rC (m)

λ
(s

-
1
)

Non - Interferometric Experiments

Cold atom gas

F. Laloë et al. Phys. Rev. A 90, 052119 (2014)
T. Kovachy et al., Phys. Rev. Lett. 114, 143004 (2015)
M. Bilardello et al., Physica A 462, 764 (2016)

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 



Non - Interferometric Experiments
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X rays

S.L. Adler et al., Jour. Phys. A 40, 13395 (2009)
S.L. Adler et al., Journ. Phys. A 46, 245304 (2013)
A. Bassi & S. Donadi, Annals of Phys. 340, 70 (2014)
S. Donadi & A. Bassi, Jounr. Phys. A 48, 035305 (2015)
C. Curceanu et al., J. Adv. Phys. 4, 263 (2015) 
+ several more

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 
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Non - Interferometric Experiments

Auriga

Ligo

Lisa Pathfinder

M. Carlesso et al. Phys. Rev. D 94, 124036 (2016) 

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 

Auriga

LIGO LISA Pathfinder
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Non - Interferometric Experiments

Cantilever

A. Vinante et al., Phys. Rev. Lett. 116, 090402 (2016)

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 
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Non - Interferometric Experiments

Cantilever – update 

A. Vinante et al., Phys. Rev. Lett. 119, 110401 (2017).

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 
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Non - Interferometric Experiments

Update 2

A. Vinante et al., Phys. Rev. Lett. (2020), to appear.

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 

H2020 FET project
www.tequantum.eu

K. Pisicchia et al., Entropy 19, 319 (2017)

M. Carlesso et al., N. Journ. Phys 20, 083022 (2018)
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Update 2

A. Vinante et al., Phys. Rev. Lett. (2020), to appear.

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 

H2020 FET project
www.tequantum.eu

K. Pisicchia et al., Entropy 19, 319 (2017)

M. Carlesso et al., N. Journ. Phys 20, 083022 (2018)

TEQ



1. Trapping 2. Cooling

3. Testing 4. Enabling

TEQ’s 
Objectives

5. Ruling out

 Low-noise trap

 Tailored NCs

 Loading mechanics

 Optimal cooling 

strategies

 Control 

decoherence

 Monitor trapped 

motion

 Compare theory 

and experiment

 Set the theory 

for testing 

collapse models

 Estimate 

decoherence

 Visionary 
perspectives 
on the study 
of the 
foundations 
of quantum 
mechanics 
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Copies of the pre-prints of our papers will be made available through the website of TEQ, which will thus embody an 

effective repository of research outputs. 

b) Communication activities  
Effective communications will be a core activity that will involve the Consortium in many ways. We will work to 
maximize the impact that TEQ will have on the communities working on foundations of quantum mechanics, quantum 

optics and quantum technologies, both theoretically and experimentally. We will reach this goal by seeking publication 
of our results in high-impact international journals, participating to meetings/conferences in areas pertinent to TEQ 

and delivering seminars/talks to other research groups. We will incentivise the establishment of novel scientific links 
beyond our Consortium. TEQ will thus foster the building up of wide awareness and interest in the topics of the 

project and will stimulate scientific endeavours (collaborations, networking, training) that will go far beyond the context 
defined by our Work Plan. TEQ will thus contribute to the current portfolio of Horizon2020 with a genuinely 

European effort. We will take advantage of the communication skills of the project members to engage into outreach 

activities for the communication of our results. The nature of the themes addressed in TEQ is well suited to raise the 
attention of the general public and stimulate the interest of the media. Here we describe the activities that we have 

identified in order to ensure the factual engagement with media, general public, and other stakeholders. Such activities 
will be organic to the programme for dissemination/communication of the results gathered through the development 

of TEQ, and the plan for the maximization of its impact discussed in Sec. 2.2 a), which we now describe: 
Standard routes for scientific communication will be pursued by submitting manuscripts to high-impact journals 

(Nature family, Science/Science Advances, Physical Review Letters, Physical Review). We will consider submissions of 

our experimental activities to the Journal of Visualized Experiments (JoVE), which is a peer reviewed video-and-text 
journal where experiments are filmed for illustration of their working principles.  

External communication will be targeted for specific audiences, including senior/junior researchers, industry, and 
general public. For senior researchers. i. Project website: It will contain the list of scientific papers related to TEQ, and 

the list of events. ii. Reviews: Opportunities will be explored, to contribute with review articles in international scientific 
journals such as Rev. Mod. Phys. and Phys. Rep. iii. Specialized Press: Press releases of the most important findings will 

be prepared and submitted to the specialized press. iv. Workshop on “Redefining the foundations of physics in the quantum 
technology era”  (Trieste, Year 2 of TEQ). About 20 distinguished researchers active in areas relevant to TEQ will be 

invited. The participation of about 100 attendees is estimated, including TEQ members, their students, and researchers 

external to TEQ. v. Seminars &  Talks: Members of TEQ are often invited to present talks and lectures at major 
international conferences, university colloquia and summer schools. We will employ this route to disseminate our 

results. We plan to record ad hoc presentations by members of the Consortium, to be streamed through the individual 
partners’ website, the TEQ website, and its dedicated social-network groups. For junior researchers. i. Project website: It 
will contain calls for positions to join TEQ, and a list of events. ii. Tutorials: Opportunities will be explored, to 
contribute with tutorials in international scientific journals, like Contemp. Phys., the “Tutorials” section of J. Phys. B, 

the “Reviews” section in Nature Phys., and Rep. Prog. Phys. iii. Participation to schools: Project partners are regularly 

invited as lecturers at schools on quantum physics, where they will communicate topics related to TEQ. iv. Posting of 
video-abstracts to Quantiki and/or New. J. Phys., explaining TEQ’s activities. For potential industrial partners. i. 
Reports: Technical reports about TEQ and its findings. ii. V isits: Invitations to visit project groups and labs, and to 
group meetings. iii: Outreach activities: Talks to people in charge of R&D for industries. Activities will be carried out both 

during and after the end of the project. For the general public. i. Popular Press: Significant research findings will be 
advertised on local/national newspapers, popular scientific magazines. ii. Specialized Social Networks: Relevant blogs (e.g. 

FQXi) will be addressed to introduce TEQ and its findings in a jargon-free language. iii. Local scientific events: 
Participation will be encouraged to local scientific events designed for the general public [cf. Step3 in Sec. 2.3a]. 

Internal communication will be planned to guarantee the efficient implementation of TEQ. This includes yearly 

meetings of the project’s governance entity (cf. Sec. 3.2). A newsletter with updates and relevant communications will 
be issued quarterly and distributed electronically to the project partners. 

Section 3: Implementation 
3.1 Work Plan and intermediate targets 
The Work Plan of TEQ is structured in the 6 WPs described in Table 3.1a and summarised (with the effort of each 

partner) in Table 3.1b. The overall duration of the 

project is 48 months. WP1-WP4 address the 
research themes relevant to the targeted goals. They 

will deliver the R&D results that are instrumental to 
our experimental endeavours. They also have 

enabling and transformational character, as they 
develop new tools that will be key to the next 

generation of experiments in the context addressed 

by TEQ. The project will be developed under the 
coordinated management put in place through 

WP5, which will be led by UniTs. 

WP1:%
Trapping%

WP3:%
Tes0ng%

WP4:%
Enabling%

WP2:%
Cooling%

Task%2.1%

Task%2.2%

Task%2.3%

Task%2.4%

%%

Task%1.1%

Task%1.2%

Task%1.3%

Task%1.4%

%%
Task%4.1,%Task%4.2,%Task%4.3,%Task%4.4,%Task%4.5%%

Task%3.1,%Task%3.2,%Task%3.3,%Task%3.4%

%%

TEQ 

UniTs%
AU%
INFN%
OEAW%
QUB%
TUD%
UCL%
UoS%
MSL%
%

 
Pert chart 1: relation among the components of TEQ. 
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(AU)

P. Barker

(UCL)

H. Ulbricht (UoS)

M. Paternostro (QUB)
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Dissemination/communication activities are organized in WP6. Each WP consists of Objectives, which define the 

Milestones that will be used to gauge the progress of the project. The Objectives are broken down in a series of Tasks 
associated with relevant Deliverables, which will be pursued through a collective endeavour of the Consortium, whose 

partners will engage in a rich network of collaborations and exchange of knowledge. Our Work Plan spans a wide range 

of topics. Theoretical advances will be validated by seminal experiments that will plant the seeds for a new exploration 
of quantum foundations and their potential for quantum technologies. The timing for the development of the Work 

Plan’s components is given in Gantt chart 1. Table 3.1a provides a detailed description of the content of the WPs, 
whose inter-relations are shown in Pert chart 1. Table 3.1b gives a summary of the WPs and the effort (in terms of 

Person Months [PMs]) that the partners will put towards their development. Table 3.1c lists the Deliverables of the 
project. 

Table 3.1a: Work package description  

Work package number  1 Start Date or Starting Event Mth 1 
Work package title Trapping  

Participant number 1 2 3 4 5 6 7 8 
 

9 
Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PM per participant: 8 30 19 8 16 38 5 5 0 
 

Objectives  

O1.1 Construction of a low noise trap for NCs with properties suitable for a cryogenic environment. 
O1.2 Synthesis of NCs with tailored properties. 

O1.3 Robust loading of multiply charged NCs into the trap. 

O1.4 Quantification of heating sources and their effects on the trapped NCs. 
 

Description of work (Leader: AU. Co-leader: TUD) 

Rf trap for charged NCs.  Based on previous designs for experiments with singly 
as well as highly charged ions [1], AU will develop a linear rf trap tailored for 

trapping and manipulating single charged NCs. The trap will be constructed to 
enable the integration of optical feedback-cooling techniques [UCL/UoS] and 

image charge induced resistive cooling [AU/INFN] (cf. WP2), as well as be 
compatible with the final cryogenic setup at UoS (cf. WP3). AU and INFN will 

develop extremely low-noise rf (10-100 kHz) and dc supplies to reduce particle 

heating, thereby improving significantly over state-of-the-art experiments [2].  
Development of NCs suitable for trapping.  TUD will synthesize colloidal NCs with 

minimum light absorption for cooling and detection. Suitable materials are 
CdSe, CdS, CdTe, CdSe/CdS core/shell structures, ZnSe, and Si. The charge state of the NCs will be 

synthesized with robust atomic ligands (for example S2, Cl, F) or non-Carbon based charged clusters (Zintl 
anions). Following feedback from UCL, AU and UoS, TUD will tune the number of surface charges of the NCs 

by controlling the number of inorganic ligands, or by forming NCs in solvent with added counter ions.  
Loading of NCs into the rf traps.  UoS and AU will collaborate with UCL to develop a NC dispenser based on 

ultrasound techniques to reliably load single NCs in a range of sizes (<100 nm - ~10 mm) in UHV. UCL will 

also charge NCs using small low energy electron-beam both for in- and out-trap charging. 
Theoretical quantization of heating effects: QUB, OEAW, and UniTs will work with AU and UoS to identify and 

characterize quantitatively the most relevant sources of heating affecting the trapping mechanism and loss of 
particles. This is essential for the design of the experimental setup at the core of WP3 and WP4.  

Task 1.1 Construction of a rf trap with extremely low electrical noise properties [AU, INFN, UCL, UoS]. 
Task 1.2 Synthesis of colloidal NCs with specific properties [TUD, AU, UCL, UoS]. 

Task 1.3 Development of methods for loading multiply charged NCs into rf traps [UCL, UoS, AU].  

Task 1.4 Theoretical identification of heating mechanisms and their effects [QUB, AU, UCL, UoS, INFN]. 
[1] L. Schöger et al., Science 347, 1233 (2015); [2] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015). 
 

Deliverables  

D1.1 Commission of an rf trap for NCs with electrical noise properties better than state-of-the-art [Mth 24]. 
D1.2 NCs of controlled size/shape/composition & improved NCs charge-states/absorption [Mth 12 & 24]. 

D1.3 Construct particle loading and charge control device [Mth 36].  

D1.4 Quantification of relevant heating mechanisms limiting the trapping time [Mth 36]. 

 

Work package number  2 Start Date or Starting Event Mth 1 

Work package title Cooling  

Participant number 1 2 3 4 5 6 7 8 

 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

Fig. 6: Typical structure of a 
linear rf trap to be applied. 
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Dissemination/communication activities are organized in WP6. Each WP consists of Objectives, which define the 

Milestones that will be used to gauge the progress of the project. The Objectives are broken down in a series of Tasks 
associated with relevant Deliverables, which will be pursued through a collective endeavour of the Consortium, whose 

partners will engage in a rich network of collaborations and exchange of knowledge. Our Work Plan spans a wide range 

of topics. Theoretical advances will be validated by seminal experiments that will plant the seeds for a new exploration 
of quantum foundations and their potential for quantum technologies. The timing for the development of the Work 

Plan’s components is given in Gantt chart 1. Table 3.1a provides a detailed description of the content of the WPs, 
whose inter-relations are shown in Pert chart 1. Table 3.1b gives a summary of the WPs and the effort (in terms of 

Person Months [PMs]) that the partners will put towards their development. Table 3.1c lists the Deliverables of the 
project. 

Table 3.1a: Work package description  

Work package number  1 Start Date or Starting Event Mth 1 
Work package title Trapping  

Participant number 1 2 3 4 5 6 7 8 
 

9 
Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PM per participant: 8 30 19 8 16 38 5 5 0 
 

Objectives  

O1.1 Construction of a low noise trap for NCs with properties suitable for a cryogenic environment. 
O1.2 Synthesis of NCs with tailored properties. 

O1.3 Robust loading of multiply charged NCs into the trap. 

O1.4 Quantification of heating sources and their effects on the trapped NCs. 
 

Description of work (Leader: AU. Co-leader: TUD) 

Rf trap for charged NCs.  Based on previous designs for experiments with singly 
as well as highly charged ions [1], AU will develop a linear rf trap tailored for 

trapping and manipulating single charged NCs. The trap will be constructed to 
enable the integration of optical feedback-cooling techniques [UCL/UoS] and 

image charge induced resistive cooling [AU/INFN] (cf. WP2), as well as be 
compatible with the final cryogenic setup at UoS (cf. WP3). AU and INFN will 

develop extremely low-noise rf (10-100 kHz) and dc supplies to reduce particle 

heating, thereby improving significantly over state-of-the-art experiments [2].  
Development of NCs suitable for trapping.  TUD will synthesize colloidal NCs with 

minimum light absorption for cooling and detection. Suitable materials are 
CdSe, CdS, CdTe, CdSe/CdS core/shell structures, ZnSe, and Si. The charge state of the NCs will be 

synthesized with robust atomic ligands (for example S2, Cl, F) or non-Carbon based charged clusters (Zintl 
anions). Following feedback from UCL, AU and UoS, TUD will tune the number of surface charges of the NCs 

by controlling the number of inorganic ligands, or by forming NCs in solvent with added counter ions.  
Loading of NCs into the rf traps.  UoS and AU will collaborate with UCL to develop a NC dispenser based on 

ultrasound techniques to reliably load single NCs in a range of sizes (<100 nm - ~10 mm) in UHV. UCL will 

also charge NCs using small low energy electron-beam both for in- and out-trap charging. 
Theoretical quantization of heating effects: QUB, OEAW, and UniTs will work with AU and UoS to identify and 

characterize quantitatively the most relevant sources of heating affecting the trapping mechanism and loss of 
particles. This is essential for the design of the experimental setup at the core of WP3 and WP4.  

Task 1.1 Construction of a rf trap with extremely low electrical noise properties [AU, INFN, UCL, UoS]. 
Task 1.2 Synthesis of colloidal NCs with specific properties [TUD, AU, UCL, UoS]. 

Task 1.3 Development of methods for loading multiply charged NCs into rf traps [UCL, UoS, AU].  

Task 1.4 Theoretical identification of heating mechanisms and their effects [QUB, AU, UCL, UoS, INFN]. 
[1] L. Schöger et al., Science 347, 1233 (2015); [2] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015). 
 

Deliverables  

D1.1 Commission of an rf trap for NCs with electrical noise properties better than state-of-the-art [Mth 24]. 
D1.2 NCs of controlled size/shape/composition & improved NCs charge-states/absorption [Mth 12 & 24]. 

D1.3 Construct particle loading and charge control device [Mth 36].  

D1.4 Quantification of relevant heating mechanisms limiting the trapping time [Mth 36]. 

 

Work package number  2 Start Date or Starting Event Mth 1 

Work package title Cooling  

Participant number 1 2 3 4 5 6 7 8 

 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

Fig. 6: Typical structure of a 
linear rf trap to be applied. 
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PMs per participant: 8 15 20 12 16 9 40 10 22 
 

Objectives  

O2.1 To develop low noise trap, detection and feedback electronics. 
O2.2 To determine optimal detection and cooling strategies for trapped charged NCs. 

O2.3 To cool internal states of a trapped NC. 

O2.4 To understand and control sources of decoherence. 
 

Description of work (Leader: UCL. Co-leader: INFN) 

Low-noise electronics: INFN will develop low-noise electronics considerably better than currently available within 
the trapping frequency range. This is crucial for the detection, feedback and control of trap potentials. Both 

analog and digital electronics for amplification of photocurrents and FPGA electronics for feedback protocols 
will be produced. UoS, AU and UCL will collaborate and transfer knowledge from WP1 and WP3. 

Centre-of-mass cooling: UoS will develop optical feedback-based parametric 
cooling systems while AU will develop image charge resistive cooling to 

minimise heating of the trapped particle. UCL will develop both active 

and passive cooling methods based on a high-finesse cavity currently used 
to cool charged NCs in a Paul trap.  Homodyne detection will be 

incorporated with the feedback system developed by UoS and INFN. 
MSL will build the stabilised laser for such experiments [cw laser with 

tuneable wavelength 1000nm-1060nm, low intensity noise: RIN <-
140dB/Hz, stabilised linewidth < 1kHz]. 

Internal cooling: UCL, UoS, AU, and QUB will design schemes for internal-

state cooling via spontaneous anti-Stokes fluorescence on trapped and charged Yb-doped NCs, manufactured by 
TUD, to counter internal heating [2]. MSL will build the laser system for this cavity experiment.   

Analysis of decoherence: We will make use of the techniques developed for manipulation of the trapped NC to 
investigate state preparation and relaxation of its motional state within the trap. By tracking the non-equilibrium 

dynamics of the NC, QUB, OEAW, UCL and UniTs will characterise the dynamically relevant sources of 
decoherence. This will complement the analysis of WP1 and pave the way to implementation in WP3.  

Task 2.1 Design, construct and test low noise electronics [INFN, UoS, UCL, AU, MSL]. 
Task 2.2 Implement optical, resistive and cavity cooling [UoS, MSL, UCL, AU]. 

Task 2.3 Identify materials and perform internal cooling of NCs. [UCL, TUD, AU, QUB, UoS]. 

Task 2.4 Study and measure non-equilibrium dynamics for all systems [QUB, OEAW, UoS, UCL, UniTs]. 
[1] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015); [2] D. V. Seletskiy et al, Nat. Photon. 4, 161 (2010). 
 

Deliverables  

D2.1 Creation of low noise electronics for state of the art detection and feedback experiments [Mth 12]. 

D2.2 Identification of optimal cooling strategies for charged trapped particles [Mth 27]. 
D2.3 Demonstration of internal state cooling and evaluation for use in final experiments [Mth 38]. 

D2.4 Quantitative understanding of decoherence and how this will affect CSL experiments [Mth 44]. 

 

Work package number  3 Start Date or Starting Event Mth 1 

Work package title Testing  

Participant number 1 2 3 4 5 6 7 8 
 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 11 6 10 16 16 3 5.6 36 22 
 

Objectives  

O3.1 To develop a low noise environment for the low noise NC trap with optical cooling in dilution fridge. 
O3.2 To perform tests of CSL noise effects on motion of trapped NC. 

O3.3 To adapt theory to experimental parameters to optimise the test of quantum superposition. 
 

Description of work (Leader: UoS. Co-leader: UniTs) 

The goal of WP3 is the implementation of a platform to test quantum mechanics with trapped NCs. UoS will 
build a low-noise environment, which will host the optimized rf trap with low-noise electronics and loading 

mechanism of the ideal NCs from WP1 and with the best cooling method from WP2. While WP1 and WP2 
focus on the improvement of existing trapping/cooling devices, WP3 will go beyond existing conditions at any 

partnering lab and consist of a cryogenic UHV chamber of <2x10-12mbar inside a 10mK cryostat with ultra-

stable acoustic, mechanical [lowest amplitudes at any frequency <10nm], electromagnetic [Faraday cage around 
the trapping region] and lab temperature conditions [better than +/-0.5°C]. Careful design of the experiment will 

reduce the effects of vibrations on the trapped NCs as generated by the cryostat. This will reduce all known 

Fig. 7: Hybrid rf trap with optical 
cavity to cool motion/ internal states. 
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PMs per participant: 8 15 20 12 16 9 40 10 22 
 

Objectives  

O2.1 To develop low noise trap, detection and feedback electronics. 
O2.2 To determine optimal detection and cooling strategies for trapped charged NCs. 

O2.3 To cool internal states of a trapped NC. 

O2.4 To understand and control sources of decoherence. 
 

Description of work (Leader: UCL. Co-leader: INFN) 

Low-noise electronics: INFN will develop low-noise electronics considerably better than currently available within 
the trapping frequency range. This is crucial for the detection, feedback and control of trap potentials. Both 

analog and digital electronics for amplification of photocurrents and FPGA electronics for feedback protocols 
will be produced. UoS, AU and UCL will collaborate and transfer knowledge from WP1 and WP3. 

Centre-of-mass cooling: UoS will develop optical feedback-based parametric 
cooling systems while AU will develop image charge resistive cooling to 

minimise heating of the trapped particle. UCL will develop both active 

and passive cooling methods based on a high-finesse cavity currently used 
to cool charged NCs in a Paul trap.  Homodyne detection will be 

incorporated with the feedback system developed by UoS and INFN. 
MSL will build the stabilised laser for such experiments [cw laser with 

tuneable wavelength 1000nm-1060nm, low intensity noise: RIN <-
140dB/Hz, stabilised linewidth < 1kHz]. 

Internal cooling: UCL, UoS, AU, and QUB will design schemes for internal-

state cooling via spontaneous anti-Stokes fluorescence on trapped and charged Yb-doped NCs, manufactured by 
TUD, to counter internal heating [2]. MSL will build the laser system for this cavity experiment.   

Analysis of decoherence: We will make use of the techniques developed for manipulation of the trapped NC to 
investigate state preparation and relaxation of its motional state within the trap. By tracking the non-equilibrium 

dynamics of the NC, QUB, OEAW, UCL and UniTs will characterise the dynamically relevant sources of 
decoherence. This will complement the analysis of WP1 and pave the way to implementation in WP3.  

Task 2.1 Design, construct and test low noise electronics [INFN, UoS, UCL, AU, MSL]. 
Task 2.2 Implement optical, resistive and cavity cooling [UoS, MSL, UCL, AU]. 

Task 2.3 Identify materials and perform internal cooling of NCs. [UCL, TUD, AU, QUB, UoS]. 

Task 2.4 Study and measure non-equilibrium dynamics for all systems [QUB, OEAW, UoS, UCL, UniTs]. 
[1] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015); [2] D. V. Seletskiy et al, Nat. Photon. 4, 161 (2010). 
 

Deliverables  

D2.1 Creation of low noise electronics for state of the art detection and feedback experiments [Mth 12]. 

D2.2 Identification of optimal cooling strategies for charged trapped particles [Mth 27]. 
D2.3 Demonstration of internal state cooling and evaluation for use in final experiments [Mth 38]. 

D2.4 Quantitative understanding of decoherence and how this will affect CSL experiments [Mth 44]. 

 

Work package number  3 Start Date or Starting Event Mth 1 

Work package title Testing  

Participant number 1 2 3 4 5 6 7 8 
 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 11 6 10 16 16 3 5.6 36 22 
 

Objectives  

O3.1 To develop a low noise environment for the low noise NC trap with optical cooling in dilution fridge. 
O3.2 To perform tests of CSL noise effects on motion of trapped NC. 

O3.3 To adapt theory to experimental parameters to optimise the test of quantum superposition. 
 

Description of work (Leader: UoS. Co-leader: UniTs) 

The goal of WP3 is the implementation of a platform to test quantum mechanics with trapped NCs. UoS will 
build a low-noise environment, which will host the optimized rf trap with low-noise electronics and loading 

mechanism of the ideal NCs from WP1 and with the best cooling method from WP2. While WP1 and WP2 
focus on the improvement of existing trapping/cooling devices, WP3 will go beyond existing conditions at any 

partnering lab and consist of a cryogenic UHV chamber of <2x10-12mbar inside a 10mK cryostat with ultra-

stable acoustic, mechanical [lowest amplitudes at any frequency <10nm], electromagnetic [Faraday cage around 
the trapping region] and lab temperature conditions [better than +/-0.5°C]. Careful design of the experiment will 

reduce the effects of vibrations on the trapped NCs as generated by the cryostat. This will reduce all known 

Fig. 7: H ybrid rf trap with optical 
cavity to cool motion/ internal states. 
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environmental noise effects to values smaller than the predicted CSL effect [1,2]. MSL will build the stabilised 

laser system [cw laser with intensity stability RIN<-100dB/Hz, short wavelength for high spatial resolution of 

position detection] for optical detection and feedback stabilisation of the trapped NC. 
Non-interferometric testing: QUB, OEAW and UniTs will develop the theoretical prediction put forward in [2] which 

embodies the basic building block of our inference strategy. Such calculations will be reformulated for the needs 
of the experimental setting discussed here. The CSL mechanism results in the introduction of a mass-dependent 

non-linear term, which induces an additional heating affecting the dynamics of a mechanical oscillator. The effect 
is observed from the study of the noise properties of the system. This approach will allow us to bound 

theoretically the entity of such effects and falsify/confirm them. We expect to be able to test all collapse models 

with a CSL-  parameter of 10-13 Hz or smaller with a particle of size 100nm. We will trap and cool the motion 

of the particle (<1mK)[4] and observe its undamped oscillation as reheated by the present noise, as described in 
[3]. For a mechanical quality factor of 1010, we need to stabilise and integrate the data for some days. This 

requires the detailed study of systematic effects over that period.  
Task 3.1 Set up dilution cryostat with a vacuum chamber and the laser for the ultimate experiment [UoS, MSL]. 
Task 3.2 Investigation of systematic effects (vibration, thermal, optical) [UoS, MSL, INFN, AU, TUD, UCL].  
Task 3.3 Perform the ultimate experiment [UoS, AU, INFN, TUD, UCL]. 
Task 3.4 Adapt theory and predict experimental outcomes [QUB, UniTS, OEAW, UoS, UCL]. 

[1] S. Bera et al., Sci. Rep. 5, 7664 (2015). [2] M. Bahrami et al., Phys. Rev. Lett. 112, 012023 (2014), S. 
Nimmrichter et al., ibid. 113, 020405 (2014); [3] D. Goldwater et al., Phys. Rev. A 94, 010104(R) (2016); [4] J. 
Vovrosh, et al. arXiv:1603.02917 (2016). 
 

Deliverables  

D3.1 Low noise environment for the ultimate experiment created [Mth 12]. 
D3.2 Systematic effects investigated [Mth 28]. 

D3.3 The ultimate experiment assembled and performed [Mth 40]. 
D4.4 General bound on macroscopicity of quantum systems from experiment [Mth 48]. 

 

Work package number  4 Start Date or Starting Event Mth 1 

Work package title Enabling  

Participant number 1 2 3 4 5 6 7 8 
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Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS M2 

PMs per participant: 30 2 4 33 27.2 3 2 2 0 
 

Objectives  
O4.1 To set-up a theoretical framework for the test of quantum mechanics at the mesoscopic level. 

O4.2 To design experimental tests able to refine the framework of collapse models. 
O4.3 To investigate macro-realism at the mesoscopic level through the experiments at the core of TEQ. 
 

Description of work (Leader: QUB. Co-leader: OEAW) 
Testing non-standard models of quantum mechanics: QUB, OEAW and UniTs will assess the energy-non-conserving 

nature of the CSL mechanism. The latter is characterised by an unbound increase of the mean energy of the 

system it affects. Attempts at ‘curing’ such syndrome have been made [1]. However, some difficulties remain, in 
that the collapse operator of the energy-conserving CSL (ecCSL) mechanism is not self-adjoint [1]. WP4 will 

identify an ecCSL-equivalent stochastic potential to be used in the equations describing the motion of the system 
at the core of TEQ. AU, INFN, TUD, UCL and UoS will establish experimental scenarios to test ecCSL 

mechanisms and (classical) gravity-induced collapse theories. TEQ will also identify suitable experimental 
strategies for the amplification of the effects of collapse mechanisms, so to bring them within the realm of 

experimental addressability. QUB, OEAW, and UniTs will use the quadratic coupling of light to the position of a 

mechanical system to magnify small effects, such as those entailed by the Schrödinger-Newton (SN) model [2].  
Time-dilation decoherence and gravity-induced collapse models: OEAW, QUB and UniTs will investigate whether 

gravitationally-induced collapse can be understood as stemming from entanglement between the position of the 
system used in TEQ and a “sea of clocks” embodied by uncontrollable internal degrees of freedom of the system 

itself. 
Assessing quantumness of gravity: The Work Plan of TEQ will allow for the further exploration of the potential 

quantum nature of gravity, thus addressing Obj 5). The staring point of our approach in this respect will be that 
the observation of entanglement between two non-interacting masses would invalidate the view of gravity as a 

classical interaction and provide a clear evidence that gravitational field necessitates a quantum description in 

some intermediate stage of the entangling process. By measuring Bell’s inequality on the test masses or otherwise 
proving their entanglement, one could exclude the very idea of a classical theory of gravity in a “theory-

independent” way, without assuming any details of the underlying physical theory of gravity and of the 
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interaction between the field and the test masses. Such “theory-independent” approach has been proven as 

extremely successful methodological tool in quantum information for testing multi-party correlations. While such 

an approach would not “prove” the existence of gravitons or inform on the structure of future quantum theory 
of gravity, it will rule out a purely classical description. QUB, OEAW, UniTs and UoS will work on the 

theoretical aspects of this approach, designing an experimental setup for its assessment.  
Measuring the size of a coherent superposition state: QUB, OEAW and UniTs will quantify the ‘size’ of a quantum 

superposition by means of recent measures of macroscopicity [3]. They will design non-tomographic strategies 
for the assessment of such figures of merit, studying the effect of decoherence and gravity-induced influences.  

Task 4.1 To assess decoherence on the experimental setup at the core of WP3 [QUB, UoS, OEAW]. 

Task 4.2 To determine experiment-specific bounds to CSL and SN mechanisms [UniTs, QUB]. 
Task 4.3 To develop schemes to quantify the macroscopicity of quantum superposition states [QUB, UniTs]. 
Task 4.4 To design setting for the test of energy–conserving CSL and SN model [UniTs, QUB]. 
Task 4.5 To compare time dilation decoherence and gravity induced collapse [OEAW, UniTs, QUB].    

[1] A. Smirne, and A. Bassi, arXiv:1408.6446 (2014); [2] L. Diósi, Phys. Lett. A 105, 199 (1984); R. Penrose, Gen. 
Relat. Gravit. 28, 581 (1996); [3] A. Xuereb, et al., Opt. Commun. 337, 53 (2015). 
 

Deliverables  
D4.1 Quantification of environmental decoherence effects and experimental calibration [Mth 12]. 

D4.2 Provision of bounds on the effects of CSL, and SN mechanisms [Mth 18]. 
D4.3 Design of experimental schemes for the quantification of the size of quantum superpositions [Mth 24].  

D4.4 Provision of bounds on the effects of energy-conserving CSL mechanism [Mth 36]. 
D4.5 Quantitative comparison between time-dilation decoherence and gravity-induced collapse [Mth 44]. 

 

Work package number  5 Start Date or Starting Event Mth 1 

Work package title Management  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 40 2 4 2 2 2 2 2 2 
 

Objectives  

O5.1 Coordination of the project, for the achievement of the objectives. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 

Management is discussed in Sec. 3.2 where the description of Tasks and deliverables is discussed in details. All 

partners participate in management activities, coordinated by the WP Leader and assisted by the WP Co-Leader, 
with the support of a dedicated Administrative Officer. 

Task 5.1 Preparation of the Consortium Agreement, according to the DESCA 2020 model. 
Task 5.2 Organization of the project meetings (kick-off, yearly, final). Management of unforeseen events. 

Task 5.3 Setting up and maintenance of the website. 
Task 5.4 Monitoring of Work Plan. Preparation of periodic and final scientific & financial reports. 

Task 5.5 Preparation, implementation and update of the Data Management Plan (DMP). 
 

Deliverables  

D5.1 Consortium Agreement [Mth 0]. 
D5.2 Website and logo (as in the cover page) [Mth 2]. 

D5.3 Preparation and management of the Data Management Plan [Mth 6]. 

 

Work package number  6 Start Date or Starting Event Mth 1 

Work package title Dissemination  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 18 2 4 2 2 2 2 2 2 
 

Objectives  
O6.1 Implementation of targeted dissemination and communication activities, as per Sec. 2.3. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 
Dissemination and Communication are discussed in Sec. 2.3. All partners participate, coordinated by the WP 

Leader, assisted by the WP Co-Leader and supported by press offices of partners’ institutions. 

Task 6.1 Coordinate and promote dissemination of TEQ and its findings.  
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interaction between the field and the test masses. Such “theory-independent” approach has been proven as 

extremely successful methodological tool in quantum information for testing multi-party correlations. While such 

an approach would not “prove” the existence of gravitons or inform on the structure of future quantum theory 
of gravity, it will rule out a purely classical description. QUB, OEAW, UniTs and UoS will work on the 

theoretical aspects of this approach, designing an experimental setup for its assessment.  
Measuring the size of a coherent superposition state: QUB, OEAW and UniTs will quantify the ‘size’ of a quantum 

superposition by means of recent measures of macroscopicity [3]. They will design non-tomographic strategies 
for the assessment of such figures of merit, studying the effect of decoherence and gravity-induced influences.  

Task 4.1 To assess decoherence on the experimental setup at the core of WP3 [QUB, UoS, OEAW]. 

Task 4.2 To determine experiment-specific bounds to CSL and SN mechanisms [UniTs, QUB]. 
Task 4.3 To develop schemes to quantify the macroscopicity of quantum superposition states [QUB, UniTs]. 
Task 4.4 To design setting for the test of energy–conserving CSL and SN model [UniTs, QUB]. 
Task 4.5 To compare time dilation decoherence and gravity induced collapse [OEAW, UniTs, QUB].    

[1] A. Smirne, and A. Bassi, arXiv:1408.6446 (2014); [2] L. Diósi, Phys. Lett. A 105, 199 (1984); R. Penrose, Gen. 
Relat. Gravit. 28, 581 (1996); [3] A. Xuereb, et al., Opt. Commun. 337, 53 (2015). 
 

Deliverables  
D4.1 Quantification of environmental decoherence effects and experimental calibration [Mth 12]. 

D4.2 Provision of bounds on the effects of CSL, and SN mechanisms [Mth 18]. 
D4.3 Design of experimental schemes for the quantification of the size of quantum superpositions [Mth 24].  

D4.4 Provision of bounds on the effects of energy-conserving CSL mechanism [Mth 36]. 
D4.5 Quantitative comparison between time-dilation decoherence and gravity-induced collapse [Mth 44]. 

 

Work package number  5 Start Date or Starting Event Mth 1 

Work package title Management  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 40 2 4 2 2 2 2 2 2 
 

Objectives  

O5.1 Coordination of the project, for the achievement of the objectives. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 

Management is discussed in Sec. 3.2 where the description of Tasks and deliverables is discussed in details. All 

partners participate in management activities, coordinated by the WP Leader and assisted by the WP Co-Leader, 
with the support of a dedicated Administrative Officer. 

Task 5.1 Preparation of the Consortium Agreement, according to the DESCA 2020 model. 
Task 5.2 Organization of the project meetings (kick-off, yearly, final). Management of unforeseen events. 

Task 5.3 Setting up and maintenance of the website. 
Task 5.4 Monitoring of Work Plan. Preparation of periodic and final scientific & financial reports. 

Task 5.5 Preparation, implementation and update of the Data Management Plan (DMP). 
 

Deliverables  

D5.1 Consortium Agreement [Mth 0]. 
D5.2 Website and logo (as in the cover page) [Mth 2]. 

D5.3 Preparation and management of the Data Management Plan [Mth 6]. 

 

Work package number  6 Start Date or Starting Event Mth 1 

Work package title Dissemination  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 18 2 4 2 2 2 2 2 2 
 

Objectives  
O6.1 Implementation of targeted dissemination and communication activities, as per Sec. 2.3. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 
Dissemination and Communication are discussed in Sec. 2.3. All partners participate, coordinated by the WP 

Leader, assisted by the WP Co-Leader and supported by press offices of partners’ institutions. 

Task 6.1 Coordinate and promote dissemination of TEQ and its findings.  
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Copies of the pre-prints of our papers will be made available through the website of TEQ, which will thus embody an 

effective repository of research outputs. 

b) Communication activities  
Effective communications will be a core activity that will involve the Consortium in many ways. We will work to 
maximize the impact that TEQ will have on the communities working on foundations of quantum mechanics, quantum 

optics and quantum technologies, both theoretically and experimentally. We will reach this goal by seeking publication 
of our results in high-impact international journals, participating to meetings/conferences in areas pertinent to TEQ 

and delivering seminars/talks to other research groups. We will incentivise the establishment of novel scientific links 
beyond our Consortium. TEQ will thus foster the building up of wide awareness and interest in the topics of the 

project and will stimulate scientific endeavours (collaborations, networking, training) that will go far beyond the context 
defined by our Work Plan. TEQ will thus contribute to the current portfolio of Horizon2020 with a genuinely 

European effort. We will take advantage of the communication skills of the project members to engage into outreach 

activities for the communication of our results. The nature of the themes addressed in TEQ is well suited to raise the 
attention of the general public and stimulate the interest of the media. Here we describe the activities that we have 

identified in order to ensure the factual engagement with media, general public, and other stakeholders. Such activities 
will be organic to the programme for dissemination/communication of the results gathered through the development 

of TEQ, and the plan for the maximization of its impact discussed in Sec. 2.2 a), which we now describe: 
Standard routes for scientific communication will be pursued by submitting manuscripts to high-impact journals 

(Nature family, Science/Science Advances, Physical Review Letters, Physical Review). We will consider submissions of 

our experimental activities to the Journal of Visualized Experiments (JoVE), which is a peer reviewed video-and-text 
journal where experiments are filmed for illustration of their working principles.  

External communication will be targeted for specific audiences, including senior/junior researchers, industry, and 
general public. For senior researchers. i. Project website: It will contain the list of scientific papers related to TEQ, and 

the list of events. ii. Reviews: Opportunities will be explored, to contribute with review articles in international scientific 
journals such as Rev. Mod. Phys. and Phys. Rep. iii. Specialized Press: Press releases of the most important findings will 

be prepared and submitted to the specialized press. iv. Workshop on “Redefining the foundations of physics in the quantum 
technology era”  (Trieste, Year 2 of TEQ). About 20 distinguished researchers active in areas relevant to TEQ will be 

invited. The participation of about 100 attendees is estimated, including TEQ members, their students, and researchers 

external to TEQ. v. Seminars &  Talks: Members of TEQ are often invited to present talks and lectures at major 
international conferences, university colloquia and summer schools. We will employ this route to disseminate our 

results. We plan to record ad hoc presentations by members of the Consortium, to be streamed through the individual 
partners’ website, the TEQ website, and its dedicated social-network groups. For junior researchers. i. Project website: It 
will contain calls for positions to join TEQ, and a list of events. ii. Tutorials: Opportunities will be explored, to 
contribute with tutorials in international scientific journals, like Contemp. Phys., the “Tutorials” section of J. Phys. B, 

the “Reviews” section in Nature Phys., and Rep. Prog. Phys. iii. Participation to schools: Project partners are regularly 

invited as lecturers at schools on quantum physics, where they will communicate topics related to TEQ. iv. Posting of 
video-abstracts to Quantiki and/or New. J. Phys., explaining TEQ’s activities. For potential industrial partners. i. 
Reports: Technical reports about TEQ and its findings. ii. V isits: Invitations to visit project groups and labs, and to 
group meetings. iii: Outreach activities: Talks to people in charge of R&D for industries. Activities will be carried out both 

during and after the end of the project. For the general public. i. Popular Press: Significant research findings will be 
advertised on local/national newspapers, popular scientific magazines. ii. Specialized Social Networks: Relevant blogs (e.g. 

FQXi) will be addressed to introduce TEQ and its findings in a jargon-free language. iii. Local scientific events: 
Participation will be encouraged to local scientific events designed for the general public [cf. Step3 in Sec. 2.3a]. 

Internal communication will be planned to guarantee the efficient implementation of TEQ. This includes yearly 

meetings of the project’s governance entity (cf. Sec. 3.2). A newsletter with updates and relevant communications will 
be issued quarterly and distributed electronically to the project partners. 

Section 3: Implementation 
3.1 Work Plan and intermediate targets 
The Work Plan of TEQ is structured in the 6 WPs described in Table 3.1a and summarised (with the effort of each 

partner) in Table 3.1b. The overall duration of the 

project is 48 months. WP1-WP4 address the 
research themes relevant to the targeted goals. They 

will deliver the R&D results that are instrumental to 
our experimental endeavours. They also have 

enabling and transformational character, as they 
develop new tools that will be key to the next 

generation of experiments in the context addressed 

by TEQ. The project will be developed under the 
coordinated management put in place through 

WP5, which will be led by UniTs. 

WP1:%
Trapping%

WP3:%
Tes0ng%

WP4:%
Enabling%

WP2:%
Cooling%

Task%2.1%

Task%2.2%

Task%2.3%

Task%2.4%

%%

Task%1.1%

Task%1.2%

Task%1.3%

Task%1.4%

%%
Task%4.1,%Task%4.2,%Task%4.3,%Task%4.4,%Task%4.5%%

Task%3.1,%Task%3.2,%Task%3.3,%Task%3.4%

%%

TEQ 

UniTs%
AU%
INFN%
OEAW%
QUB%
TUD%
UCL%
UoS%
MSL%
%

 
Pert chart 1: relation among the components of TEQ. 
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Task 6.2 Manage internal communication.  

Task 6.3 Coordinate and promote external communication to targeted audiences, as per Sec. 2.3 
 

Deliverables  

D6.1 Press releases on the aims and context of TEQ [Mth 3]. 
D6.2 Articles on popular press [Mth 12]. 

D6.3 Videos (video-abstracts of relevant publications, video-interviews, pedagogical videos) [Mth 20]. 

D6.4 Workshop “Redefining the foundations of physics in the quantum technology era” [Mth 24]. 
 

3.2 Management structure, 
milestones and procedures 

Organisational structure and 
decision-making mechanisms- A. 

Bassi (UniTs, male) will be the 
coordinator of TEQ. Besides being a 

recognised leader in the foundations of 
quantum mechanics, and open 

quantum systems, which makes him 
perfectly suited to lead the efforts at 

the core of TEQ, he has considerable 

experience in the management of 

large-scale projects, such as COST 
Actions MP1006 and the current 

CA15220, of which he was/is 

Chair. C. Curceanu (INFN, female) 
will be the deputy-coordinator. A 

full-time Administrative Officer, 
based at UniTs, will be appointed 

for the whole duration of the 
project. A Steering Committee 

(SC), chaired by the coordinator 
(Bassi), will be established as the 

governance entity for the project. 

The SC will be formed by Bassi 
(Chair), Curceanu (Vice-Chair), 

Ulbricht, Paternostro, Barker, 
Dantan, Manna, Brukner, and 

Hempler. It will be supported by 
the Administrative Officer 

appointed to assist with the 

management of the project and 
complemented by the Consortium 

Press Officer (CPO), chosen 
among the members of the 

Consortium, who will be in charge 

of the dissemination plan. The role of the SC includes: 1) The management of resources in order to meet schedules / goals; 2) The 

resolution of any conflicts arising within the Consortium; 3) The creation of a technological/ scientific roadmap and its updating; 4) The 

WP  
Nr. 

WP Title Leader  

Nr. 

Leader  

Name  
PMs Start  

Mth 
End 
Mth 

1 Trapping 2 AU 129 1 48 

2 Cooling 7 UCL 152 1 48 

3 Testing 8 UoS 125.6 1 48 

4 Enabling 5 QUB 103.2 1 48 

5 Management 1 UniTs 58 1 48+ 

6 Dissemination 1 UniTs 36 1 48+ 

    603.8   

 Table 3.1b: List of WPs and total PMs per WP. 

 DNr. Deliverable name WP  Leader  Type DL DM 

D1.1 Rf trap for NCs 1 AU R PU 24 

D1.2 Colloidal NCs 1 AU R PU 12 & 24 

D1.3 Loading and control device 1 AU R PU 36 

D1.4 Quantification of heating 1 AU R PU 36 

D2.1 Low noise electronics 2 UCL R PU 12 

D2.2 Optimal cooling strategies 2 UCL R PU 27 

D2.3 Internal state cooling 2 UCL R PU 38 

D2.4 Quantify decoherence 2 UCL R PU 44 

D3.1 Low noise environment 3 UoS R PU 12 

D3.2 Systematic effects investigated 3 UoS R PU 28 

D3.3 Ultimate experiment 3 UoS R PU 40 

D3.4 General bound 3 UoS R PU 48 

D4.1 Calibration of decoherence 4 QUB R PU 12 

D4.2 Bounds to CSL & SN models 4 QUB R PU 18 

D4.3 Size of superposition 4 QUB R PU 24 

D4.4 Bounds to the ecCSL model 4 QUB R PU 36 

D4.5 Time-dilation/gravity collapse 4 QUB R PU 44 

D5.1 Consortium agreement (CA) 5 UniTs R PU 0 

D5.2 Website 5 UniTs DEC PU 2 

D5.3 Data Management Plan 5 UniTs R PU 6 

D6.1 Press releases 6 UniTs DEC PU 3 

D6.2 Popular press articles 6 UniTs DEC PU 12 

D6.3 Videos 6 UniTs DEC PU 20 

D6.4 Workshop 6 UniTs DEC PU 24 

 

 

 

 

 

 
 WP1 WP2 WP3 WP4 WP5 WP6 Total  

1 – UniTs 3 3 9 20 40 18 93 

2 – AU 30 15 6 2 2 2 57 

3 – INFN 19 20 10 4 4 4 61 

4 – OEAW 8 12 16 33 2 2 73 

5 – QUB 16 16 16 27.2 2 2 79.2 

6 – TUD 38 9 3 3 2 2 57 

7 – UCL 5 40 5.6 2 2 2 56.6 

8 – UoS 10 15.4 53 4 2 2 86.4 

9 – MSL 0 25 25 0 2 2 54 

Total PMs 129 155.4 143.6 95.2 58 36 617.2 

 
Table 3.1c: List of Deliverables. DNr.= Deliverable number; DL = dissemination 
level; DM = delivery month 

 

Milestone number. Name [Related WP] Date  Means of verification 

M1. Preparation of NCs with minimum absorption 
& stable against aggregation [WP1] 

12 Combination of optical, electron microscopy, 
and surface analysis methods [TR]. 

M2. NC-Trapping in low-noise environment [WP1] 24 Measurement of temperature of NCs [TR]. 

M3. Cooling of internal and centre-of-mass (CoM) 
degrees of freedom of a charged NC [WP2] 

36 Changes in the line shape of the mechanical 
CoM and cooling transition [preprint]. 

M4. New tests for ecCSL and SN. [WP4] 36 Rigorous modelling of non-interferometric 
tests for ecCSL and SN [preprint]. 

M5. Experimental test of the quantum 

superposition principle [WP3] 

42 Observation of broadening of mechanical 

spectral line [preprint]. 

M6. Time dilation decoherence & gravity-induced 

collapse.  [WP4] 

48 Connection between time dilation decoherence 

and gravity-induced collapse [preprint]. 

Table 3.2a: List of milestones and means of verification. Dates are in months. TR=technical report 
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compliance with legal obligations as specified in the CA . The powers of the SC will include: 1) The suggestion of potential 
modifications to the project’s roadmap; 2) The internal approval of progress reports. The functioning of the Consortium will be 
detailed in the Consortium Agreement (CA), which will also specify rights and obligations of the partners. The 

Coordinator will also represent the respective node and has been chosen in light of the expertise available at UniTs. 

The pro-active approach to science by Bassi and the leadership that he has demonstrated in coordinating/managing 
large-scale consortia (including two COST Actions) will guarantee effective guidance to the Consortium. Regular 

meetings of the SC will take place twice per year (in person every 12 months, at the institution of one of the project 
members, and remotely [through conference-calls] every 6 months). Additional ad hoc meetings will be called for in case 

of urgent matters to address. When necessary, remote meetings will be held using teleconferencing facilities. The 
relevant documents produced as a result of the meetings (minutes and draft reports) will be made available to the 

project partners through the TEQ website. When distributing roles, gender balance policies will be duly implemented. 

A kick-off meeting will be held at UniTs at month 2 of TEQ. The process of decision-making will be based on 
collective consensus within the SC. Whenever it will not be possible to reach a decision through a consensus, a voting 

procedure will be used, with the prevailing vote of the Chair in the case of a stalemate. Management will be facilitated 
by a web-based information system. The TEQ’s website will host public sections whose aims will be to raise the general 

awareness of the project and disseminate results, but will also include a private one accessible only to the Consortium’s 
members for discussions, data collection and distribution of the progress reports and slides of the seminars and lectures 

delivered by the Consortium’s members. Administrative tasks, which will include handling the financial matters, 

maintaining the project website, collecting and processing data from the Consortium, will be overseen by the 
Coordinator, assisted by the Administrative Officer. The progress of the project will be overseen by the SC, which will 

liaise with international centres/initiatives 

addressing topics relevant to the Work 
Plan, identify funding opportunities to 

further TEQ, establish communication 
channels with industrial actors, and draw 

a roadmap for the grounding of 
mesoscopic quantum physics as a core 

theme in current/future programmes for 

quantum technologies.   
Risk assessment: The partners are 

experts in their field of research (cf. Sec. 
3.3) and have the qualities necessary to 

carry out TEQ. The world-class expertise 
of the TEQ’s experimentalists, and the strategies that have been planned, guarantee the successful implementation of 

the proposed tests. The carefully designed governance structure of the project, and the long-standing history of 
collaborations among the TEQ partners will contribute to minimise any risk. In Table 3.2b we identify the potential 

sources of risk and associated contingency plans. 
 

3.3 Relevance of expertise in the consortium. 
Partners’ contribution &  resources: TEQ brings together in synergy world experts in their respective fields. Specific 
contributions to the stated goals include: Quantum foundations/collapse models (UniTs); Trapping of highly charged 

NCs (AU); Realization of high precision ultra-low noise electronics (INFN); Quantum foundations (OEAW); 
Optomechanics & mesoscopic quantum effects (QUB); Material science: Synthesis/Engineering of colloidal NCs, 

chemical/structural transformations (TUD); Cooling of external/internal degrees of freedom of NCs (UCL); 
Experimental optomechanics (UoS); Generation of high-end laser technology for applications in quantum metrology 

Description of WPs risk [risk level] Proposed risk-mitigation measures 

WP1: No nebulisation of NCs in the 
trap via standard techniques [medium] 

Use of laser desorption and/or large (10-7-10-6m) solvothermally 
prepared particles stabilized with inorganic ligands. 

WP2&3: Strong environmental & 

technical noise within target range of 
mechanical frequency [low] 

Modify total charge on NCs and tune trap properties for 

trapping/cooling in noise-free region. Modify environment to 
reduce low frequency noise sources. 

WP3: Noises in the ultimate experiment 
cannot be supressed [medium] 

Systematic effects will be separated in frequency and studied. 
Detection noise can be averaged out in longer measurement runs.  

WP4: Difficulties in the management of 

the ecCSL [medium] 

Use of quantum unravelling techniques and application of methods 

for open-system quantum Monte-Carlo. 

WP5: Violation of CA by a partner [very 
low] 

Rescheduling of deliverables, interruption of payments, 

removal/substitution of partner. 

Table 3.2b: Critical risks for implementation and associated contingency plans.  

 

 WP1 WP2 WP3 WP4 WP5 WP6 Total  

1 – UniTs 8 8 11 30 40 18 115 

2 – AU 30 15 6 2 2 2 57 

3 – INFN 19 20 10 4 4 4 61 

4 – OEAW 8 12 16 33 2 2 73 

5 – QUB 16 16 16 27.2 2 2 79.2 

6 – TUD 38 9 3 3 2 2 57 

7 – UCL 5 40 5.6 2 2 2 56.6 

8 – UoS 5 10 36 2 2 2 57 

9 – MSL 0 22 22 0 2 2 48 

Total PMs 129 152 125.6 103.2 58 36 603.8 
Table 3.4a: Summary (in terms of PMs) of staff effort per WP. 
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quantum technologies.   
Risk assessment: The partners are 

experts in their field of research (cf. Sec. 
3.3) and have the qualities necessary to 

carry out TEQ. The world-class expertise 
of the TEQ’s experimentalists, and the strategies that have been planned, guarantee the successful implementation of 

the proposed tests. The carefully designed governance structure of the project, and the long-standing history of 
collaborations among the TEQ partners will contribute to minimise any risk. In Table 3.2b we identify the potential 

sources of risk and associated contingency plans. 
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Partners’ contribution &  resources: TEQ brings together in synergy world experts in their respective fields. Specific 
contributions to the stated goals include: Quantum foundations/collapse models (UniTs); Trapping of highly charged 
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chemical/structural transformations (TUD); Cooling of external/internal degrees of freedom of NCs (UCL); 
Experimental optomechanics (UoS); Generation of high-end laser technology for applications in quantum metrology 

Description of WPs risk [risk level] Proposed risk-mitigation measures 

WP1: No nebulisation of NCs in the 
trap via standard techniques [medium] 

Use of laser desorption and/or large (10-7-10-6m) solvothermally 
prepared particles stabilized with inorganic ligands. 

WP2&3: Strong environmental & 

technical noise within target range of 
mechanical frequency [low] 

Modify total charge on NCs and tune trap properties for 

trapping/cooling in noise-free region. Modify environment to 
reduce low frequency noise sources. 

WP3: Noises in the ultimate experiment 
cannot be supressed [medium] 

Systematic effects will be separated in frequency and studied. 
Detection noise can be averaged out in longer measurement runs.  

WP4: Difficulties in the management of 

the ecCSL [medium] 

Use of quantum unravelling techniques and application of methods 

for open-system quantum Monte-Carlo. 

WP5: Violation of CA by a partner [very 
low] 

Rescheduling of deliverables, interruption of payments, 

removal/substitution of partner. 

Table 3.2b: Critical risks for implementation and associated contingency plans.  

 

 WP1 WP2 WP3 WP4 WP5 WP6 Total  

1 – UniTs 8 8 11 30 40 18 115 

2 – AU 30 15 6 2 2 2 57 

3 – INFN 19 20 10 4 4 4 61 

4 – OEAW 8 12 16 33 2 2 73 

5 – QUB 16 16 16 27.2 2 2 79.2 
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Table 3.4a: Summary (in terms of PMs) of staff effort per WP. 
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Personnel Other Direct Indirect Total % Requested

UniTs 417008 80000 124252,00 621260,00 100 621260,00 

AU 275000 137500 103125,00 515625,00 100 515625,00 

INFN 200000 107500 76875,00 384375,00 100 384375,00 

OEAW 265000 32900 74475,00 372375,00 100 372375,00 

QuB 309259 44500 88439,75 442198,75 100 442198,75 

TUD 251572 63500 78768,00 393840,00 100 393840,00 

UCL 222703 192494 103799,25 518996,25 100 518996,25 

UoS 239997 342396 145598,25 727991,25 100 727991,25 

M2 175000 140850 78962,50 394812,50 100 394812,50 

TOTAL 2355539 1141640 874294,75 4371473,75 4371473,75 
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WP1: TRAPPING
A. Houtepen – TUD

M. Drewsen - AU

Testing the large-scale
limit of

quantum mechanics



Role TU Delft in TEQ

• Synthesizing nanoparticles to TEst the large scale limit of
Quantum mechanics

• TU Delft & IIT Genova

Prof. L. Manna - IIT

Dr. L. De Trizio - IIT

F. De Donato - IIT

Jence Mulder - TUD
Jasper van Blaaderen -

TUD

Arjan Houtepen - TUD



Objectives

O1.1 Construction of a low noise trap for NCs suitable for a cryogenic 
environment.
O1.2 Synthesis of NCs with tailored properties.
O1.3 Loading of multiply charged NCs into the trap.
O1.4 Quantification of heating sources and their effects on the trapped 
NCs.

Tasks

T1.1 Construction of a low-noise rf trap.
T1.2 Synthesis of colloidal NCs with specific properties.
T1.3 Methods for loading charged NCs into rf traps.
T1.4 Theoretical identification of heating mechanisms and their effects.

Deliverables

D1.1 Rf trap for NCs [M 24].
D1.2 1-Colloidal NCs [M 12].
D1.3 2-Colloidal NCs [M 24].
D1.4 Loading and control device [M 36].
D1.5 Quantification of heating [M 36].

Summary of WP1

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 30 19 8 16 38 5 5 0



Outline

• Nanocrystal requirements
• Choice of nanocrystal system
• Synthesis
• Ligand exchange/removal
• Improving crystallinity, controlling size
• Improving the photoluminescence quantum yield: core-shell NCs



Material requirements

The optimal NC:
• Regular, non-spherical shape
• Size from 50 nm - 1µm, monodisperse
• Very low absorption at 1064 and 1550 nm
• Dispersed in polar solvent (e.g. methanol), suitable for

electrospray
• Surface should be charged (controlled charge/mass ratio)
• Cooling of the lattice temperature via optical refrigeration



Yb:YLiF3 NCs

Internal cooling via phonon 
assisted Anti-Stokes Fluorescence

𝐸𝐸𝑖𝑖𝑖𝑖 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜



Synthesis
• Li2CO3, Y2O3, trifluoroacetate LiTFA and YbTFA3

• Yb2O3 can be added to dope the particles
• Solvent octadecene (ODE), surfactants oleic acid
• Cracking of the TFA salts at 300oC  Nucleation and

growth of oleate stabilized YLF nanocrystals (or Yb:YLF)
• Purifying and concentrating the particles

NCs in 
hexane

TFA

ODE

Oleic acid



Pure YLF

Yb:YLF (0.3:1)

Yb:YLF (1.27:1)



Structural analysis
• XRD pattern fits perfectly to known YLF 

pattern (Scheelite crystal structure)
• Identical for Yb:YLF and YLF
• No secondary phases
• Elemental anaylsis (ICP-AES) confirms

composition and inclusion of Yb for doped
samples.

ISBN: 978-1-62618-097-0 (227)



Absorption Spectroscopy

• Absorption 1100 – 1500 nm related to solvents and organic surfactants:
→ Remove solvent
→ Change ligands for short, non-absorbing ligands
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Ligand exchange

• Removing absorbing ligands (oleate)
• Ligand exchange with triethyloxonium (Et3OBF4) for

oleateMeOH dispersible
• Positively charged surfaces

J. Am. Chem. Soc. 2011, 133, 998–1006



Absorption Spectroscopy

• Absorption 1100 – 1500 nm related to solvents and organic surfactants:
→ Remove solvent
→ Change ligands for short, non-absorbing ligands
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Results past year

• Improved reproducibility

• Improved control over particle size 
(between 100 nm and 350 nm)

• Improved crystallinity



Measurements at UCL: 

Scattered light intensity of trapping beam 
proportional to nanocrystal volume.

Constant intensity as a function of trapping 
power indicates volume reduction in 
nanocrystal at 1020 nm. 

What happens when these NCs are trapped?

Exciting Yb3+ results in heating, not cooling!

The PLQY is not high enough for cooling



So what do we need?
• At RT a PLQY of 97.4% balances heating

due to non-radiative recombination and
cooling due to Anti-Stokes fluorescence

• A PLQY of 99.5% allows cooling to 110K.

• But the PLQY of the initial samples 
turned out to be ~30%...

Advances in Optics and Photonics 4, 78–107 (2012)



Why is the PLQY so low?

• Impurities in the crystal, e.g. Fe2+, Cu2+, Ni2+, may act as traps or 
cause background absorption.

• Impurity concentrations of <100 bbp are desired…
• Energy transfer to high energy vibrations (ligands, solvent, OH-).

• We need to remove the surface and the impurities…
Advances in Optics and 
Photonics 4, 78–107 (2012)



Core shell particles
• Shell of pure YLF: no Yb ions near the surface
• Reduces PL quenching at the surface (e.g. energy transfer to

surfactants or solvent vibrations)

CORE CORE / SHELL

Yb:YLF (0.2:1) YLF@Yb:YLF (0.2:1)



Increasing the shell thickness
adding more shell precursors; 10% Yb for all cores

b : 30    nm
a : 12.5 nm

Core/Shell 033Core 031
b : 104 nm      
a : 18,6 nm

b : 138 nm      
a : 47 nm

Core/Shell 054Core/Shell 053



Improving PLQY by shell growth

• YLF-shell growth increases from ~30% to~86%
• This is still too low…
• Plus, the PLQY is hard to measure accurately due to the low 

absorption by the Yb.
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Determining PLQY from TRPL

Γ𝑟𝑟𝑟𝑟𝑟𝑟 𝑛𝑛 =
Γ𝑟𝑟𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑛𝑛
3𝑛𝑛2

2𝑛𝑛2 + 𝑛𝑛𝑁𝑁𝑁𝑁2

2

𝜂𝜂 =
Γ𝑟𝑟𝑟𝑟𝑟𝑟 𝑛𝑛
Γ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛

Γ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛 From the fit of the TRPL spectra
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Current status

• YLF particles without Yb can be trapped. No significant heating due to 
background absorption.

• Clean NCs with low impurity content.

• Yb:YLF NCs not stable in trap: PLQY of the Yb emission is too low  heating
• Maximum achieved PLQY ~80%

• Cause of remaining PL quenching is not clear
• crystal defects 
• energy transfer to OH- impurities in the YLF lattice 
• Energy transfer to surface moieties/solvent

• The target, 97.4%, is challenging…



Next steps
• Investigate the cause of <100% PLQY in core-shell NCs
• Improve PLQY further: 
Optimize Yb concentration (high absorption vs concentration quenching)
Remove all traces of water from the synthesis
Lower T shell growth (avoid Yb3+ diffusion)

• Determine (and control) the surface charge density using dynamic light 
scattering (DLS) 

• Optical refrigeration experiments at UCL.



Other materials
• CdSe/CdS/ZnS colloidal Quantum Dots, 

record PLQY 99.7% or 2D Nanoplatelets

• Yb3+ doped CsPbCl3 Nanocrystals

J. Phys. Chem. C 2019, 123, 12474−12484; ACS Energy Lett. 2018, 3, 2390−2395
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Objectives

O1.1 Construction of a low noise trap for NCs suitable for a 
cryogenic environment.
O1.2 Synthesis of NCs with tailored properties.
O1.3 Loading of multiply charged NCs into the trap.
O1.4 Quantification of heating sources and their effects on the 
trapped NCs.

Tasks

T1.1 Construction of a low-noise rf trap.
T1.2 Synthesis of colloidal NCs with specific properties.
T1.3 Methods for loading charged NCs into rf traps.
T1.4 Theoretical identification of heating mechanisms and their effects.

Deliverables

D1.1 Rf trap for NCs [M 24].
D1.2 1-Colloidal NCs [M 12].
D1.3 2-Colloidal NCs [M 24].
D1.4 Loading and control device [M 36].
D1.5 Quantification of heating [M 36].

Summary of WP1

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 30 19 8 16 38 5 5 0



M. Drewsen - AU

Testing the large-scale
limit of

quantum mechanics

Status of TEQ-trap and low-noise electronics



Current bounds in CSL parameter space

CSL exclusion plot
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The TEQ-trap at AU



The TEQ-trap at UCL



First silica nano-particle trapped in the TEQ-trap (Dec. 2019)!

The TEQ-trap at UCL

7,5 mm



The DC voltage supplies



What noise level can be accepted in the TEQ experiments?

SF (ω) ≤ 3⋅10
−22N / Hz , ω ≈ 2π× (100−1000)Hzz

SV
DC (ω) ≤ 25nV / Hz , ω ≈ 2π× (100−1000)Hzz

In terms of forces:

In terms of electrode voltages:

n

n



Amplifier

Mixer

MixerRF

The DC voltage supplies

DAC DC Supply



DAC DC Supply

Amplifier

Mixer

MixerRF

The DC voltage supplies



The noise of the DACs voltages prior to TEQ

Target noise level

The DC voltage supplies

DAC DC Supply

Mixer



The noise of the DACs voltages: first developments

Target noise level

The DC voltage supplies Last review meeting…

DAC with modified Voltage Reference

Mixer



The noise of the DACs voltages: without the Mixer

The DC voltage supplies

DAC with modified Voltage Reference

Mixer

Target noise level

Since last review meeting…



Mounted electrodes
in an end view:

URF(t)
+

UEnd

Blade electrode structure

URF(t)
+

UEnd

URF(t)

URF(t
) (+Uend)

URF(t
) (+Uend)-U

RF (t) (+U
end )

-U
RF (t) (+U

end )

Note:

URF(t) and Uend has to be mixed together.

Blade electrode wiring I



RF blade electrode

DC blade electrode

Mounted electrodes
in an end view:

DC blade RF blade

RF blade DC blade
URF(t)

UEndUEnd UCen

No mixing of URF(t)
and Uend needed! 

Blade electrode wiring II



The noise of the DACs voltages: without the Mixer

The DC voltage supplies

DAC with modified Voltage Reference

Mixer

DC noise requirements reached, but only at 10V.

Target noise level

Since last review meeting…



The noise of the DACs voltages: further improvements

The DC voltage supplies

DAC DC Supply

15V 
Supply

Voltage
Regulator

Voltage
Reference

DACs

Target noise level

DAC noise level
Improvements:
- 15V supply placed outside box
- Voltage regulator modified
- Voltage reference modified

By appropriate filtering + different voltage reference in parallel, noise properties 
as good as batteries can be achieved!



Reducing the amplifier gain to 2x and running the DAC at ± 10 V, we should at least
be able to have difference of 40 V and a noise of 30 nV/sqrt(Hz) @ > 500 Hz

The DC voltage supplies

Amplifier

DAC DC Supply



An analog alternative:

The DC voltage supplies

WP2 by Catalina Curceanu



The RF voltage supply



What noise level can be accepted in the TEQ experiments?

SF (ω) ≤ 3⋅10
−22N / Hz , ω ≈ 2π× (100−1000)Hzz

SV
DC (ω) ≤ 25nV / Hz , ω ≈ 2π× (100−1000)Hzz

SV
AC (ω) ≤ 70nV / Hz , ω ≈ 2π× (100−1000)Hzz

In terms of forces:

In terms of electrode voltages:

n

n

n

Initial guess based on geometry of the TEQ trap 



z

Noise measurements with the Aarhus linear Paul trap setup

Based on our experiments on the DC 
supply we found A=0.88

z

+

URF(t)+UEnd URF(t)

URF(t)

URF(t)+UEnd

URF(t)+UEndURF(t)+UEnd

Model for heating from electronic 
noise:

𝜔!
n=0

1
2

3
4



Mixer

RF generator

Amplifier

Mixer

DC

RF Generator

RF Amplifier

White noise
generator

[10 kHz - 10 MHz]

The RF voltage supply

Mixer



The heating rates

The RF voltage supply

4.8(1.0) n/s

#̇𝑛 ~ 𝐴 ×8
𝑒"

4𝑚ħ𝜔!𝐷"
𝑆#,%&'() (𝜔)

𝐴 < 0.0002𝑆!,#$%&' (𝜔 = 𝜔( = 150 𝑘𝐻𝑧)

Model for heating from electronic 
noise:

Low frequency filtering in 
the [0, 600 kHz] range: 
𝑆!,#$%&' < 1000 nV2/Hz

4.5(1.0) n/s



What noise level can be accepted in the TEQ experiments?

SF (ω) ≤ 3⋅10
−22N / Hz , ω ≈ 2π× (100−1000)Hzz

SV
DC (ω) ≤ 25nV / Hz , ω ≈ 2π× (100−1000)Hzz

SV
AC (ω) ≤ 70nV / Hz , ω ≈ 2π× (100−1000)Hzz

In terms of forces:

In terms of electrode voltages:

n

n

n

We can work with 500 times larger spectral density noise of the AC supply than initially guessed, 
or equivalent 5000 times larger than DC noise!



Discussion of blade electrode wiring



Blade electrode wiring I

Mounted electrodes
in an end view:

URF(t)
+

UEnd

Blade electrode structure

URF(t)
+

UEnd

URF(t)

URF(t
) (+Uend)

URF(t
) (+Uend)-U

RF (t) (+U
end )

-U
RF (t) (+U

end )

Note:

URF(t) and Uend has to be mixed together.



RF blade electrode

DC blade electrode

Mounted electrodes
in an end view:

DC blade RF blade

RF blade DC blade
URF(t)

UEndUEnd UCen

No mixing of URF(t)
and Uend needed! 

Blade electrode wiring II

+ Enables high pass filtering of the 
AC voltages at the same time as low
pass filtering of DCs at the trap!



CSL exclusion plot, Aarhus cryogenic trap?

Adler
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Vacuum @ trapped ions:

~ 10-13 mbar !!

30 cm

The linear Paul trap

Cryogenic trap for sympathetic cooling of complex molecular ions
via laser-cooled Ba+ ions

6 K

40 K

294 K



Cryo trap Electrospray sourceIon guide

Cryogenic trap for sympathetic cooling of complex molecular ions
via laser-cooled Ba+ ions



Cryo trap

Electrospray source

Cryogenic trap for sympathetic cooling of complex molecular ions
via laser-cooled Ba+ ions



Ca+Ba+

Ba+Ca+

Sympathetic cooling of a single 40Ca+ion

Ba+

Cryogenic trap for sympathetic cooling of complex molecular ions
via laser-cooled Ba+ ions



Objectives

O1.1 Construction of a low noise trap for NCs suitable for a 
cryogenic environment.
O1.2 Synthesis of NCs with tailored properties.
O1.3 Loading of multiply charged NCs into the trap.
O1.4 Quantification of heating sources and their effects on the 
trapped NCs.

Tasks

T1.1 Construction of a low-noise rf trap.
T1.2 Synthesis of colloidal NCs with specific properties.
T1.3 Methods for loading charged NCs into rf traps.
T1.4 Theoretical identification of heating mechanisms and their effects.

Deliverables

D1.1 Rf trap for NCs [M 24].
D1.2 1-Colloidal NCs [M 12].
D1.3 2-Colloidal NCs [M 24].
D1.4 Loading and control device [M 36].
D1.5 Quantification of heating [M 36].

Summary of WP1

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 30 19 8 16 38 5 5 0



Status of the TEQ-trap setup

• First complete trap for room-temperature experiments finalized, and silica-nanoparticle trapped at UCL

• Low-noise digitally controllable DC voltage supplies have been constructed + analog alternative

• Test with trapped ions have been performed in the 100 kHz-range  

• Influence of noise from RF source has been studied with trapped ions  

So far:

Next step:

• Final trap-design for cryogenic-temperature experiments

• Decide on RF/AC voltage supplies

• Loading protocol: Electrospray + guide



WP2: COOLING
P. Barker - UCL

C. Curceanu - INFN

Testing the large-scale

limit of

quantum mechanics



Objectives

O2.1 To develop low noise trap, detection and feedback 
electronics.
O2.2 To determine optimal detection and cooling strategies for 
trapped NCs.
O2.3 To cool internal states of trapped NCs.
O2.4 To understand and control sources of decoherence.

Tasks

T2.1 Design, construct and test low noise electronics.
T2.2 Implement optical, resistive and cavity cooling.
T2.3 Identify materials and perform internal cooling of NCs.
T2.4 Study and measure non-equilibrium dynamics for all systems.

Deliverables

D2.1 Low noise electronics [M 12].
D2.2 Optimal cooling strategies [M 27].
D2.3 Internal state cooling [M 38].
D2.4 Quantify decoherence [M 44].

Summary of WP2

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 15 20 12 16 9 40 10 22



Outline

Low noise electronics (2.1)
Paul trap electronics 
Implementation on Paul Trap 

Centre-of-mass cooling (2.2)
Optimal cooling strategies using feedback methods
Cavity cooling in the Paul trap 

Internal state cooling (2.3)
Characterisation of trapped Yb:YLF nanocrystals 
Inducing and controlling rotation 

Understanding and controlling sources of decoherence (2.4)
measurements of linewidth and noise
application to dissipative collapse models



Low noise electronics (2.1)



Activities in low noise electronics since last 
review (2.1)

From last meeting at UCL in July, LNF activities are:

UCL system
• Design of a low noise AC amplifier

• Design of HV power supplies

• PCB design and production

• Mounting and test

• Further assistance

Aarhus system
• Developed low noise amplifier for DAC’s – reported at last review

• Added low noise reference voltage



Preliminary Design

Specifics

AC GAIN = -25

DC GAIN = -2

BW = 100kHz

Estim. Noise= 160nV

Power Supply= ±350V

(included)
(discussed with Antonio Pontin @UCL)



Amplifier Design The circuit provides AC 
and DC amplification, 
an AC output and a 
mixed output (AC+DC).

Output Noise is 
coherent between both 
outputs.

Amplifier HV supply is 
produced by a 
dedicated circuitry on 
board.

Two output monitors 
have been included.



PCB Design



PCB Design



NOISE TEST
Noise tests 
confirmed noise 
behavior predicted 
during design.

By modifying some 
internal 
parameters, the 
minimum 
reacheable noise is 
130nV/√Hz.

By lowering the 
noise, power 
consuption 
increases (and 
heat!).

Noise limit is set by 
safety constraints.



Amplifier Design

• Preliminary schematic was promptly produced and shared within 
collaboration (LNF, UCL, Southhampton) (July 2019).

• Mechanical details and constraints (dimensions, connectors, holes) 
defined in accordance with UCL (August/September 2019).

• PCB produced, mounted and tested (November 25 2019). 

• 4 complete and fully operative modules have been sent to UCL.     
Two versions have been developed and sent with different noise 
(135nV – 195nV).

• LNF will also provide all the necessary adsistance for final installation.



Electronics implementation on Paul trap



INFN Electronics Noise

2-4 orders of magnitude improved 
noise in the 1-10kHz range

Amplifier noise measurements



Aarhus Electronics Noise

4 orders of magnitude improved 
noise in the 10-10000Hz range

Noise spikes every 700Hz that reach 
the previous noise level

DAC noise measurements



Aarhus Electronics Noise
2 orders of magnitude improve noise in 
the 100-1000Hz region (over one 
endcap)

Symmetric noise properties allow for 
cancellation of noise on particle

Noise spikes every 700Hz above level of 
previous noise

Noise measured on end caps 



Current Paul trap

Linear trap
End cap

Guide

Rods

• AC distance: ro = 1.1 mm

• DC distance: do = 3.5 mm

Efficiencies: η = 0.82

κ = 0.086

Current trap



Loading

• Trapping at low pressure ~ 10-1 mbar

• Q/m  ~ 0.1 – 2    roughly 10 – 1000 charges 

Guide is necessary

Quite easy to trap 

droplets!!

Vacuum 

10-1 mbar

Trap loading



Detection

• Simple

• Absolute calibration

• Easy to extend to 

3 DoF

Detection



Heating by excess noise

Lines are total force noise

Measured noise sources

Compensation:

Endcaps:

AC (broadband):

Excess force noise

~ 5 10-38 N2/Hz1/2



Recent tests to measure heating due to 
voltage noise

Increase effects of excess voltage noise 
by displacing particle from trap centre

𝑇 = 𝑇0 +
𝑞2

2𝛾0𝑚
(𝑆𝐴𝐶

𝑥

𝐷1

2

+ 𝑆𝑐𝑜𝑚𝑝(
1

𝐷
+

𝑥

𝐷1
)2)

New Electronics: Sac = 5x10-10, Scomp=3x10-11 V2/Hz

Old Electronics: Sac= 4x10-9, Scomp = 3x10-10 V2/Hz



Electronics

• All electronics developed delivered to UCL for testing (D2.1) 

• All electronics implemented on UCL Paul traps

• Need further tests to confirm lower motional noise on particles –
ongoing (delayed by Covid)

• Test on Blade trap from Aarhus (delayed by Covid)



Centre-of-mass cooling(2.2)



Comparison between active feedback 
methods

Two common ways to use feedback for 
cooling

- Velocity damping
- Parametric 

We have previously demonstrated 
parametric feedback cooling and 
recently velocity damping

Wanted to compare these two as part of 
determining optimal strategy

Band-pass
filter (Df=90o)

Laser
Input 
Signal (f)

Paul trap

Feedback 
signal

Amplifier

Balanced 
detector

Band-pass
filter (Df=-90o)

Laser
Input 
Signal (f)

Paul trap

Feedback 
signal

Amplifier

Balanced 
detector



Low-pass
filter

VCO (f)

Multiplier (f+f)Multiplier

Laser

Input Signal (f)

Paul trap

Control signal (f+f)

Recent tests to measure heating due to 
voltage noise - Parametric



CoolingFeedback cooling



Velocity damping (10-6 mbar)

Blue line – analytical model

Black circles - simulation with ideal filter

Purple circles simulation - deviates rapidly at high gain. 

Shifted position becomes a worse prediction of the 

velocity.

Green circles - experimental results for velocity 
damping. Measured with out-of-loop detector. 



Parametric cooling (10-6mbar)

Black line - limit of PLL bandwidth on the oscillator 

linewidth (Temp). Oscillator linewidth > PLL bandwidth 

- PLL no longer tracks frequency.

Blue line - detection noise floor. As the bandwidth 

increases more noise is included with the loop 

decreasing the SNR in PLL. 

Red circles – simulation. Temperature above bounds 

but minimum where both bounds are equal.

Black dots - experimental data. 

Velocity damping  - easier and achieves 
temperature 1 order of magnitude lower 
than parametric method



Cavity cooling in the Paul trap

Only suitable for where displacement of particle << l/2



Linear coupling

Temperature limit of 20 mK at 10-6 mbar
- currently limited by voltage noise induced 

by misalignment between cavity and Paul 
trap

- eventually limited by frequency noise in 
the laser



Non-linear coupling

Of interest for phonon shot noise measurements, 
protocols for generating non-classical states

Dynamics – same as parametric feedback cooling but is 
passive 



Non-linear coupling See arXiv:2006.16103 for more details



Internal state cooling (2.3)



Optical trapping experiment



Laser refrigeration



Trapped particle is an 
oscillator undergoing  
Brownian motion. The 
linewidth, g, of the power 
spectral density of its 
displacement is proportional 
to its temperature as T. 

For doped YLF 
nanocrystals at a trapped 
wavelength of 1020 nm, 
the linewidth increases 
with trapping power 
indicating heating up to 
420 K when compared to 
1064 nm where little to no 
heating occurs. 

Linewidth vs Power at 5mbar

Linewidth vs Power
Previously– loss in particle size in trap by 
heating

Intensity vs Power at 5mbar

Camera 
saturated after 
130mW at 
1060nm.



Core and core shell nanocrystals

Both JM178 and 179 tested. JM179 melted before 178



Undoped YLF nanocrystals



Trapping and COM cooling of undoped YLF
• No significant heating of the undoped YLF nanocrystals

• Samples JJB26 & JJB57 only lost below 10-2mbar (0.57 mbar below)



Alpha particle charging of particles 



• Unstable Ti:Sa pump laser 
since 11/19 

• Unable to use for 
measurements

• Recently resumed YLF 
nanocrystal testing with new 
pump laser in 09/20 
manufactured by M2 

• Focused on undoped YLF 
measurements

Laser problems – focus on undoped YLF



Rotation of nanocrystals

Shape asymmetry and intrinsic birefringence –
transfer angular momentum of light to particle

E



Librational frequency frequency, 5mbar, linear polarisation



Rotational frequency, 5mbar circular polarisation

Frequency (kHz)

P
SD

 (
lo

g(
V

²/
m

))



Frequency (kHz)

Comparison with data

Frequency (Hz)



FTDT calculations of scattered light and 
susceptibility in near-field and far-field

h
a



Future work

• With arrival of new pump laser we are again testing heating from 
Delft samples

• Redo rotation measurements and compare with calculations done 
during lock down

• Study nanocrystal cooling and dynamics in Paul trap



Understanding and controlling sources of 
decoherence (2.4)



Q         N

Linewidth measurements

2 x 10-7 mbar10-5 mbar10-4 mbar

28 mHz 7 mHz 94 μHz

Radius

231 nm

Linewidth measurements



Q         N

CoM temperature and 

excess noise

Rayleigh distributions directly related 

to the variance of the oscillator 

If thermal

Not

assumed

COM temperature

10-5 mbar 10-7 mbar



Dissipative CSL

Now characterised by linewidth and temperature

Dissipative CSL
Conventional CSL

Dissipative CSL





Adler

GRW

1 K

10-7 K

10-4 K
10-2 K

Solid lines - 231 nm radius, 10-7 mbar

Dashed lines – predicted for 10 000 nm radius

Limits on dCSL



Dissipative Diosi-PenroseDissipative Diosi-Penrose
Collapse rates depends on gravity

Strength depends on 
temperature and cut-off 
distance



Bounds on dDPBounds on dDP

Dark green  - current experiment

Light green – 10 000 nm particles



Other work that has stemmed from TEQ in 
this area
• Sympathetic cooling in Paul trap using cold atoms 

• Atom-nanoparticle cat states in Paul traps 

• Levitation with broadband light https://doi.org/10.1364/OPTICA.392210

• Quantum spectrometry from arbitrary noise Phys. Rev. Lett. 123, 230801

arXiv:2005.11662

arXiv:2005.12006

https://doi.org/10.1364/OPTICA.392210


WP3: TESTING
H. Ulbricht – UoS

Testing the large-scale

limit of

quantum mechanics



Objectives

O3.1 To develop low noise environment for the low noise trap with 
optical cooling in dilution fridge.
O3.2 To perform tests of CSL noise effects on motion of trapped 
NC.
O3.3 To adapt theory to experimental parameters to optimize the 
test of quantum superposition.

Tasks

T3.1 Set up dilution cryostat and laser for the ultimate experiment.
T3.2 Investigation of systematic effects.
T3.3 Perform the ultimate experiment.
T3.4 Adapt theory and predict experimental outcomes.

Deliverables

D3.1 Low noise environment [M 12].
D3.2 Systematic effects investigated [M 28].
D3.3 Ultimate experiment [M 40].
D3.4 General bound [M 48].

Summary of WP3

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

11 6 10 16 16 3 5.6 36 22



People at WP3: meetings to decide on TEQ ultimate experiment with 

experimental partners: INFN, AU, UCL + collaboration with theory partners.

• UoS team:
• Andrea Vinante

• Giulio Gasbarri

• Marko Toros (now UCL)

• Muddassar Rashid 

• Christopher Timberlake

• Ashley Setter 

• Hendrik Ulbricht



Outline: Report II on WP3 - Testing

①What we want to test and how …. CSL exclusion plot 
i. Force noise measurement approach
ii. Force measurements in multilayer mass attached to cantilever (CSL tested)

② Parameters we have to reach …. Comparison of CSL noise to thermal noises
i. Evaluation of required parameters for TEQ experiment 
ii. Considerations on detection
iii. Summary of parameters

③ What we have achieved with the experiment… Testing of low-noise environment at UoS (D3.2)
i. Low pressure
ii. Low temperature
iii. Detection at ultralow power
iv. Low vibrations
v. Magnetic levitation tests



CSL parameter space: the region TEQ will explore 

• Non-interferometric test

-> Measure force noise
-> Target:  λ < 10-10 Hz



Force (noise) in harmonic oscillator: the TEQ 
experiment

Thermal bath affect minimum force measured: 

• CSL test based on force noise measurement 
– non-interferometric

• TEQ uses levitation for higher Q and
lower frequency, few degrees of freedom

M
k=Mw0

2
FCSL

t=Q/w0
Ftherm

M. Bahrami et al, PRL 112 210404 (2014)
S. Nimmrichter et al, PRL 113 020045 (2014)
L. Diosi, PRL 114, 050403 (2015)
D. Goldwater et al. Phys. Rev. A 94, 010104  (2015)
A. Vinante et al, PRL 116, 090402 (2016)
B. …..





Most recent CSL test result: multi-layered mass

• Sandwich of 40 layers of  
Tungstenoxid and glass

• Mechanical temperature of cantilever
at 10 mK

• Detection of motion by SQUID
• Substantial challenge of Adler’s CSL 

values

Vinante, A., M. Carlesso, A. Bassi, A. Chiasera, S. Varas, P. Falferi, B. Margesin, R. Mezzena, and H. 
Ulbricht, Narrowing the parameter space of collapse models with ultracold layered force sensors, 
Phys. Rev. Lett. 125, 100404 (2020)



Name of the game: Reduce all noises to be smaller than CSL noise

To maximize SNR:
• R > rC (> 10-7 m)
• low T   (< 1 K)
• low P   (< 10-10 mbar)

CSL force noise on a nanosphere:

R – radius of sphere
rc and λ – CSL parameter
ϱ - mass density of sphere
m0 - mass of sphere 
m – mass of background gas
Tgas – temperature of background gas
Pgas – pressure of background gas

Thermal noise from gas collisions:

Thermal noise from blackbody photon recoil:





Summary of requirements to test CSL with Paul 
trap – ultimate TEQ experiment:

Parameter Target Comments

Particle size R = 200 nm To probe CSL @ rc=10-7 m

Trapp frequency 100 Hz – 1 kHz Stable trap and low force noise

Voltage noise (DC) 25 nV/Hz Low force noise from Paul trap

Voltage noise (AC) 100 nV/Hz Low force noise from Paul trap, relaxed by finding of AU (factor 100?)

Particle material SiO2/Yb:YLF Low absorption, many charges, rotation of non-spherical shapes

Temperature < 1 K Reduce thermal noise & gas pressure

Pressure < 10-10 mbar Reduce thermal noise. Desirable <10-12 mbar

Detection power < 10-14 W Minimize backaction noise and heating

Vibrational attenuation > 60 dB Decouple seismic/mechanical noise at trap frequency



Theoretically predicted CSL test by TEQ 
experiment:

[1] Paul trap with optical readout
[2] Paul trap with SQUID readout

300 mK, 1e-13 mbar



Magnetic levitation: low temperature compatible 
CSL test platform, alternative approach to Paul 
trapping at 300 mK





Magnetic levitation: force sensing; g, G measurement; CSL noise 

• Levitation at < 10-8 mbar, 4 K
• Oscillations at 3-21 Hz
• Max. Q-factor measured 103

• Limited by Eddy currents
• Detection optically in reflection 

Timberlake, C., G. Gasbarri, A. Vinante, A. Setter, and H. Ulbricht, Acceleration sensing with 
magnetically levitated oscillators, Appl. Phys. Lett. 115, 224101 (2019)

https://aip.scitation.org/doi/10.1063/1.5129145




Meissner levitation with SQUID readout

Simpler trap: particle in the hole: 

Lateral surface provides x,y confinement

NdFeB microsphere

Radius = 27 um

Trap Radius = 2 mm 

Vinante, A., P. Falferi, G. Gasbarri, A. Setter, C. Timberlake, and H. Ulbricht, Ultrahigh mechanical quality factor 
with Meissner-levitated ferromagnetic microparticles,Phys. Rev. Appl. 13, 064027 (2020)

https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.13.064027


Some experimental results of Meissner trap:

Beta-mode: libration motion

• Peaks identified by finite element simulations
• z – and beta modes are studied in more detail
• All experiments so far a 4 K.



Predicted CSL testing with 300 mK Meissner
levitation: depending on particle size…



TEQ low-noise environment: at UoS
• Low Temperature:  Wet sorption He-3 refrigerator with 

base temperature 300 mK [for 100 hours, 6 litres of He-3]
• Low Pressure: UHV-compatible cryostat, [CF flanges, beak-

out @ 120 oC, turbo and cryo pump]
• Optical access [wedged windows + 3 fibres, FC-APC, PM, 

single mode] 
• Low vibration mode [no mechanical pumps,

no pulsed tube, only He-4 bubbling]
• Low frequency mechanical isolation integrated in cryostat 

frame (Newport, S-2000A-116, > 30 Hz -> 60 dB 
attenuation)

• Pre-installed wiring, 20 coaxial + 25 twisted pairs, with 
superconducting cryogenic section [to avoid resistive 
heating] for Paul trap voltages.

• Stable laser for detection installed at UoS [SolTis, 
MSquared].

• Vibration survey at UoS performed [low external 
vibrations]

• mcryo = 400 kg
• mgranite =  600 kg



300 mK fridge 

• We had to send cryo back to the 
manufacturer twice,

• But now works to specs:
• Temperature: 300 mK
• Pressure: < 1e-10 mbar
• Vibrations: see below
• Hold time: 80 hours (amount 

of He-3 gas)



Parameters to be achieved in cryo to test CSL at 
defined target: with Paul trap and with Meissner
trap



Testing conditions at 300 mK: Vibration

• Vibration spectra measured by 
the geophones under different 
conditions. 

• Two geophones (one horizontal 
and one vertical) are positioned 
on the 1K pot stage. 

• Shaded regions correspond to 
possible regions for CSL tests.



Testing vibrations by magnetic levitation in 
cryo:

… For the data at 410 mK we have 
independently estimated the 
damping rate g=2e-3 s-1 by means 
of ring down measurements, which 
implies an acceleration noise 
Sa=6e-9 m/s2/Hz. 

-> already sufficient for CSL test by 
Paul trap,
but Meissner trap needs more 
Vibration damping.

More tests re-start just now after 
covid-19 delay!



Objectives

O3.1 To develop low noise environment for the low noise trap with 
optical cooling in dilution fridge.
O3.2 To perform tests of CSL noise effects on motion of trapped 
NC.
O3.3 To adapt theory to experimental parameters to optimize the 
test of quantum superposition.

Tasks

T3.1 Set up dilution cryostat and laser for the ultimate experiment.
T3.2 Investigation of systematic effects.
T3.3 Perform the ultimate experiment.
T3.4 Adapt theory and predict experimental outcomes.

Deliverables

D3.1 Low noise environment [M 12].
D3.2 Systematic effects investigated [M 28].
D3.3 Ultimate experiment [M 40].
D3.4 General bound [M 48].

Summary of WP3

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

11 6 10 16 16 3 5.6 36 22



Next studies:

• Vibration isolation: Spring-mass system to filter mechanical noise.
• Implementation of Paul trap at 300 mK (based on results form TEQ partners).

• Pick the right trap (blade or rods) depending on UCL results. 
• Pick the right power supplies for the Paul trap (AU or INFN/UCL) after tests at UCL regarding 
the noise level achieved. 
• Implement particle loading: quadrupole guide after ESI source (UCL/AU designs).

• Tests of mechanical noise and electrical noise with trapped particle.
• CSL tests at 300 mK [D3.3].

• Meissner or Paul trap decision to achieve scientific goals of TEQ.



∂

∂

Next: Attaching the Paul trap

ESI source: spray, guide, load at 1 mbar

Segmented ion guide

Paul trap

Optical detection



Testing the large-scale
limit of

quantum mechanics

WP4: ENABLING
M. Paternostro - QUB

& 
C. Brukner - OEAW 



4. Enabling 5. Ruling out

§ Set the theory for 
testing collapse 
models

§ Estimate 
decoherence

§ Visionary 
perspectives 
on the study 
of the 
foundations 
of quantum 
mechanics 

Testing the large-scale
limit of

quantum mechanics

What WP4 is about

4. Enabling 5. Ruling out

§ Set the theory for 
testing collapse 
models

§ Estimate 
decoherence

§ Visionary 
perspectives 
on the study 
of the 
foundations 
of quantum 
mechanics 



Testing the large-scale
limit of

quantum mechanics

Summary of WP4
Person-Months
UniTS AU INFN OEAW QUB TUD UCL Soton M2

30 2 4 33 27.2 3 2 2 0

Objectives
O4.1 To set up a theoretical framework for the test  
of quantum  mechanics at the mesoscopic level. 
O4.2 To design experimental tests able to refine  
the framework of collapse models. 
O4.3 To investigate macro-realism at the mesoscopic  
level through the experiments at the core of TEQ.

Tasks
T4.1 To assess decoherence on the experimental set up 
at the core of WP3. 
T4.2 To determine experiment-specific bounds to CSL 
and SN mechanisms. 
T4.3 To develop schemes to quantify the macroscopicity 
of quantum superposition states. 
T4.4 To design settings for the test of energy-conserving 
CSL and SN model. 
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FIG. 1. Graphical representation of the cylinder with respect to the chosen Cartesian axes. The moni-

tored motions are the vibration along the x axis and the rotation around it (represented in blue and red

respectively).

to the field of an optical cavity. By addressing the ensuing dynamics of the cylinder, we show that

the rotational degree of freedom o↵ers enhanced possibilities for exploring a wide-spread region of

the parameters space of the CSL model, thus contributing significantly to the ongoing quest for the

validity of collapse theories. We provide a thorough assessment of the experimental requirements

for the envisaged test to be realized and highlight the closeness of our proposal to state-of-the-art

experiments.

I. OPTOMECHANICAL SETUP

We focus on an optomechanical setup consisting in a cylinder whose vibrational and rotational

degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+

p̂2

2m
+

1

2
m!2

mx̂
2 � ~�â†âx̂. (A-1)

In Eq. (A-1) the first term describes the free evolution of the cavity mode at frequency !C, with
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degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+
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â† and â denoting the photons’ creation and annihilation operators; the next two terms describe

the oscillatory motion of the mass m in the cavity, where x̂ and p̂ are, respectively, its position

and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
L̂2
x

2I
+

1

2
I!2

��̂
2 � ~g�â†â�̂, (A-2)

which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.

• Mechanical system (cylinder) harmonically trapped both in position and rotational degree of freedom 

• Monitored motion of (a) CoM vibration along x; (b) rotations about x axis

Bounds on CSL set by roto-vibrational degrees of freedom
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and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
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which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.
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the same direction.

II. MODELLING THE CSL MECHANISM
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~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]
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2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.

Master equation of mechanical motional state
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FIG. 1. Graphical representation of the cylinder with respect to the chosen Cartesian axes. The moni-

tored motions are the vibration along the x axis and the rotation around it (represented in blue and red

respectively).

to the field of an optical cavity. By addressing the ensuing dynamics of the cylinder, we show that

the rotational degree of freedom o↵ers enhanced possibilities for exploring a wide-spread region of

the parameters space of the CSL model, thus contributing significantly to the ongoing quest for the

validity of collapse theories. We provide a thorough assessment of the experimental requirements

for the envisaged test to be realized and highlight the closeness of our proposal to state-of-the-art

experiments.

I. OPTOMECHANICAL SETUP

We focus on an optomechanical setup consisting in a cylinder whose vibrational and rotational

degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+

p̂2

2m
+

1

2
m!2

mx̂
2 � ~�â†âx̂. (A-1)

In Eq. (A-1) the first term describes the free evolution of the cavity mode at frequency !C, with
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PART C: TECHNICAL APPENDICES

Note: Equations in PART C of this report will be labelled as (C-j)

VIII. CSL DIFFUSION COEFFICIENTS

The CSL di↵usion coe�cients have been already computed in [14, 15, 29]. Given the mass

density µ(r), they read

⌘V =
�r3C

⇡3/2m2
0

Z
d3k e�r2Ck2k2x|µ̃(k)|2,

⌘R =
�r3C

⇡3/2m2
0

Z
d3k e�r2Ck2 |ky@kz µ̃(k)� kz@ky µ̃(k)|2,

(C-1)

where µ̃(k) is the Fourier transform of µ(r). For a cylinder of length L and radius R we have

[15, 29]
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where In denotes the n-th modified Bessel function. We also need the following coe�cient
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â† and â denoting the photons’ creation and annihilation operators; the next two terms describe

the oscillatory motion of the mass m in the cavity, where x̂ and p̂ are, respectively, its position

and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
L̂2
x

2I
+

1

2
I!2

��̂
2 � ~g�â†â�̂, (A-2)

which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.
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FIG. 1. Graphical representation of the cylinder with respect to the chosen Cartesian axes. The moni-

tored motions are the vibration along the x axis and the rotation around it (represented in blue and red

respectively).

to the field of an optical cavity. By addressing the ensuing dynamics of the cylinder, we show that

the rotational degree of freedom o↵ers enhanced possibilities for exploring a wide-spread region of

the parameters space of the CSL model, thus contributing significantly to the ongoing quest for the

validity of collapse theories. We provide a thorough assessment of the experimental requirements

for the envisaged test to be realized and highlight the closeness of our proposal to state-of-the-art

experiments.

I. OPTOMECHANICAL SETUP

We focus on an optomechanical setup consisting in a cylinder whose vibrational and rotational

degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+

p̂2

2m
+

1

2
m!2

mx̂
2 � ~�â†âx̂. (A-1)

In Eq. (A-1) the first term describes the free evolution of the cavity mode at frequency !C, with
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PART C: TECHNICAL APPENDICES

Note: Equations in PART C of this report will be labelled as (C-j)

VIII. CSL DIFFUSION COEFFICIENTS

The CSL di↵usion coe�cients have been already computed in [14, 15, 29]. Given the mass

density µ(r), they read

⌘V =
�r3C

⇡3/2m2
0

Z
d3k e�r2Ck2k2x|µ̃(k)|2,

⌘R =
�r3C

⇡3/2m2
0

Z
d3k e�r2Ck2 |ky@kz µ̃(k)� kz@ky µ̃(k)|2,

(C-1)

where µ̃(k) is the Fourier transform of µ(r). For a cylinder of length L and radius R we have

[15, 29]
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where In denotes the n-th modified Bessel function. We also need the following coe�cient
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which refers to a cube of side L.
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â† and â denoting the photons’ creation and annihilation operators; the next two terms describe

the oscillatory motion of the mass m in the cavity, where x̂ and p̂ are, respectively, its position

and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
L̂2
x

2I
+

1

2
I!2

��̂
2 � ~g�â†â�̂, (A-2)

which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.

Master equation of mechanical motional state
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FIG. 1. Graphical representation of the cylinder with respect to the chosen Cartesian axes. The moni-

tored motions are the vibration along the x axis and the rotation around it (represented in blue and red

respectively).

to the field of an optical cavity. By addressing the ensuing dynamics of the cylinder, we show that

the rotational degree of freedom o↵ers enhanced possibilities for exploring a wide-spread region of

the parameters space of the CSL model, thus contributing significantly to the ongoing quest for the

validity of collapse theories. We provide a thorough assessment of the experimental requirements

for the envisaged test to be realized and highlight the closeness of our proposal to state-of-the-art

experiments.

I. OPTOMECHANICAL SETUP

We focus on an optomechanical setup consisting in a cylinder whose vibrational and rotational

degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+

p̂2

2m
+

1

2
m!2

mx̂
2 � ~�â†âx̂. (A-1)

In Eq. (A-1) the first term describes the free evolution of the cavity mode at frequency !C, with
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Clearly, Eq. (A-4) predicts a di↵usion of the linear and angular momentum and optomechan-

ical setups are ideal sensors to measure such e↵ects. There is a large variety employed in these

experiments and external influences can be monitored very accurately.

The corresponding equations of motion can be obtained by merging the Hamiltonian optome-

chanical dynamics in Eqs. (A-1) and (A-2) and the CSL-induced di↵usions described by Eq. (A-4),

to which we add the dampings and thermal noises [34]. Explicitly [32]

dx̂

dt
= p̂/m,

d�̂

dt
= L̂x/I,

dâ

dt
= �i(�0 � g��̂� i)â+ i�âx̂+

p
2âin,

dp̂

dt
= �m!2

mx̂+ ~�â†â� �mp̂+ ⇠̂V � ~p⌘VwV,

dL̂x

dt
= �I!2

��̂+ ~g�â†â�
D�

I
L̂x + ⇠̂R � ~p⌘RwR,

(A-5)

where �0 = !C �!0 is the detuning of the laser frequency !0 from the cavity resonance; , �m and

D� are the damping rates for the cavity, for the vibrations and rotations of the system respectively;

âin is a noise operator describing the incident laser field, defined by the input power Pin = ~!C|↵|2,

with ↵ = hâini, and delta-correlated fluctuations h�âin(t)�â
†
in(s)i = �(t�s), where âin = ↵+�âin. The

noise operators ⇠̂V and ⇠̂R describe the thermal action of the surrounding environment (supposed

to be in equilibrium at temperature T ), which is assumed to act independently on vibrations and

rotations. They are assumed to be Gaussian with zero mean and correlation function [32]

h⇠̂jt ⇠̂
j
si

~✏j
=

Z
d!

2⇡
e�i!(t�s)![1 + coth(�!)] (j = R,V) (A-6)

with � = ~/2kBT , ✏R = D�, and ✏V = m�m. As already discussed, the CSL noise acts as a

source of stochastic noise, whose influence on the dynamics of the system is encompassed by the

addition, in Eqs. (A-5), of the force terms �~p⌘jwj (j = R,V) with hwji = 0 and hwi(t)wj(s)i =

�ij�(t� s) [14, 15].

From Eqs. (A-5) and (A-6) we can derive the density noise spectrum (DNS) associated to

�x̃(!) and ��̃(!), which are the fluctuations of the position and angle operators in Fourier space

respectively, Sj(!) = 1
4⇡

R
d⌦h{�Õj(!), �Õj(⌦)}i (j = V,R). Through a lengthy but straightfor-

ward calculation, the explicit form of both SV(!) and SR(!) can be calculated and put under the

Lorentzian form

Sj(!) =
2~2|↵|2G2

j +
⇥
2 + (�� !)2

⇤ ⇥
~!✏j coth(�!) + ~2⌘j

⇤

�2
j [

2 + (�� !)2] [(!2
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Clearly, Eq. (A-4) predicts a di↵usion of the linear and angular momentum and optomechan-

ical setups are ideal sensors to measure such e↵ects. There is a large variety employed in these

experiments and external influences can be monitored very accurately.

The corresponding equations of motion can be obtained by merging the Hamiltonian optome-

chanical dynamics in Eqs. (A-1) and (A-2) and the CSL-induced di↵usions described by Eq. (A-4),

to which we add the dampings and thermal noises [34]. Explicitly [32]
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dt
= p̂/m,

d�̂

dt
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where �0 = !C �!0 is the detuning of the laser frequency !0 from the cavity resonance; , �m and

D� are the damping rates for the cavity, for the vibrations and rotations of the system respectively;

âin is a noise operator describing the incident laser field, defined by the input power Pin = ~!C|↵|2,

with ↵ = hâini, and delta-correlated fluctuations h�âin(t)�â
†
in(s)i = �(t�s), where âin = ↵+�âin. The

noise operators ⇠̂V and ⇠̂R describe the thermal action of the surrounding environment (supposed

to be in equilibrium at temperature T ), which is assumed to act independently on vibrations and

rotations. They are assumed to be Gaussian with zero mean and correlation function [32]
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with � = ~/2kBT , ✏R = D�, and ✏V = m�m. As already discussed, the CSL noise acts as a

source of stochastic noise, whose influence on the dynamics of the system is encompassed by the

addition, in Eqs. (A-5), of the force terms �~p⌘jwj (j = R,V) with hwji = 0 and hwi(t)wj(s)i =

�ij�(t� s) [14, 15].

From Eqs. (A-5) and (A-6) we can derive the density noise spectrum (DNS) associated to

�x̃(!) and ��̃(!), which are the fluctuations of the position and angle operators in Fourier space

respectively, Sj(!) = 1
4⇡

R
d⌦h{�Õj(!), �Õj(⌦)}i (j = V,R). Through a lengthy but straightfor-

ward calculation, the explicit form of both SV(!) and SR(!) can be calculated and put under the

Lorentzian form

Sj(!) =
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⇥
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Clearly, Eq. (A-4) predicts a di↵usion of the linear and angular momentum and optomechan-

ical setups are ideal sensors to measure such e↵ects. There is a large variety employed in these

experiments and external influences can be monitored very accurately.

The corresponding equations of motion can be obtained by merging the Hamiltonian optome-

chanical dynamics in Eqs. (A-1) and (A-2) and the CSL-induced di↵usions described by Eq. (A-4),

to which we add the dampings and thermal noises [34]. Explicitly [32]
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where �0 = !C �!0 is the detuning of the laser frequency !0 from the cavity resonance; , �m and

D� are the damping rates for the cavity, for the vibrations and rotations of the system respectively;

âin is a noise operator describing the incident laser field, defined by the input power Pin = ~!C|↵|2,

with ↵ = hâini, and delta-correlated fluctuations h�âin(t)�â
†
in(s)i = �(t�s), where âin = ↵+�âin. The

noise operators ⇠̂V and ⇠̂R describe the thermal action of the surrounding environment (supposed

to be in equilibrium at temperature T ), which is assumed to act independently on vibrations and

rotations. They are assumed to be Gaussian with zero mean and correlation function [32]
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with � = ~/2kBT , ✏R = D�, and ✏V = m�m. As already discussed, the CSL noise acts as a

source of stochastic noise, whose influence on the dynamics of the system is encompassed by the

addition, in Eqs. (A-5), of the force terms �~p⌘jwj (j = R,V) with hwji = 0 and hwi(t)wj(s)i =

�ij�(t� s) [14, 15].

From Eqs. (A-5) and (A-6) we can derive the density noise spectrum (DNS) associated to

�x̃(!) and ��̃(!), which are the fluctuations of the position and angle operators in Fourier space

respectively, Sj(!) = 1
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d⌦h{�Õj(!), �Õj(⌦)}i (j = V,R). Through a lengthy but straightfor-

ward calculation, the explicit form of both SV(!) and SR(!) can be calculated and put under the

Lorentzian form
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Clearly, Eq. (A-4) predicts a di↵usion of the linear and angular momentum and optomechan-

ical setups are ideal sensors to measure such e↵ects. There is a large variety employed in these

experiments and external influences can be monitored very accurately.

The corresponding equations of motion can be obtained by merging the Hamiltonian optome-

chanical dynamics in Eqs. (A-1) and (A-2) and the CSL-induced di↵usions described by Eq. (A-4),

to which we add the dampings and thermal noises [34]. Explicitly [32]
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2âin,

dp̂

dt
= �m!2
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where �0 = !C �!0 is the detuning of the laser frequency !0 from the cavity resonance; , �m and

D� are the damping rates for the cavity, for the vibrations and rotations of the system respectively;

âin is a noise operator describing the incident laser field, defined by the input power Pin = ~!C|↵|2,

with ↵ = hâini, and delta-correlated fluctuations h�âin(t)�â
†
in(s)i = �(t�s), where âin = ↵+�âin. The

noise operators ⇠̂V and ⇠̂R describe the thermal action of the surrounding environment (supposed

to be in equilibrium at temperature T ), which is assumed to act independently on vibrations and

rotations. They are assumed to be Gaussian with zero mean and correlation function [32]
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e�i!(t�s)![1 + coth(�!)] (j = R,V) (A-6)

with � = ~/2kBT , ✏R = D�, and ✏V = m�m. As already discussed, the CSL noise acts as a

source of stochastic noise, whose influence on the dynamics of the system is encompassed by the

addition, in Eqs. (A-5), of the force terms �~p⌘jwj (j = R,V) with hwji = 0 and hwi(t)wj(s)i =

�ij�(t� s) [14, 15].

From Eqs. (A-5) and (A-6) we can derive the density noise spectrum (DNS) associated to

�x̃(!) and ��̃(!), which are the fluctuations of the position and angle operators in Fourier space

respectively, Sj(!) = 1
4⇡
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d⌦h{�Õj(!), �Õj(⌦)}i (j = V,R). Through a lengthy but straightfor-

ward calculation, the explicit form of both SV(!) and SR(!) can be calculated and put under the

Lorentzian form
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â† and â denoting the photons’ creation and annihilation operators; the next two terms describe

the oscillatory motion of the mass m in the cavity, where x̂ and p̂ are, respectively, its position

and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
L̂2
x

2I
+

1

2
I!2

��̂
2 � ~g�â†â�̂, (A-2)

which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.

Master equation of mechanical motional state
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FIG. 1. Graphical representation of the cylinder with respect to the chosen Cartesian axes. The moni-

tored motions are the vibration along the x axis and the rotation around it (represented in blue and red

respectively).

to the field of an optical cavity. By addressing the ensuing dynamics of the cylinder, we show that

the rotational degree of freedom o↵ers enhanced possibilities for exploring a wide-spread region of

the parameters space of the CSL model, thus contributing significantly to the ongoing quest for the

validity of collapse theories. We provide a thorough assessment of the experimental requirements

for the envisaged test to be realized and highlight the closeness of our proposal to state-of-the-art

experiments.

I. OPTOMECHANICAL SETUP

We focus on an optomechanical setup consisting in a cylinder whose vibrational and rotational

degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+

p̂2

2m
+

1

2
m!2

mx̂
2 � ~�â†âx̂. (A-1)

In Eq. (A-1) the first term describes the free evolution of the cavity mode at frequency !C, with

Density noise spectrum
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Clearly, Eq. (A-4) predicts a di↵usion of the linear and angular momentum and optomechan-

ical setups are ideal sensors to measure such e↵ects. There is a large variety employed in these

experiments and external influences can be monitored very accurately.

The corresponding equations of motion can be obtained by merging the Hamiltonian optome-

chanical dynamics in Eqs. (A-1) and (A-2) and the CSL-induced di↵usions described by Eq. (A-4),

to which we add the dampings and thermal noises [34]. Explicitly [32]

dx̂

dt
= p̂/m,

d�̂

dt
= L̂x/I,

dâ

dt
= �i(�0 � g��̂� i)â+ i�âx̂+

p
2âin,

dp̂

dt
= �m!2

mx̂+ ~�â†â� �mp̂+ ⇠̂V � ~p⌘VwV,

dL̂x

dt
= �I!2

��̂+ ~g�â†â�
D�

I
L̂x + ⇠̂R � ~p⌘RwR,

(A-5)

where �0 = !C �!0 is the detuning of the laser frequency !0 from the cavity resonance; , �m and

D� are the damping rates for the cavity, for the vibrations and rotations of the system respectively;

âin is a noise operator describing the incident laser field, defined by the input power Pin = ~!C|↵|2,

with ↵ = hâini, and delta-correlated fluctuations h�âin(t)�â
†
in(s)i = �(t�s), where âin = ↵+�âin. The

noise operators ⇠̂V and ⇠̂R describe the thermal action of the surrounding environment (supposed

to be in equilibrium at temperature T ), which is assumed to act independently on vibrations and

rotations. They are assumed to be Gaussian with zero mean and correlation function [32]

h⇠̂jt ⇠̂
j
si

~✏j
=

Z
d!

2⇡
e�i!(t�s)![1 + coth(�!)] (j = R,V) (A-6)

with � = ~/2kBT , ✏R = D�, and ✏V = m�m. As already discussed, the CSL noise acts as a

source of stochastic noise, whose influence on the dynamics of the system is encompassed by the

addition, in Eqs. (A-5), of the force terms �~p⌘jwj (j = R,V) with hwji = 0 and hwi(t)wj(s)i =

�ij�(t� s) [14, 15].

From Eqs. (A-5) and (A-6) we can derive the density noise spectrum (DNS) associated to

�x̃(!) and ��̃(!), which are the fluctuations of the position and angle operators in Fourier space

respectively, Sj(!) = 1
4⇡

R
d⌦h{�Õj(!), �Õj(⌦)}i (j = V,R). Through a lengthy but straightfor-

ward calculation, the explicit form of both SV(!) and SR(!) can be calculated and put under the

Lorentzian form

Sj(!) =
2~2|↵|2G2

j +
⇥
2 + (�� !)2

⇤ ⇥
~!✏j coth(�!) + ~2⌘j

⇤

�2
j [

2 + (�� !)2] [(!2
j,e↵ � !2)2 + �2

j,e↵!
2]

. (A-7)
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DNS Parameter Gj !j,e↵ �j,e↵ �j

Vibration � !m,e↵ �m,e↵ m

Rotation g� !�,e↵ D�,e↵/I I

TABLE I. Explicit form of the parameters entering the DNS of the fluctuations of the rotational and

vibrational degrees of freedom of the system [cf. Eq. (A-7)].

The parameters specific of the considered degree of freedom that appear in Eq. (A-7) (Gj ,!j,e↵,�j,e↵

and �j) are given in Table I.

We have introduced the e↵ective frequencies !m,e↵ and !�,e↵ and damping constants �m,e↵ and

D�,e↵ [32, 39], whose explicit expressions are presented in Appendix IX, and � = �0 � g�h�̂i �

�hx̂i. The CSL contributions are encompassed by the di↵usion constant ⌘j , which enters Sj(!)

as an additional heating term akin to the environment-induced one ~!✏j coth(�!). In the high

temperature limit (� ! 0), which is in general valid for typical low-frequency optomechanical

experiments, the latter takes the form ~✏j/�. Therefore, in such a limit, we have

~!✏j coth(�!) + ~2⌘j ! ~✏j
✓
1

�
+

~⌘j
✏j

◆
⌘ ~✏j

�j,e↵
, (A-8)

where we have defined the j-dependent e↵ective inverse temperature �j,e↵, thus showing that the

FIG. 2. Panel (a): In grey we show the strongest bounds presently reported in literature [10, 11, 13, 17, 19,

22, 35, 36]. The values suggested by GRW [1, 37] and Adler [38], and the associated ranges, are indicated in

black. The cyan lines show the values of rC we consider in our analysis, namely rC = 10�7 m (dotted line)

and 10�4 m (continuous line). Panels (b) and (c): CSL temperature contribution �TCSL against R/L, for

� = 1 s�1, rC = 10�7 m [panel (b)] and rC = 10�4 m [panel (c)]. The blue and green lines (either dotted

or solid) denote the behavior of �TV
CSL along the x axis and the symmetry axis, respectively. The red lines

(dotted and solid) show �TR
CSL. The dip in the red curve occurs when the dimensions of the cylinder are

similar, which makes it less sensitive to rotations.TEQ – GA n°766900   19 | P a g e  
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IX. EFFECTIVE FREQUENCIES AND DAMPING CONSTANTS

The e↵ective frequencies !m,e↵ and !�,e↵ and damping constants �m,e↵ and D�,e↵ introduced in

Table I take the following form

!2
m,e↵ = !2

m � 2~�2|↵|2�(2 +�2 � !2)

m (2 + (�� !)2) (2 + (�+ !)2)
,

!2
�,e↵ = !2

� �
2~g2�|↵|2�(2 +�2 � !2)

I (2 + (�� !)2) (2 + (�+ !)2)
,

(C-4)

�m,e↵ = �m +
4~�2|↵|2�

m (2 + (�� !)2) (2 + (�+ !)2)
,

D�,e↵ = D� +
4~g2�|↵|2�

(2 + (�� !)2) (2 + (�+ !)2)
.

(C-5)

The damping constants �m andD� can be expressed in terms of the parameters of the system [61]

�m =
P

m

r
2⇡mgas

kBT
R2


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3L
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1 + ⇡

6

��
,
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1 +
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+
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✓
L
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+
1

4

✓
L

R
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1 +

⇡

6

⌘#
,

(C-6)

where P is the pressure of the surrounding gas of particles of mass mgas. For the vibrational motion

along the symmetry axis the damping rate �m must be substituted by the following expression [61]

�sym
m =

P

m

r
8⇡mgas

kBT
R2

✓
1 +

⇡

4
+

L

2R

◆
. (C-7)

This gives the green lines in Fig. 2.

Bounds to collapse models
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FIG. 1. Graphical representation of the cylinder with respect to the chosen Cartesian axes. The moni-

tored motions are the vibration along the x axis and the rotation around it (represented in blue and red

respectively).

to the field of an optical cavity. By addressing the ensuing dynamics of the cylinder, we show that

the rotational degree of freedom o↵ers enhanced possibilities for exploring a wide-spread region of

the parameters space of the CSL model, thus contributing significantly to the ongoing quest for the

validity of collapse theories. We provide a thorough assessment of the experimental requirements

for the envisaged test to be realized and highlight the closeness of our proposal to state-of-the-art

experiments.

I. OPTOMECHANICAL SETUP

We focus on an optomechanical setup consisting in a cylinder whose vibrational and rotational

degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+

p̂2

2m
+

1

2
m!2

mx̂
2 � ~�â†âx̂. (A-1)

In Eq. (A-1) the first term describes the free evolution of the cavity mode at frequency !C, with
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DNS Parameter Gj !j,e↵ �j,e↵ �j

Vibration � !m,e↵ �m,e↵ m

Rotation g� !�,e↵ D�,e↵/I I

TABLE I. Explicit form of the parameters entering the DNS of the fluctuations of the rotational and

vibrational degrees of freedom of the system [cf. Eq. (A-7)].

The parameters specific of the considered degree of freedom that appear in Eq. (A-7) (Gj ,!j,e↵,�j,e↵

and �j) are given in Table I.

We have introduced the e↵ective frequencies !m,e↵ and !�,e↵ and damping constants �m,e↵ and

D�,e↵ [32, 39], whose explicit expressions are presented in Appendix IX, and � = �0 � g�h�̂i �

�hx̂i. The CSL contributions are encompassed by the di↵usion constant ⌘j , which enters Sj(!)

as an additional heating term akin to the environment-induced one ~!✏j coth(�!). In the high
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where we have defined the j-dependent e↵ective inverse temperature �j,e↵, thus showing that the

FIG. 2. Panel (a): In grey we show the strongest bounds presently reported in literature [10, 11, 13, 17, 19,

22, 35, 36]. The values suggested by GRW [1, 37] and Adler [38], and the associated ranges, are indicated in

black. The cyan lines show the values of rC we consider in our analysis, namely rC = 10�7 m (dotted line)

and 10�4 m (continuous line). Panels (b) and (c): CSL temperature contribution �TCSL against R/L, for

� = 1 s�1, rC = 10�7 m [panel (b)] and rC = 10�4 m [panel (c)]. The blue and green lines (either dotted

or solid) denote the behavior of �TV
CSL along the x axis and the symmetry axis, respectively. The red lines

(dotted and solid) show �TR
CSL. The dip in the red curve occurs when the dimensions of the cylinder are

similar, which makes it less sensitive to rotations.
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di↵erent degrees of freedom of the system thermalise to di↵erent, in principle distinguishable,

CSL-determined temperatures. This means that CSL gives the extra temperatures

�TV
CSL =

~2⌘V

2kBm�m

and �TR
CSL =

~2⌘R

2kBD�
. (A-9)

The first was extensively studied both theoretically [14, 15, 27, 40–42] and experimentally [13, 19,

22]. However, for the rotational degree of freedom, the existence of�TR
CSL opens up new possibilities

for testing the CSL model, as discussed below.

III. ASSESSMENT OF BOUNDS

Upon subtracting the optomechanical contribution to the temperature embodied by the first

term in Eq. (A-7) [43], the experimental measurement of the temperature of the system is given

by Tm ± �T , where �T is the experimental measurement accuracy. Unless one sees an excess

temperature of unknown origin [20], the outcome of the experiment will be�TCSL  �T , thus setting

a bound on the collapse parameters once Eq. (A-9) is considered. We first compare the magnitude

of the two temperatures �TV
CSL and �TR

CSL for di↵erent geometries of the system. Without loss

of generality (as �TV,R
CSL / ⌘j / �) we set � = 1 s�1. For definiteness we take a silica cylinder

with m = 10µg and vary the ratio between the radius R and the length L. For the residual gas,

we consider He-4, at the temperature of T = 1K and pressure P = 5 ⇥ 10�13mbar, which can

be reached with existing technology [44]. Fig. 2 shows the behaviour of �TV,R
CSL for rC = 10�7m

(dotted lines) and rC = 10�4m (continuous lines) [45]. In the latter case the strongest contribution

comes from vibrations along the x axis (blue lines) at 2R ⇠ L, while in the former case it comes

from rotations (red lines) for R � L and R ⌧ L, thus showing that CSL tests based on rotational

motion can be as good or better than those based on vibrational motion. In what follows, we focus

on the R � L case, which gives the strongest contribution for the originally chosen value of the

correlation length rC = 10�7m. As a comparison, we also report �TCSL given by vibrations along

the symmetry axis (green lines).

In Fig. 3a) we compare the hypothetical upper bounds obtained from the vibrational and

rotational motion, taken individually. This is done by setting the accuracy in temperature to

�T = 0.1K and varying the dimensions of the cylinder. As a case-study, we consider a thought

experiment aimed at testing CSL in the region rC ⇠ 10�7m, and exploit rotations of a coin shaped

system to maximize the CSL e↵ect [cf. Fig. 2b)]. As shown, the hypothetical upper bound given

by the rotational motion is comparable with the vibrational one.
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DNS Parameter Gj !j,e↵ �j,e↵ �j

Vibration � !m,e↵ �m,e↵ m

Rotation g� !�,e↵ D�,e↵/I I

TABLE I. Explicit form of the parameters entering the DNS of the fluctuations of the rotational and

vibrational degrees of freedom of the system [cf. Eq. (A-7)].

The parameters specific of the considered degree of freedom that appear in Eq. (A-7) (Gj ,!j,e↵,�j,e↵

and �j) are given in Table I.

We have introduced the e↵ective frequencies !m,e↵ and !�,e↵ and damping constants �m,e↵ and

D�,e↵ [32, 39], whose explicit expressions are presented in Appendix IX, and � = �0 � g�h�̂i �

�hx̂i. The CSL contributions are encompassed by the di↵usion constant ⌘j , which enters Sj(!)

as an additional heating term akin to the environment-induced one ~!✏j coth(�!). In the high

temperature limit (� ! 0), which is in general valid for typical low-frequency optomechanical

experiments, the latter takes the form ~✏j/�. Therefore, in such a limit, we have

~!✏j coth(�!) + ~2⌘j ! ~✏j
✓
1

�
+

~⌘j
✏j

◆
⌘ ~✏j

�j,e↵
, (A-8)

where we have defined the j-dependent e↵ective inverse temperature �j,e↵, thus showing that the
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FIG. 2. Panel (a): In grey we show the strongest bounds presently reported in literature [10, 11, 13, 17, 19,

22, 35, 36]. The values suggested by GRW [1, 37] and Adler [38], and the associated ranges, are indicated in

black. The cyan lines show the values of rC we consider in our analysis, namely rC = 10�7 m (dotted line)

and 10�4 m (continuous line). Panels (b) and (c): CSL temperature contribution �TCSL against R/L, for

� = 1 s�1, rC = 10�7 m [panel (b)] and rC = 10�4 m [panel (c)]. The blue and green lines (either dotted

or solid) denote the behavior of �TV
CSL along the x axis and the symmetry axis, respectively. The red lines

(dotted and solid) show �TR
CSL. The dip in the red curve occurs when the dimensions of the cylinder are

similar, which makes it less sensitive to rotations.
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FIG. 2. Panel (a): In grey we show the strongest bounds presently reported in literature [10, 11, 13, 17, 19,

22, 35, 36]. The values suggested by GRW [1, 37] and Adler [38], and the associated ranges, are indicated in

black. The cyan lines show the values of rC we consider in our analysis, namely rC = 10�7 m (dotted line)

and 10�4 m (continuous line). Panels (b) and (c): CSL temperature contribution �TCSL against R/L, for

� = 1 s�1, rC = 10�7 m [panel (b)] and rC = 10�4 m [panel (c)]. The blue and green lines (either dotted

or solid) denote the behavior of �TV
CSL along the x axis and the symmetry axis, respectively. The red lines

(dotted and solid) show �TR
CSL. The dip in the red curve occurs when the dimensions of the cylinder are

similar, which makes it less sensitive to rotations.
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Bounds to collapse models

Density noise spectrum

TEQ – GA n°766900   5 | P a g e  
D4.2: Bounds to CSL & SN models 
26 June 2019, Version 1 

 

 

 

4

Clearly, Eq. (A-4) predicts a di↵usion of the linear and angular momentum and optomechan-

ical setups are ideal sensors to measure such e↵ects. There is a large variety employed in these

experiments and external influences can be monitored very accurately.

The corresponding equations of motion can be obtained by merging the Hamiltonian optome-

chanical dynamics in Eqs. (A-1) and (A-2) and the CSL-induced di↵usions described by Eq. (A-4),

to which we add the dampings and thermal noises [34]. Explicitly [32]

dx̂

dt
= p̂/m,

d�̂

dt
= L̂x/I,

dâ

dt
= �i(�0 � g��̂� i)â+ i�âx̂+

p
2âin,

dp̂

dt
= �m!2

mx̂+ ~�â†â� �mp̂+ ⇠̂V � ~p⌘VwV,

dL̂x

dt
= �I!2

��̂+ ~g�â†â�
D�

I
L̂x + ⇠̂R � ~p⌘RwR,

(A-5)

where �0 = !C �!0 is the detuning of the laser frequency !0 from the cavity resonance; , �m and

D� are the damping rates for the cavity, for the vibrations and rotations of the system respectively;

âin is a noise operator describing the incident laser field, defined by the input power Pin = ~!C|↵|2,

with ↵ = hâini, and delta-correlated fluctuations h�âin(t)�â
†
in(s)i = �(t�s), where âin = ↵+�âin. The

noise operators ⇠̂V and ⇠̂R describe the thermal action of the surrounding environment (supposed

to be in equilibrium at temperature T ), which is assumed to act independently on vibrations and

rotations. They are assumed to be Gaussian with zero mean and correlation function [32]

h⇠̂jt ⇠̂
j
si

~✏j
=

Z
d!

2⇡
e�i!(t�s)![1 + coth(�!)] (j = R,V) (A-6)

with � = ~/2kBT , ✏R = D�, and ✏V = m�m. As already discussed, the CSL noise acts as a

source of stochastic noise, whose influence on the dynamics of the system is encompassed by the

addition, in Eqs. (A-5), of the force terms �~p⌘jwj (j = R,V) with hwji = 0 and hwi(t)wj(s)i =

�ij�(t� s) [14, 15].

From Eqs. (A-5) and (A-6) we can derive the density noise spectrum (DNS) associated to

�x̃(!) and ��̃(!), which are the fluctuations of the position and angle operators in Fourier space

respectively, Sj(!) = 1
4⇡

R
d⌦h{�Õj(!), �Õj(⌦)}i (j = V,R). Through a lengthy but straightfor-

ward calculation, the explicit form of both SV(!) and SR(!) can be calculated and put under the

Lorentzian form

Sj(!) =
2~2|↵|2G2

j +
⇥
2 + (�� !)2

⇤ ⇥
~!✏j coth(�!) + ~2⌘j

⇤

�2
j [

2 + (�� !)2] [(!2
j,e↵ � !2)2 + �2

j,e↵!
2]

. (A-7)

Bounds on CSL set by roto-vibrational degrees of freedom



Testing the large-scale
limit of

quantum mechanics
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where we have defined the j-dependent e↵ective inverse temperature �j,e↵, thus showing that the
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FIG. 2. Panel (a): In grey we show the strongest bounds presently reported in literature [10, 11, 13, 17, 19,

22, 35, 36]. The values suggested by GRW [1, 37] and Adler [38], and the associated ranges, are indicated in

black. The cyan lines show the values of rC we consider in our analysis, namely rC = 10�7 m (dotted line)

and 10�4 m (continuous line). Panels (b) and (c): CSL temperature contribution �TCSL against R/L, for

� = 1 s�1, rC = 10�7 m [panel (b)] and rC = 10�4 m [panel (c)]. The blue and green lines (either dotted

or solid) denote the behavior of �TV
CSL along the x axis and the symmetry axis, respectively. The red lines

(dotted and solid) show �TR
CSL. The dip in the red curve occurs when the dimensions of the cylinder are

similar, which makes it less sensitive to rotations.
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where we have defined the j-dependent e↵ective inverse temperature �j,e↵, thus showing that the

FIG. 2. Panel (a): In grey we show the strongest bounds presently reported in literature [10, 11, 13, 17, 19,

22, 35, 36]. The values suggested by GRW [1, 37] and Adler [38], and the associated ranges, are indicated in

black. The cyan lines show the values of rC we consider in our analysis, namely rC = 10�7 m (dotted line)

and 10�4 m (continuous line). Panels (b) and (c): CSL temperature contribution �TCSL against R/L, for

� = 1 s�1, rC = 10�7 m [panel (b)] and rC = 10�4 m [panel (c)]. The blue and green lines (either dotted

or solid) denote the behavior of �TV
CSL along the x axis and the symmetry axis, respectively. The red lines

(dotted and solid) show �TR
CSL. The dip in the red curve occurs when the dimensions of the cylinder are

similar, which makes it less sensitive to rotations.
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FIG. 1. Graphical representation of the cylinder with respect to the chosen Cartesian axes. The moni-

tored motions are the vibration along the x axis and the rotation around it (represented in blue and red

respectively).

to the field of an optical cavity. By addressing the ensuing dynamics of the cylinder, we show that

the rotational degree of freedom o↵ers enhanced possibilities for exploring a wide-spread region of

the parameters space of the CSL model, thus contributing significantly to the ongoing quest for the

validity of collapse theories. We provide a thorough assessment of the experimental requirements

for the envisaged test to be realized and highlight the closeness of our proposal to state-of-the-art

experiments.

I. OPTOMECHANICAL SETUP

We focus on an optomechanical setup consisting in a cylinder whose vibrational and rotational

degrees of freedom are monitored by a laser. The cylinder is harmonically trapped, both in position

and in its rotational motion . The monitored degrees of freedom are the center of mass vibrations

along the x axis and the rotations around it. The symmetry axis of the object is assumed to be

oriented orthogonally to the direction of light propagation (cf. Fig. 1). The Hamiltonian, describing

the vibrational motion of the cylinder harmonically trapped at frequency !m and interacting with

a cavity field, is given by [30, 31]

ĤV = ~!Câ
†â+

p̂2

2m
+

1

2
m!2

mx̂
2 � ~�â†âx̂. (A-1)

In Eq. (A-1) the first term describes the free evolution of the cavity mode at frequency !C, with
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FIG. 3. (Color online) Panel (a): Hypothetical upper bounds obtained assuming �TCSL  �T = 0.1K. The

chosen system is a silica cylinder of radius R and length L, cooled at the temperature of T = 1K and at a

pressure of P = 5⇥ 10�13 mbar. Blue, green and red lines: Upper bounds for the vibrational motion along

the x axis, the symmetry axis and rotational motion around it respectively. The dotted (dotted-dashed)

lines correspond to R = 0.1mm and L = 0.1µm (R = 1cm and L = 10µm). Panel (b): Hypothetical upper

bound and exclusion region (red line and region) from the analysis of possible rotational noise from LISA

Pathfinder. Blue line: upper bound from LISA Pathfinder improved measurements [46], derived as in [22].

Having assessed formally how, in extreme vacuum conditions, the rotational motion of a lev-

itated cylinder of fairly macroscopic dimensions can set very strong bounds on the CSL model

(almost testing the GRW hypothesis), we now address the experimental feasibility of our proposal,

showing that the proposed experiment is entirely within the grasp of current technology.

First, the cylinder has to be trapped magnetically or electrically to allow for its rotational

motion around the x-axis, as in Fig. 1. Needless to say, we must avoid competing heating e↵ects

such those due to gas collisions and exchange of thermal photons between the environment and the

trapped cylinder. Moreover, one must ensure the ability to control and detect precisely enough the

rotational motion of the trapped cylinder. The first condition can be granted by performing the

experiments at low temperatures and pressures. Standard dilution cryostats reach temperatures <

10mK [19, 20] and the reachable pressure is as low as 10�17mbar (as done in the cryogenic Penning-

trap experiment reported in Ref. [44]), which is much lower than the 5⇥ 10�13mbar considered in

Fig. 3a,b). The trapping of the cylinder can be done magnetically or electrically [47, 48], while

the control and readout of the rotational motion can be achieved by an optical scattering technique

[49].

Further, a stroboscopic detection mode can be chosen to suppress the heating by the detection

light of the rotational motion of the cylinder [42]. The rotational state can be prepared very reliably

.

Bounds to collapse models
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trap experiment reported in Ref. [44]), which is much lower than the 5⇥ 10�13mbar considered in

Fig. 3a,b). The trapping of the cylinder can be done magnetically or electrically [47, 48], while
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Further, a stroboscopic detection mode can be chosen to suppress the heating by the detection
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Having assessed formally how, in extreme vacuum conditions, the rotational motion of a lev-

itated cylinder of fairly macroscopic dimensions can set very strong bounds on the CSL model

(almost testing the GRW hypothesis), we now address the experimental feasibility of our proposal,

showing that the proposed experiment is entirely within the grasp of current technology.

First, the cylinder has to be trapped magnetically or electrically to allow for its rotational

motion around the x-axis, as in Fig. 1. Needless to say, we must avoid competing heating e↵ects

such those due to gas collisions and exchange of thermal photons between the environment and the

trapped cylinder. Moreover, one must ensure the ability to control and detect precisely enough the

rotational motion of the trapped cylinder. The first condition can be granted by performing the

experiments at low temperatures and pressures. Standard dilution cryostats reach temperatures <

10mK [19, 20] and the reachable pressure is as low as 10�17mbar (as done in the cryogenic Penning-

trap experiment reported in Ref. [44]), which is much lower than the 5⇥ 10�13mbar considered in

Fig. 3a,b). The trapping of the cylinder can be done magnetically or electrically [47, 48], while

the control and readout of the rotational motion can be achieved by an optical scattering technique

[49].

Further, a stroboscopic detection mode can be chosen to suppress the heating by the detection

light of the rotational motion of the cylinder [42]. The rotational state can be prepared very reliably

Bounds on CSL set by roto-vibrational degrees of freedom

M Carlesso et al, New J Phys 21, 093052 (2020) 
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â† and â denoting the photons’ creation and annihilation operators; the next two terms describe

the oscillatory motion of the mass m in the cavity, where x̂ and p̂ are, respectively, its position

and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
L̂2
x

2I
+

1

2
I!2

��̂
2 � ~g�â†â�̂, (A-2)

which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.

Master equation of mechanical motional state

• What is the capacity of the optomechanical Hamiltonian to generate 
macroscopic superposition states?

• How do we access such macroscopicity?
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I. OPTOMECHANICAL SYSTEMS

A. Linear System

We consider a typical optomechanical system consisting of a single-mode cavity interacting with a mechanical mode
(which could be a levitated nanoparticle as well as a clamped microstructure), whose Hamiltonian reads [1]

H = ~!oa
†
a+ ~!mb

†
b� ~ga†a(b+ b

†), (1)

where !o (!m) is the frequency of the cavity field (mirror) and a and a
† (b and b

†) are the annihilation and creation
operators of the cavity field (mirror). The constant g is the vacuum optomechanical coupling strength and it is given
by

g =
!o

L

r
~

2m!m
, (2)

where L is the length of the cavity and m is the e↵ective mass of the mirror. This measures the strength of the
coupling between the optical and mechanical parts of the system.

The time evolution operator corresponding to the Hamiltonian in Eq. (1) can be rearranged as

U(⌧) = e
�ira†a⌧

e
ik2(a†a)2(⌧�sin(⌧))

e
ka†a(⌘b†�⌘⇤b)

e
�ib†b⌧

, (3)

where the parameters have been scaled so that r = !o/!m, k = g/!m and ⌧ = !mt where t is the time of the evolution
in seconds. The term ⌘ relates to time as ⌘ = 1� e

�i⌧ .
In our work, as in Ref. [1], we take the initial states of the cavity and mirror to be coherent states |↵ic and |�im.

Such states can be engineered with large purity using pulsed-driving schemes as in references [2, 3]. In this case, the
time-evolved state of the system is

| (⌧)i = e
�|↵|/2

1X

n=0

cn(↵, ⌧) |nic ⌦ |�n(⌧)im , (4)

where the coherent state amplitude �n(⌧) for the mirror is �n(⌧) = k⌘n+�e�i⌧ . Since the displacement of the mirror
is dependent on the number of photons in the cavity, we can see that the cavity field and the mirror are coupled. The
coe�cients cn(↵, ⌧) are

cn(↵, ⌧) =
↵
n
e
'n

p
n!

e
ik2n2(⌧�sin(⌧))�ir⌧n

, (5)

where ' = k(⌘�⇤
e
i⌧ � ⌘

⇤
�e

�i⌧ )/2.

B. Quadratic System

The Hamiltonian model can also be generalized to the case of coupling between the square position of the mechanical
oscillator and the cavity field. This is the case for a levitated mechanical mode as well as an optomechanical system
with two fixed mirrors and a mechanical membrane in the middle as in Ref. [4]. The Hamiltonian for this system is

H = ~!oa
†
a+ ~!mb

†
b+ ~ga†a(b† + b)2, (6)

where the cavity has frequency !o and annihilation operator a and the membrane has frequency !m and annihilation
operator b. By considering a frame rotating at the frequency of the cavity !o and using Lie algebra, the time evolution
operator can be simplified to

U(t) = e
i!mt/2

e
1
2 (⇠

⇤b2�⇠(b†)2)
e
i⌘(b†b+ 1

2 ), (7)

so U(t) can be written as a squeezing operator and a rotation operator. The parameter in the rotation operator is
⌘ = tan�1[p tan(�t)/(2�)]. The squeezing amplitude ⇠ is

⇠ = e
i⌘+⇡/2 sinh�1

✓
r sin(�t)

�

◆
, (8)

̂
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The Hamiltonian model can also be generalized to the case of coupling between the square position of the mechanical
oscillator and the cavity field. This is the case for a levitated mechanical mode as well as an optomechanical system
with two fixed mirrors and a mechanical membrane in the middle as in Ref. [4]. The Hamiltonian for this system is

H = ~!oa
†
a+ ~!mb

†
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where the cavity has frequency !o and annihilation operator a and the membrane has frequency !m and annihilation
operator b. By considering a frame rotating at the frequency of the cavity !o and using Lie algebra, the time evolution
operator can be simplified to

U(t) = e
i!mt/2

e
1
2 (⇠

⇤b2�⇠(b†)2)
e
i⌘(b†b+ 1

2 ), (7)
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✓
r sin(�t)

�

◆
, (8)

Time-evolution operator from optomechanical Hamiltonian
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◆
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General form of the time-evolved optomechanical state
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â† and â denoting the photons’ creation and annihilation operators; the next two terms describe

the oscillatory motion of the mass m in the cavity, where x̂ and p̂ are, respectively, its position

and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
L̂2
x

2I
+

1

2
I!2

��̂
2 � ~g�â†â�̂, (A-2)

which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.

Master equation of mechanical motional state

• What is the capacity of the optomechanical Hamiltonian to generate 
macroscopic superposition states?

• How do we access such macroscopicity?
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I. OPTOMECHANICAL SYSTEMS

A. Linear System

We consider a typical optomechanical system consisting of a single-mode cavity interacting with a mechanical mode
(which could be a levitated nanoparticle as well as a clamped microstructure), whose Hamiltonian reads [1]

H = ~!oa
†
a+ ~!mb

†
b� ~ga†a(b+ b

†), (1)

where !o (!m) is the frequency of the cavity field (mirror) and a and a
† (b and b

†) are the annihilation and creation
operators of the cavity field (mirror). The constant g is the vacuum optomechanical coupling strength and it is given
by

g =
!o

L

r
~

2m!m
, (2)

where L is the length of the cavity and m is the e↵ective mass of the mirror. This measures the strength of the
coupling between the optical and mechanical parts of the system.

The time evolution operator corresponding to the Hamiltonian in Eq. (1) can be rearranged as

U(⌧) = e
�ira†a⌧

e
ik2(a†a)2(⌧�sin(⌧))

e
ka†a(⌘b†�⌘⇤b)

e
�ib†b⌧

, (3)

where the parameters have been scaled so that r = !o/!m, k = g/!m and ⌧ = !mt where t is the time of the evolution
in seconds. The term ⌘ relates to time as ⌘ = 1� e

�i⌧ .
In our work, as in Ref. [1], we take the initial states of the cavity and mirror to be coherent states |↵ic and |�im.

Such states can be engineered with large purity using pulsed-driving schemes as in references [2, 3]. In this case, the
time-evolved state of the system is

| (⌧)i = e
�|↵|/2

1X

n=0

cn(↵, ⌧) |nic ⌦ |�n(⌧)im , (4)

where the coherent state amplitude �n(⌧) for the mirror is �n(⌧) = k⌘n+�e�i⌧ . Since the displacement of the mirror
is dependent on the number of photons in the cavity, we can see that the cavity field and the mirror are coupled. The
coe�cients cn(↵, ⌧) are

cn(↵, ⌧) =
↵
n
e
'n

p
n!

e
ik2n2(⌧�sin(⌧))�ir⌧n

, (5)

where ' = k(⌘�⇤
e
i⌧ � ⌘

⇤
�e

�i⌧ )/2.

B. Quadratic System

The Hamiltonian model can also be generalized to the case of coupling between the square position of the mechanical
oscillator and the cavity field. This is the case for a levitated mechanical mode as well as an optomechanical system
with two fixed mirrors and a mechanical membrane in the middle as in Ref. [4]. The Hamiltonian for this system is

H = ~!oa
†
a+ ~!mb

†
b+ ~ga†a(b† + b)2, (6)

where the cavity has frequency !o and annihilation operator a and the membrane has frequency !m and annihilation
operator b. By considering a frame rotating at the frequency of the cavity !o and using Lie algebra, the time evolution
operator can be simplified to

U(t) = e
i!mt/2

e
1
2 (⇠

⇤b2�⇠(b†)2)
e
i⌘(b†b+ 1

2 ), (7)

so U(t) can be written as a squeezing operator and a rotation operator. The parameter in the rotation operator is
⌘ = tan�1[p tan(�t)/(2�)]. The squeezing amplitude ⇠ is

⇠ = e
i⌘+⇡/2 sinh�1

✓
r sin(�t)

�

◆
, (8)

Time-evolution operator from optomechanical Hamiltonian
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(which could be a levitated nanoparticle as well as a clamped microstructure), whose Hamiltonian reads [1]
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where !o (!m) is the frequency of the cavity field (mirror) and a and a
† (b and b

†) are the annihilation and creation
operators of the cavity field (mirror). The constant g is the vacuum optomechanical coupling strength and it is given
by

g =
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~

2m!m
, (2)

where L is the length of the cavity and m is the e↵ective mass of the mirror. This measures the strength of the
coupling between the optical and mechanical parts of the system.

The time evolution operator corresponding to the Hamiltonian in Eq. (1) can be rearranged as
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e
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e
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in seconds. The term ⌘ relates to time as ⌘ = 1� e

�i⌧ .
In our work, as in Ref. [1], we take the initial states of the cavity and mirror to be coherent states |↵ic and |�im.

Such states can be engineered with large purity using pulsed-driving schemes as in references [2, 3]. In this case, the
time-evolved state of the system is
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where the coherent state amplitude �n(⌧) for the mirror is �n(⌧) = k⌘n+�e�i⌧ . Since the displacement of the mirror
is dependent on the number of photons in the cavity, we can see that the cavity field and the mirror are coupled. The
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B. Quadratic System

The Hamiltonian model can also be generalized to the case of coupling between the square position of the mechanical
oscillator and the cavity field. This is the case for a levitated mechanical mode as well as an optomechanical system
with two fixed mirrors and a mechanical membrane in the middle as in Ref. [4]. The Hamiltonian for this system is

H = ~!oa
†
a+ ~!mb

†
b+ ~ga†a(b† + b)2, (6)

where the cavity has frequency !o and annihilation operator a and the membrane has frequency !m and annihilation
operator b. By considering a frame rotating at the frequency of the cavity !o and using Lie algebra, the time evolution
operator can be simplified to

U(t) = e
i!mt/2

e
1
2 (⇠

⇤b2�⇠(b†)2)
e
i⌘(b†b+ 1

2 ), (7)

so U(t) can be written as a squeezing operator and a rotation operator. The parameter in the rotation operator is
⌘ = tan�1[p tan(�t)/(2�)]. The squeezing amplitude ⇠ is

⇠ = e
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General form of the time-evolved optomechanical state
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where r = 2ga†a, � = [!m(!m + 4ga†a)]1/2 and p = �2(!m + 2ga†a). As all these parameters are dependent on the
number operator of the cavity field, the number of photons a↵ect the degree of squeezing of the mechanical membrane.

Taking the initial state of the cavity to be a coherent state |↵ic and that of the membrane to be a vacuum, the
time-evolved state of this system is

| (⌧)i =
1X

n=0

z(n, ⌧) |nic |⇠(n)im , (9)

where the coe�cients are

z(n, ⌧) =
↵
n
e
� 1

2 (|↵|
2�i(⌧+⌘))

p
n!

, (10)

using scaled time ⌧ = !mt as in the linear case. Here, the parameters ⌘, ⇠, r and p are the same as in the time
evolution operator but they are now dependent on a scaled coupling constant G = g/!m and the number of photons
n rather than the operator a†a.

II. MEASURE OF MACROSCOPIC QUANTUMNESS

The key scope of this report is the characterisation of the size of the superposition that can be achieved at the
mechanical-mode level. To this goal, we want to be able to evaluate both its size and the extent to which it can
exhibit quantum behaviour. The measure of macroscopic quantumness proposed in Ref. [5], which is based on the
phase-space description of the state of the mechanical system, is svery well suited to this task as it e↵ectively measures
the degree of quantum coherence and size of the phase-space distribution of the system simultaneously. It is therefore
the elected tool for studying the macroscopicity of the state fo the mechanical systems.

When we are considering a one-mode harmonic oscillator, macroscopicity or macroscopic quantumness is given by

I(⇢) = 1

2⇡

Z
(|�|2 � 1)|�(�)|2d2�, (11)

where �(�) = Tr[⇢D(�)] is the characteristic function of state ⇢. The first term in the integral (depending on |�|2)
measures the magnitude of interference fringes of the state in phase space. This then relates to the quantum coherence
of the system. The square modulus of the characteristic function measures the frequency of the state which in turn
relates to the size of the system. The maximum value that I(⇢) can take is the average number of excitations in the
state of the system. Since we are considering the mechanical mode of optomechanical systems, in the rest of the paper
the maximum value of the measure will be given by hb†bi.

III. EFFECT OF HOMODYNE DETECTION ON THE LINEAR SYSTEM

As it is straightforward to check, the correlations established between mechanical oscillator and cavity field inherent
in Eqs. (4) and (9) lead to a fully classical state of the mechanical system when the field is traced out. In fact, the
reduced state of the mechanical system turns out to be diagonal over the coherent state basis. In order to generate
a quantum state of the mirror, we need to condition the mechanical state, projecting the cavity field onto a suitable
configuration. In light of the handiness of general-dyne measurements performed at the cavity field-level, we consider
here the case of a homodyne detection on the cavity field, and thus look a the conditional state of the mechanical
mode. In this case, we measure the cavity field with the projector of its position eigenstate to find the reduced state
of the mirror after homodyne detection. We find that the state becomes ⇢B = N

2 |Bi hB| with normalisation constant
N where |Bi is

|Bi = 4

r
1

⇡
e
�|↵|2/2�x2/2

1X

n=0

cn(↵, ⌧)p
2nn!

Hn(x) |�n(⌧)i , (12)

and x is the value of the position-like quadrature of the cavity field. We take the initial coherent state amplitudes
to be ↵ = 0.8 and � = 2, the coupling parameter to be k = 1 and the time to be ⌧ = ⇡ because at this time,
the mechanical system and optical field share the largest possible entanglement and the e↵ects of the measurement
performed on the latter are the strongest possible.
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â† and â denoting the photons’ creation and annihilation operators; the next two terms describe

the oscillatory motion of the mass m in the cavity, where x̂ and p̂ are, respectively, its position

and momentum operators. The last term describes the interaction between the cavity field and

the vibrational motion of the system, with coupling constant �. If we include also the rotation of

the cylinder along the direction of propagation of the radiation field (x axis) we need to consider

the additional term [32, 33]

ĤR =
L̂2
x

2I
+

1

2
I!2

��̂
2 � ~g�â†â�̂, (A-2)

which is the rotational Hamiltonian, characterized by a moment of inertia I and torsional trapping

frequency !�; the third term, proportional to the coupling constant g�, accounts for the laser in-

teraction with the rotational degrees of freedom. In Eq. (A-2), �̂ is the angular operator describing

rotations along the x axis, such that [�̂, L̂x] = i~, with L̂x the angular momentum operator along

the same direction.

II. MODELLING THE CSL MECHANISM

The master equation describing the evolution of the density matrix of a system a↵ected by a

CSL-like mechanism is of the Lindblad form @t⇢̂ = � i
~ [Ĥ, ⇢̂] + L[⇢̂] [3, 4], where Ĥ is the free

Hamiltonian of the system and

L[⇢̂] = � �

2r3C⇡
3/2m2

0

Z
d3r [M̂(r), [M̂(r), ⇢̂]], (A-3)

with M̂(r) =
P

nmn exp(�(r� r̂n)2/2r2C) and r̂n the position operator of the n-th nucleon (of mass

mn) of the system. Under the approximation of small fluctuations of the center-of-mass of a rigid

object and small rotations of the system under the action of the CSL noise, two conditions that

are fulfilled in typical opto-mechanical setups, L[⇢̂] can be Taylor expanded around the equilibrium

position. The center of mass motion and the system’s rotations can be decoupled from the internal

dynamics and Eq. (A-3) reduces to [29]

L[⇢̂] ' �⌘V

2
[x̂, [x̂, ⇢̂]]� ⌘R

2
[�̂, [�̂, ⇢̂]], (A-4)

which represents an extension of the master equation describing only the pure center of mass

vibrations (the first of the two terms) to the roto-vibrational case. Its form for an arbitrary

geometry of the system can be found in Ref. [29]. The explicit forms of the vibrational (⌘V) and

rotations (⌘R) di↵usion constants are reported in Sec. VIII.

Master equation of mechanical motional state

• What is the capacity of the optomechanical Hamiltonian to generate 
macroscopic superposition states?

• How do we access such macroscopicity?
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where r = 2ga†a, � = [!m(!m + 4ga†a)]1/2 and p = �2(!m + 2ga†a). As all these parameters are dependent on the
number operator of the cavity field, the number of photons a↵ect the degree of squeezing of the mechanical membrane.

Taking the initial state of the cavity to be a coherent state |↵ic and that of the membrane to be a vacuum, the
time-evolved state of this system is

| (⌧)i =
1X

n=0

z(n, ⌧) |nic |⇠(n)im , (9)

where the coe�cients are

z(n, ⌧) =
↵
n
e
� 1

2 (|↵|
2�i(⌧+⌘))

p
n!

, (10)

using scaled time ⌧ = !mt as in the linear case. Here, the parameters ⌘, ⇠, r and p are the same as in the time
evolution operator but they are now dependent on a scaled coupling constant G = g/!m and the number of photons
n rather than the operator a†a.

II. MEASURE OF MACROSCOPIC QUANTUMNESS

The key scope of this report is the characterisation of the size of the superposition that can be achieved at the
mechanical-mode level. To this goal, we want to be able to evaluate both its size and the extent to which it can
exhibit quantum behaviour. The measure of macroscopic quantumness proposed in Ref. [5], which is based on the
phase-space description of the state of the mechanical system, is svery well suited to this task as it e↵ectively measures
the degree of quantum coherence and size of the phase-space distribution of the system simultaneously. It is therefore
the elected tool for studying the macroscopicity of the state fo the mechanical systems.

When we are considering a one-mode harmonic oscillator, macroscopicity or macroscopic quantumness is given by

I(⇢) = 1

2⇡

Z
(|�|2 � 1)|�(�)|2d2�, (11)

where �(�) = Tr[⇢D(�)] is the characteristic function of state ⇢. The first term in the integral (depending on |�|2)
measures the magnitude of interference fringes of the state in phase space. This then relates to the quantum coherence
of the system. The square modulus of the characteristic function measures the frequency of the state which in turn
relates to the size of the system. The maximum value that I(⇢) can take is the average number of excitations in the
state of the system. Since we are considering the mechanical mode of optomechanical systems, in the rest of the paper
the maximum value of the measure will be given by hb†bi.

III. EFFECT OF HOMODYNE DETECTION ON THE LINEAR SYSTEM

As it is straightforward to check, the correlations established between mechanical oscillator and cavity field inherent
in Eqs. (4) and (9) lead to a fully classical state of the mechanical system when the field is traced out. In fact, the
reduced state of the mechanical system turns out to be diagonal over the coherent state basis. In order to generate
a quantum state of the mirror, we need to condition the mechanical state, projecting the cavity field onto a suitable
configuration. In light of the handiness of general-dyne measurements performed at the cavity field-level, we consider
here the case of a homodyne detection on the cavity field, and thus look a the conditional state of the mechanical
mode. In this case, we measure the cavity field with the projector of its position eigenstate to find the reduced state
of the mirror after homodyne detection. We find that the state becomes ⇢B = N

2 |Bi hB| with normalisation constant
N where |Bi is

|Bi = 4

r
1

⇡
e
�|↵|2/2�x2/2

1X

n=0

cn(↵, ⌧)p
2nn!

Hn(x) |�n(⌧)i , (12)

and x is the value of the position-like quadrature of the cavity field. We take the initial coherent state amplitudes
to be ↵ = 0.8 and � = 2, the coupling parameter to be k = 1 and the time to be ⌧ = ⇡ because at this time,
the mechanical system and optical field share the largest possible entanglement and the e↵ects of the measurement
performed on the latter are the strongest possible.

Characteristic function of mechanical state

Result: Reduced state of mechanical system: Not macroscopically quantum  

(incoherent mixture of coherent states)

Question: What if we condition the state of the mechanical system?
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where r = 2ga†a, � = [!m(!m + 4ga†a)]1/2 and p = �2(!m + 2ga†a). As all these parameters are dependent on the
number operator of the cavity field, the number of photons a↵ect the degree of squeezing of the mechanical membrane.

Taking the initial state of the cavity to be a coherent state |↵ic and that of the membrane to be a vacuum, the
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using scaled time ⌧ = !mt as in the linear case. Here, the parameters ⌘, ⇠, r and p are the same as in the time
evolution operator but they are now dependent on a scaled coupling constant G = g/!m and the number of photons
n rather than the operator a†a.

II. MEASURE OF MACROSCOPIC QUANTUMNESS

The key scope of this report is the characterisation of the size of the superposition that can be achieved at the
mechanical-mode level. To this goal, we want to be able to evaluate both its size and the extent to which it can
exhibit quantum behaviour. The measure of macroscopic quantumness proposed in Ref. [5], which is based on the
phase-space description of the state of the mechanical system, is svery well suited to this task as it e↵ectively measures
the degree of quantum coherence and size of the phase-space distribution of the system simultaneously. It is therefore
the elected tool for studying the macroscopicity of the state fo the mechanical systems.

When we are considering a one-mode harmonic oscillator, macroscopicity or macroscopic quantumness is given by

I(⇢) = 1
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(|�|2 � 1)|�(�)|2d2�, (11)

where �(�) = Tr[⇢D(�)] is the characteristic function of state ⇢. The first term in the integral (depending on |�|2)
measures the magnitude of interference fringes of the state in phase space. This then relates to the quantum coherence
of the system. The square modulus of the characteristic function measures the frequency of the state which in turn
relates to the size of the system. The maximum value that I(⇢) can take is the average number of excitations in the
state of the system. Since we are considering the mechanical mode of optomechanical systems, in the rest of the paper
the maximum value of the measure will be given by hb†bi.

III. EFFECT OF HOMODYNE DETECTION ON THE LINEAR SYSTEM

As it is straightforward to check, the correlations established between mechanical oscillator and cavity field inherent
in Eqs. (4) and (9) lead to a fully classical state of the mechanical system when the field is traced out. In fact, the
reduced state of the mechanical system turns out to be diagonal over the coherent state basis. In order to generate
a quantum state of the mirror, we need to condition the mechanical state, projecting the cavity field onto a suitable
configuration. In light of the handiness of general-dyne measurements performed at the cavity field-level, we consider
here the case of a homodyne detection on the cavity field, and thus look a the conditional state of the mechanical
mode. In this case, we measure the cavity field with the projector of its position eigenstate to find the reduced state
of the mirror after homodyne detection. We find that the state becomes ⇢B = N

2 |Bi hB| with normalisation constant
N where |Bi is

|Bi = 4

r
1

⇡
e
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1X
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and x is the value of the position-like quadrature of the cavity field. We take the initial coherent state amplitudes
to be ↵ = 0.8 and � = 2, the coupling parameter to be k = 1 and the time to be ⌧ = ⇡ because at this time,
the mechanical system and optical field share the largest possible entanglement and the e↵ects of the measurement
performed on the latter are the strongest possible.

Characteristic function of mechanical state
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FIG. 1. Plot of the expectation value of the number operator (red) and measure of macroscopicity (blue) of the state ⇢B against

the position of the mirror x. Macroscopicity increases as x increases and it reached its maximum of the expectation value hni
when x = 1.42701. The values of the parameters are ↵ = 0.8, � = 2, k = 1 and ⌧ = ⇡.

We have then used the measure of macroscopic quantumness in Eq. (11) to find the value x of the measurement
outcome of the homodyne projection for which the macroscopicity is closest to its maximum (i.e. the expectation
value of the number operator of the mirror). The results are plotted in Fig. 1. We find that the di↵erence between
the macroscopicity and the expectation value hb†bi reaches a minimum when x = 1.42701.

The Wigner function of the state ⇢B for this value of the position quadrature of the cavity is plotted in Fig. 2. The
Wigner function is defined as

W (�) =
1

⇡2

Z
e
�⇤����⇤

�(�)d2�. (13)

The function is plotted against the real and imaginary parts of �, which are related to the position and momentum
quadratures as x = (� + �

⇤)/
p
2 =

p
2Re(�) and p = �i(� � �

⇤)/
p
2 =

p
2Im(�). The Wigner function in Fig. 2

is similar to that of a Schrödinger cat state with interference between two distinct Gaussians. Therefore, we have
managed to generate a macroscopically quantum state in the mechanical mirror of the system when x = 1.42701.

To see exactly how close we can come to generating a cat state, we found the fidelity between the Wigner function
of state ⇢B and that of a cat state |cat(�)i / |�i + |��i. Maximising the fidelity with respect to the value of the
position-like quadrature of the cavity field x and the coherent state amplitude � of the cat state, we find that the
maximum fidelity is 0.59852. We obtain this value of fidelity when Re(�) = �9.37679 ⇥ 10�9, Im(�) = 0.70920 and
x = 1.31462. This means that the modulus of � is around 0.503, so this is a very small cat state (or a “kitten” state).
In this case, the Wigner function of the state looks more like a Gaussian than the Wigner function of a cat state with
a larger value of �. We get a similar result even if we constrain Re(�) and Im(�) to be at least 0.01.

We now look at the fidelity of a simplified version of state ⇢B when x = 1.42701. Instead of summing over all values

FIG. 2. Wigner function of ⇢B when x = 1.42701. It looks like a cat state, with interference between two positive states. I

have taken ↵ = 0.8, � = 2, k = 1 and ⌧ = ⇡.

Homodyning the  

field

TEQ – GA n°766900   4 | P a g e  
D4.3: Size of the superposition 
15 December 2019, Version 1 

 

 
 
 
 
 

3

��� ��� ��� ��� ���

�

�

�

�

�

�

MQ
Exp

��� ��� ��� ��� ���

�

�

�

�

�

�

MQ
Exp

��� ��� ��� ��� ���

�

�

�

�

�

�

MQ
Exp

FIG. 1. Plot of the expectation value of the number operator (red) and measure of macroscopicity (blue) of the state ⇢B against

the position of the mirror x. Macroscopicity increases as x increases and it reached its maximum of the expectation value hni
when x = 1.42701. The values of the parameters are ↵ = 0.8, � = 2, k = 1 and ⌧ = ⇡.
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�⇤����⇤

�(�)d2�. (13)
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FIG. 3. Plot of the square modulus of the coe�cients of the state |Bi when x = 1.42701, ⌧ = ⇡, k = 1 and ↵ = 0.8 for di↵erent

integer values of n.

of n, we can take x = 1.42701 and find the probability |dn|2 that |Bi is in state |�n(⌧)i for di↵erent values of n where

dn(x) =
4

r
1

⇡
e
�|↵|2/2�x2/2 cn(↵, ⌧)p

2nn!
Hn(x). (14)

If a probability |dn|2 is close to zero for a particular n, we can neglect the possibility that state |Bi has any contribution
from |�n(⌧)i. Fig. 3 shows the plot of these probabilities for n = 0, . . . , 10. We find that for n > 2, all probabilities
are very close to zero. We can therefore neglect any coe�cients with n > 2 and consider a new state |Ci made up of
only three terms. Moreover, as the value of the probability when n = 1 is much higher than the values of the other
probabilities, and the values for n = 0 and n = 2 are roughly the same, we can introduce a new parameter ✓ so that
the simplified state |Ci is given by

|Ci = N (d0(x) |�0(⌧)i+ ✓d1(x) |�1(⌧)i+ d2(x) |�2(⌧)i) . (15)

The fidelity can now be calculated using this new Wigner function of state |Ci and the Wigner function of a cat state
of amplitude �. When we maximise this value for the real and imaginary parts of �, the value of the position-like
quadrature x and parameter ✓, again we find that |�| is very small. However, when we maximise the fidelity imposing
the constraint that Re(�) and Im(�) must be at least 0.01, we find that the fidelity reaches a value of 0.9999 when
Re(�) = 2.00002, Im(�) = 0.01, x = 1.43614 and ✓ = 4.03225⇥ 10�5.

This value for the fidelity is very high, and indeed when we look at the Wigner function of state |Ci in Fig. 4, we find
that it looks like the Wigner function of a cat state. Therefore, we have been successful in generating a Schrödinger
cat state in the mechanical mirror of an optomechanical system and there exist macroscopic objects which can be in
a quantum superposition.

Finally, considering the macroscopicity for this simplified state |Ci, we find that when ✓ = 4.03225 ⇥ 10�5, the
macroscopicity varies with x as in Fig. 5. The state |Ci is closest to the expectation value of n, and so is most
macroscopically quantum, when x = 1.43594. This is very close to the value of x with maximum fidelity between |Ci
and the cat state, as expected.

In conclusion, we are able to generate a macroscopically quantum state of a mechanical oscillator in an optome-
chanical system with a linear interaction term experimentally by perfroming homodyne detection on the cavity field.
The measure of macroscopicity chosen for the quantification of the size of the ensuing superposition reaches its largest
possible theoretical value. It si interesting to notice that Ref. [5] demonstrates that the value of the measure of
macroscopicity employed here can be inferred from the decay in time of the purity of the state under scrutiny. It is
thus straightforward to devise a suitable inference scheme for the determination of the size of the superposition at
hand. First, the homodyne-based scheme highlighted above is used to generate the macroscopic superporsition of the
mechanical state. The interaction with the cavity field is then switched o↵. This can be achieved by either driving
the cavity with a su�ciently temporally broad pulse, or controlling the detuning between cavity field and the external
pump that sustain its state in time. The mechanical mode could then me adiabatically coupled to a probing field
(either a second mode of the cavity, for instance, or the field of an additional, ancillary cavity in the membrane-in-
the-middle configuration) to write its state onthe such optical signal, whose purity could be reconstructed e↵ectively
using standard linear optics techniques.
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where r = 2ga†a, � = [!m(!m + 4ga†a)]1/2 and p = �2(!m + 2ga†a). As all these parameters are dependent on the
number operator of the cavity field, the number of photons a↵ect the degree of squeezing of the mechanical membrane.

Taking the initial state of the cavity to be a coherent state |↵ic and that of the membrane to be a vacuum, the
time-evolved state of this system is

| (⌧)i =
1X

n=0

z(n, ⌧) |nic |⇠(n)im , (9)

where the coe�cients are

z(n, ⌧) =
↵
n
e
� 1

2 (|↵|
2�i(⌧+⌘))

p
n!

, (10)

using scaled time ⌧ = !mt as in the linear case. Here, the parameters ⌘, ⇠, r and p are the same as in the time
evolution operator but they are now dependent on a scaled coupling constant G = g/!m and the number of photons
n rather than the operator a†a.

II. MEASURE OF MACROSCOPIC QUANTUMNESS

The key scope of this report is the characterisation of the size of the superposition that can be achieved at the
mechanical-mode level. To this goal, we want to be able to evaluate both its size and the extent to which it can
exhibit quantum behaviour. The measure of macroscopic quantumness proposed in Ref. [5], which is based on the
phase-space description of the state of the mechanical system, is svery well suited to this task as it e↵ectively measures
the degree of quantum coherence and size of the phase-space distribution of the system simultaneously. It is therefore
the elected tool for studying the macroscopicity of the state fo the mechanical systems.

When we are considering a one-mode harmonic oscillator, macroscopicity or macroscopic quantumness is given by

I(⇢) = 1

2⇡

Z
(|�|2 � 1)|�(�)|2d2�, (11)

where �(�) = Tr[⇢D(�)] is the characteristic function of state ⇢. The first term in the integral (depending on |�|2)
measures the magnitude of interference fringes of the state in phase space. This then relates to the quantum coherence
of the system. The square modulus of the characteristic function measures the frequency of the state which in turn
relates to the size of the system. The maximum value that I(⇢) can take is the average number of excitations in the
state of the system. Since we are considering the mechanical mode of optomechanical systems, in the rest of the paper
the maximum value of the measure will be given by hb†bi.

III. EFFECT OF HOMODYNE DETECTION ON THE LINEAR SYSTEM

As it is straightforward to check, the correlations established between mechanical oscillator and cavity field inherent
in Eqs. (4) and (9) lead to a fully classical state of the mechanical system when the field is traced out. In fact, the
reduced state of the mechanical system turns out to be diagonal over the coherent state basis. In order to generate
a quantum state of the mirror, we need to condition the mechanical state, projecting the cavity field onto a suitable
configuration. In light of the handiness of general-dyne measurements performed at the cavity field-level, we consider
here the case of a homodyne detection on the cavity field, and thus look a the conditional state of the mechanical
mode. In this case, we measure the cavity field with the projector of its position eigenstate to find the reduced state
of the mirror after homodyne detection. We find that the state becomes ⇢B = N

2 |Bi hB| with normalisation constant
N where |Bi is

|Bi = 4

r
1

⇡
e
�|↵|2/2�x2/2

1X

n=0

cn(↵, ⌧)p
2nn!

Hn(x) |�n(⌧)i , (12)

and x is the value of the position-like quadrature of the cavity field. We take the initial coherent state amplitudes
to be ↵ = 0.8 and � = 2, the coupling parameter to be k = 1 and the time to be ⌧ = ⇡ because at this time,
the mechanical system and optical field share the largest possible entanglement and the e↵ects of the measurement
performed on the latter are the strongest possible.

Characteristic function of mechanical state
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IV. EFFECT OF HOMODYNE DETECTION ON THE SYSTEM WITH THE QUADRATIC COUPLING
TERM

To find a suitable initial coherent state amplitude ↵, we studied the probabilities |z(n, ⌧)|2 of the time-evolved state
of the system being in a state | (⌧)i = |nic |⇠(n)im and how they varied with ↵ when ⌧ = ⇡. Fig. 6 shows the
probabilities for n going from 0 to 10.

When ↵ = 1/
p
2, there is a crossover between the probability of n being 0 and the probability of n being 1. In

addition, all other probabilities are very small. Therefore, in the rest of this section I will take ↵ = 1/
p
2 and the

time-evolved state can be simplified as

| (⌧)i = z(0, ⌧) |0ic |0im + z(1, ⌧) |1ic |⇠(1)im . (16)

To find a suitable value for the scaled coupling parameter G, we look at the amplitude of the squeezed state of the
membrane |⇠(1)i. This amplitude is given by

s = sinh�1

✓
2G sin (⌧

p
1 + 4G)p

1 + 4G

◆
, (17)

and s is plotted against G in Fig. 7. When the degree of squeezing s is equal to 0, the state of the membrane is a
vacuum and consequently the macroscopicity is 0. Therefore to try and maximise the macroscopicity of the state,
we considered two values of G at which the plot in Fig. 7 had a local maximum; G = 1.38 which is experimentally
feasible and G = 17.86 which is very strong.

FIG. 4. Wigner function of state |Ci when ↵ = 0.8, � = 2, k = 1, ⌧ = ⇡ and x = 1.43614. The fidelity between this state and

a cat state proportional to |2 + 0.01ii+ |�2� 0.01ii is 0.9999.
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FIG. 5. Macroscopicity (blue) and expectation value of b†b (red) of state |Ci plotted against the position of the mirror x. Here,

I have taken ↵ = 0.8, � = 2, k = 1, ⌧ = ⇡ and ✓ = 4.03225⇥ 10
�5

. The two lines meet when x = 1.43594.
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FIG. 5. Macroscopicity (blue) and expectation value of b†b (red) of state |Ci plotted against the position of the mirror x. Here,

I have taken ↵ = 0.8, � = 2, k = 1, ⌧ = ⇡ and ✓ = 4.03225⇥ 10
�5

. The two lines meet when x = 1.43594.
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FIG. 5. Macroscopicity (blue) and expectation value of b†b (red) of state |Ci plotted against the position of the mirror x. Here,

I have taken ↵ = 0.8, � = 2, k = 1, ⌧ = ⇡ and ✓ = 4.03225⇥ 10
�5

. The two lines meet when x = 1.43594.



Testing the large-scale
limit of

quantum mechanics

Size of superposition

TEQ – GA n°766900   11 | P a g e  
D4.3: Size of the superposition 
15 December 2019, Version 1 

 

 
 
 
 
 

10

hb†bi
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FIG. 14. As the cavity damping rate  increases, the macroscopic quantumness decreases and moves further away from its

maximum value.

number is less than �p, a quantum jump occurs. This means that the quantum jump operator C =
p
a acts on the

system and e↵ectively a photon leaks from the cavity. We repeat this process for many trajectories and average over
them to get the state of the system.

After verifying that the results from quantum unravelling match those in Sec. III when  = 0, we found the state of
the system for increasing values of  up to 0.5. We then performed homodyne detection on the system as before and
found the macroscopic quantumness and the expectation value of b†b for these mirror states. The results are plotted
in Fig. 14. As expected, noise has a detrimental e↵ect on the macroscopic quantumness of the mirror. As the cavity
damping rate increases, the macroscopic quantumness decreases and the di↵erence between the maximum value and
macroscopicity increases.
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<latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit>

Im(�)
<latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit><latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit><latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit><latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit>

Re(�)
<latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit>

Im(�)
<latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit><latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit><latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit><latexit sha1_base64="9M7mdWAgWt2wARljaBXmkCpaBN4=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCILqrYB/QljKZ3LZDZ5IwcyOUUPBP3In+iztx4cYPceWk7cK2Hhg4nHOHe+7xY8E1uu6XlVtb39jcym8Xdnb39g/sw6OGjhLFoM4iEamWTzUIHkIdOQpoxQqo9AU0/dF15jcfQWkehQ84jqEr6SDkfc4oGqlnFzuS4lDJ9E5Oyp0ABNKznl1yK+4Uzirx5qRE5qj17J9OELFEQohMUK3bnhtjN6UKORMwKXQSDTFlIzqAtqEhlaC76TT8xDk1SuD0I2VeiM5U/fsjpVLrsfTNZBZVL3uZ+K/nKzoCXNieBjpbspQI+1fdlIdxghCyWaB+IhyMnKwxJ+AKGIqxIZQpbm5y2JAqytD0WjBlecvVrJLGecVzK979Ral68zSrLU+OyQkpE49ckiq5JTVSJ4yMyTN5JW/Wi/VufVifs9GcNa+6SBZgff8C2gOmHA==</latexit>

Re(�)
<latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit><latexit sha1_base64="pkqEQIV3ODpgYSxrhoVk/hcK6Sk=">AAACJHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCIC6r2Ac0pUwmt+3QyYOZGyGEgn/iTvRf3IkLN36IKydtF7b1wMDhnDvcc48XC67Qtr+Mwtr6xuZWcbu0s7u3f2AeHrVUlEgGTRaJSHY8qkDwEJrIUUAnlkADT0DbG1/nfvsRpOJR+IBpDL2ADkM+4Iyilvpm2Q0ojmSQ3cOk6vogkJ71zYpds6ewVokzJxUyR6Nv/rh+xJIAQmSCKtV17Bh7GZXImYBJyU0UxJSN6RC6moY0ANXLpuEn1qlWfGsQSf1CtKbq3x8ZDZRKA09P5lHVspeL/3qepGPAhe2Zr/IlS4lwcNXLeBgnCCGbBRokwsLIyhuzfC6BoUg1oUxyfZPFRlRShrrXki7LWa5mlbTOa45dc+4uKvWbp1ltRXJMTkiVOOSS1MktaZAmYSQlz+SVvBkvxrvxYXzORgvGvOoyWYDx/QvbwaYd</latexit>

FIG. 15. The Wigner functions of the time evolved state of the mirror when  = 0.02, 0.1, 0.2 and 0.5 respectively.

We previously assumed that the cavity and mirror were both initially in coherent states. Now we want to find the
state of the system when the mirror is initially in a displaced thermal state. Thermal states can be written in Glauber
P representation as

⇢th =

Z
1

⇡n̄
e
�|�|2/n̄ |�i h�| d2�, (24)

where n̄ = (e~!m/kBT � 1)�1. Therefore, we can approximate the state of the system at time ⌧ = ⇡ by summing over

Adding the effect of optical losses

growing losses
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hb†bi
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FIG. 14. As the cavity damping rate  increases, the macroscopic quantumness decreases and moves further away from its

maximum value.

number is less than �p, a quantum jump occurs. This means that the quantum jump operator C =
p
a acts on the

system and e↵ectively a photon leaks from the cavity. We repeat this process for many trajectories and average over
them to get the state of the system.

After verifying that the results from quantum unravelling match those in Sec. III when  = 0, we found the state of
the system for increasing values of  up to 0.5. We then performed homodyne detection on the system as before and
found the macroscopic quantumness and the expectation value of b†b for these mirror states. The results are plotted
in Fig. 14. As expected, noise has a detrimental e↵ect on the macroscopic quantumness of the mirror. As the cavity
damping rate increases, the macroscopic quantumness decreases and the di↵erence between the maximum value and
macroscopicity increases.
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FIG. 15. The Wigner functions of the time evolved state of the mirror when  = 0.02, 0.1, 0.2 and 0.5 respectively.

We previously assumed that the cavity and mirror were both initially in coherent states. Now we want to find the
state of the system when the mirror is initially in a displaced thermal state. Thermal states can be written in Glauber
P representation as

⇢th =

Z
1

⇡n̄
e
�|�|2/n̄ |�i h�| d2�, (24)

where n̄ = (e~!m/kBT � 1)�1. Therefore, we can approximate the state of the system at time ⌧ = ⇡ by summing over
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some values of �. We used

⇢th ⇡
X

�2�

1

⇡n̄
e
�|�|2/n̄ |�i h�| , (25)

where n̄ = 0.9 and the set � is {1.2, 1.6, 2, 2.4, 2.8}. We chose this value of n̄ as this enabled us to simplify the thermal
state when working in the number state basis; instead of having to sum over all number states from 0 to infinity,
we only considered the first 21 number states. The amplitudes in set � were chosen in relation to the width of the
Gaussian G(�) = e

�|�|2/n̄
/⇡n̄.

The initial state of the system can then be written as

⇢(0) = N
2
X

�2�

G(�) |↵i |�i h↵| h�| , (26)

and each of these |↵i |�i states evolve according to the quantum unravelling process as for the previous case. Summing
over the five states after quantum unravelling, we obtain the time evolved state of the system when the cavity field
can interact with an environment.

To see the e↵ect of noise on the state of the mirror, we will first find the Wigner function of the state when the
system is closed. The function is plotted in Fig. 16. Comparing this with Fig. 2, we can see that the interference
fringes are smaller and therefore there is less negativity. The lower negativity implies that the state is less quantum
than before and therefore less macroscopically quantum.

The macroscopicity of the state of the mirror after homodyne detection is plotted against the cavity damping rate
in Fig. 17. Indeed, the macroscopic quantumness of the state is much less than when the mirror was initially in a
coherent state. In this case, there is never a point where the macroscopic quantumness is close to its maximum value.
Nevertheless, the state of the mirror is still somewhat macroscopically quantum. The increase in cavity damping rate
has a similar e↵ect on this state as before; the macroscopic quantumness decreases and its maximum increases.

The Wigner functions as  increases are plotted in Fig. 18. The e↵ect is similar to that in Fig. 15; the Gaussians
in the plot start to merge together and the interference fringes become less symmetric. We can still see negativity so
there is still quantumness in the state of the mirror.
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FIG. 16. The Wigner function of the time evolved state of the mirror when it is initially in a thermal state. The function still

resembles that of a cat state but there is now less negativity as the size of the interference fringes has decreased.
H McAleese & M Paternostro, New J Phys (to appear, 2020) 
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Excitations of the detector:
●Incoherent thermal radiation for each 
trajectory separately (known) 
●Coherent contributions that entangle internal 
and external d.o.f. of the detector (new result) 

Physical interpretation: 
●First approach to the notion of “superposition 
of thermal states” 
●The detector absorbs a particle of the thermal 
bath in the surroundings of each trajectory

L. C. Barbado, E. Castro-Ruiz, L. Apadula, and Č. Brukner,, Phys. Rev. D 102, 045002 (2020) 

Unruh effect for detectors in superposition of accelerations
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F. Giacomini, E. Castro-Ruiz, and Č. Brukner, Phys. Rev. Lett. 123, 090404 (2019) 

Spin in special relativity:
●Spin is defined as the total angular momentum in 
the rest frame of the particle 
●The rest frame is not (classically) defined for 
particles in a superposition of momenta 

Solution via Quantum Reference Frames:
●Spin is defined as the total angular 
momentum in the rest frame of the particle 
●The rest frame is not (classically) defined for 
particles in a superposition of momenta 

Relativistic Quantum Reference Frames: The Operational Meaning of Spin 
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E. Castro-Ruiz, F. Giacomini, A. Belenchia, and Č. Brukner Nature Commun. 11, 2672 (2020) 

Quantum clocks and the temporal localisability of events in  
the presence of gravitating quantum systems

● The time at which an event happens depends 
on the reference frame in general relativity 
● However, events are always localised in time 

Events in quantum mechanics 

●Whether an event is localisable in time or not depends on 
the (quantum) temporal reference frame 
●Always possible to find a reference frame for which a given 
event is localised in time and admits a usual von Neumann 
description  

Events amid gravitating quantum systems 
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A. Belenchia, L. Mancino, G. T. Landi, and M. Paternostro Nature Quant Inf (accepted, 2020) 

Heat fluxes in continuously measured systems 

● Driven-dissipative systems reach non-equilibrium steady 
states (NESSs) with non-zero heat fluxes to their bath 
● NESS are associated with non-zero entropy production

Driven-dissipative systems 

●Measuring alters the information we have on the system 
and thus the amount of entropy flowing to the bath 
●this corresponds to an altered heat flux! 
●Different measurement straggles achieve different states

Adding continuous monitoring 

Entropy Production in Continuously Measured Gaussian Quantum Systems

Alessio Belenchia,1 Luca Mancino,1 Gabriel T. Landi,2 and Mauro Paternostro1

1Centre for Theoretical Atomic, Molecular, and Optical Physics,
School of Mathematics and Physics, Queens University, Belfast BT7 1NN, United Kingdom

2Instituto de Fı́sica, Universidade de São Paulo, CEP 05314-970, São Paulo, São Paulo, Brazil
(Dated: August 13, 2020)

The entropy production rate is a key quantity in non-equilibrium thermodynamics of both classical and quan-
tum processes. No universal theory of entropy production is available to date, which hinders progress towards
its full grasping. By using a phase space-based approach, here we take the current framework for the assessment
of thermodynamic irreversibility all the way to quantum regimes by characterizing entropy production – and its
rate – resulting from the continuous monitoring of a Gaussian system. This allows us to formulate a sharpened
second law of thermodynamics that accounts for the measurement back-action and information gain from a
continuously monitored system. We illustrate our framework in a series of physically relevant examples.

INTRODUCTION

Entropy production, a fundamental concept in non-
equilibrium thermodynamics, provides a measure of the de-
gree of irreversibility of a physical process. It is of paramount
importance for the characterization of an ample range of sys-
tems across all scales, from macroscopic to microscopic [1–
11]. The lack of a continuity equation for entropy prevents
entropy production from being a physical observable, in gen-
eral. Its quantification must thus pass through inference strate-
gies that connect the values taken by such quantity to acces-
sible observables, such as energy [12–14]. This approach has
recently led to the possibility to experimentally measure en-
tropy production in microscopic [15] and mesoscopic quan-
tum systems [16], and opened up intriguing opportunities for
its control [17]. Alternative approaches to the quantification
of entropy production are based on the ratio between forward
and time-reversed path probabilities of trajectories followed
by systems undergoing non-equilibrium processes [18–20].

A large body of work has been produced in an attempt to
overcome the lack of generally applicable theories of entropy
production [11, 21]. Remarkably, this has allowed the identifi-
cation of important contributions to the irreversibility emerg-
ing from a given process stemming from system-environment
correlations [17, 22, 23], quantum coherence [24–26], and the
finite size of the environment [23, 27].

Among the directions of potential further investigations, a
particularly relevant one is the inclusion of the back-action re-
sulting from measuring a quantum system. Measurements can
have a dramatic e↵ect on both the state and the ensuing dy-
namics of a quantum system: while the randomness brought
about by a quantum measurement adds stochasticity to the
evolution of a system, the information gained through a mea-
surement process unlocks e↵ects akin to those of a Maxwell
daemon [28, 29]. Both such features are intuitively expected
to a↵ect the entropy production and its rate [cf. Fig. 1]

The ways such modifications occur have been the focus of
some attention recently. Ref. [29, 30] tackled the problem by
focusing on the stochastic energy fluctuations that occur dur-
ing measurements, while Refs. [31–39] addressed the case of
weak quantum measurements of a system, which allowed for
the introduction of trajectory-dependent work and heat quan-

tifiers (cf. Refs. [40, 41]). In line with a Landauer-like frame-
work, Sagawa and Ueda focused on the minimum thermody-
namic cost implied by a measurement, highlighting the infor-
mation theoretical implications of the latter on the stochastic
thermodynamics of a two-level system [42, 43], an approach
that can both be generalized to general quantum measure-
ments [44] and assessed experimentally [45].

Here we contribute to the quest for a general framework for
entropy production and its rate in a general system brought
out of equilibrium and being continuously monitored. We
propose a widely applicable formalism able to identify the
measurement-a↵ected rate of entropy production and the as-
sociated entropy flux to or from the environment that is con-
nected to the monitored system. We unveil the thermody-
namic consequences of measuring by way of both general ar-
guments and specific case studies, showing that the entropy
production rate can be split in a term that is intrinsically dy-
namical and one that is informational in nature. We show that,
for continuously measured Gaussian systems, the entropy pro-
duction splitting leads to a refined, tighter second law. We also
discuss the possibility to control the non-equilibrium thermo-
dynamics of a system through suitable measurements. We il-
lustrate it by studying a thermal quench of an harmonic oscil-
lator and a driven-dissipative optical parametric oscillator.

(b)
measurement

FIG. 1. (a) A system, prepared in an arbitrary state and being ex-
ternally driven, interacts with an environment. The dynamics is as-
sociated with a (unconditional) rate of entropy production ⇧uc. (b)

Continuous measurements alter the dynamics of the system, result-
ing in an entropy production rate ⇧ that includes an information-
theoretical contribution İ determined by the amount of information
extracted through the measurement.
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Our approach paves the way to the assessment of the
non-equilibrium thermodynamics of continuously monitored
Gaussian systems – such as (ensembles of) trapped ions
and quadratically-confined levitated optomechanical systems
– whose energetics will require tools designed to tackle the in-
tricacies of quantum dynamics and the stochasticity of quan-
tum measurements, which are currently lacking [46? –53].

RESULTS

Entropy rate of a continuously measured system.– The dynam-
ics of a continuously measured Markovian open quantum sys-
tem can be described by a Stochastic Master Equation (SME)
that describes the evolution conditioned on the outcomes of
the continuous measurement. [54–56]. Upon averaging over
all trajectories, weighted by the outcomes probabilities, the
stochastic part vanishes leaving a deterministic Lindblad ME
for the system, whose dynamics we call unconditional.

In the unconditional case, the entropy rate can be split as
Ṡ uc = �uc +⇧uc with �uc (⇧uc) the unconditional entropy flux
(production) rate [11], with S uc an entropic measure. The 2nd

law of thermodynamics for the unconditional dynamics is en-
coded in ⇧uc � 0. It should be noted that, choosing the widely
used von Neumann entropy leads to controversial results when
the system is in contact with a vanishing-temperature thermal
bath [57, 58]. We will address this point again later on.

For the conditional dynamics a similar splitting of the
entropy rate can be obtained, although involving stochastic
trajectory-dependent quantities. Indeed, given that the con-
ditional dynamics describes quantum trajectories in Hilbert
space, the entropy rate and the entropy production are stochas-
tic quantities. We are interested in the average of such stochas-
tic quantities over all trajectories, i.e.

E[dS/dt] = E
⇥
d�/dt

⇤
+ E [d⇡/dt] = � + ⇧, (1)

where dS , d⇡, d� depend on the stochastic conditional state,
and ⇧ and � are the averaged conditional entropy produc-
tion and flux rates. These quantities will in general di↵er
from their unconditional counterparts because they depend
non-linearly on the state of the system. We now move on to
explain in more detail their physical interpretation.

Operationally, the conditional dynamics is obtained by con-
tinuously monitoring the system and recording the outcomes
of the measurement. After repeating the experiments many
times, and computing each time the stochastic entropy flux
and entropy production rate, one finally averages these quan-
tities over the stochastic trajectories of the system. Such aver-
age quantities are related to the state of the system conditioned
on the outcomes of the continuous measurements. On the con-
trary, the unconditional dynamics is recovered by ignoring the
outcomes of the measurements at the level of the state of the
system. Thus, the state of the system, from which the statis-
tics are inferred, corresponds to the average over the possible
outcomes of the conditional state at each instant of time.

We aim to connect ⇧ to the entropy produced by the sys-
tem due to only the open system dynamics (⇧uc). We thus

assume that the stochastic entropy flux is linear in the con-
ditioned state of the system, i.e., E[d�/dt] = �uc. This is
so in all those cases where the entropy flux is given by the
heat flux from the system to an (equilibrium) environment at a
reference temperature, a second relevant instance being when
the entropy flux is associated to the occurrence of a quantum
jump of the system [8]. As we aim at a general framework
that encompasses non-equilibrium states of the environment,
here we do not necessarily identify the entropy flux rate with
the heat flow rate to a thermal environment, while claiming
for its linearity in the conditional state of the system. In what
follows we show that, for Gaussian systems, this linearity can
be explicitly proven. The same can be done for more general
systems starting from a microscopic description of the system-
environment interaction via a repeated collisions model [59].

By comparing the splitting of the entropy rate for condi-
tioned and unconditioned dynamics, we arrive at

⇧ = ⇧uc + İ, (2)

where the last term quantifies the entropic cost of continuously
monitoring the system and, as � = �uc, it must then follow
İ = E[dS/dt] � dS uc/dt.

In order to further characterize the informational term İ
and, in particular, single out the entropy production and flux
rates, we focus on open Gaussian systems subject to continu-
ous Gaussian measurements. Such a class of systems and pro-
cesses plays a substantive role in the broad panorama of quan-
tum optics, condensed matter physics, and quantum informa-
tion science in general. Gaussian measurements are some of
the most widely used techniques in quantum labs, and their
role in stochastic non-classical thermodynamics is thus both
interesting and physically very well motivated.

The Gaussian case calls for the use of powerful phase-space
techniques, in conjunction with the adoption of the Wigner
entropy as an entropic measure [57], which allow us to unam-
biguously identify the entropy flux and production rates based
on the dynamics of the system, without resorting to a ther-
mal environment (at finite temperature) and bypasses some
of the controversies linked to more standard von Neumann
entropy-based formulations [57], thus going beyond any stan-
dard approach. It should be noted that, in some cases of con-
tinuously measured quantum Gaussian systems, e.g., homo-
dyne detection of an optical mode where the bath mode being
monitored is e↵ectively at zero temperature, there are no al-
ternatives to the adoption of the Wigner entropy due to the
unphysical divergences that plague the definition of entropy
production and fluxes obtained by adopting the von Neumann
entropy [57, 58]. Nonetheless, consistently with classical
stochastic thermodynamics, Ref. [57] showed that the results
obtained using the Wigner entropy agree with the von Neu-
mann ones, and crucially with the classical ones, for systems
interacting with thermal baths in the high-temperature limit.
Finally, we would like to remark that Refs. [60, 61] made a
step forward to extend phase space-based formulation of en-
tropy production rate and flux to the case of non-Gaussian
systems and dynamics, using the well-known Wehrl entropy
defined in terms of the Shannon entropy of the Husimi func-
tion. All the considerations reported here can be generalised
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Our approach paves the way to the assessment of the
non-equilibrium thermodynamics of continuously monitored
Gaussian systems – such as (ensembles of) trapped ions
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tum measurements, which are currently lacking [46? –53].
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where the last term quantifies the entropic cost of continuously
monitoring the system and, as � = �uc, it must then follow
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of the optomechanical system, thus its preparation re-
quires only to wait for the initial brief transient to decay,
before conditioning upon the measurement outcomes.
The conditional dynamics described by Eq. (3), on the
other hand, has both first and second cumulants evolv-
ing non-trivially according to

dr(t) = �
�m

2
rdt+

q
4⌘det�qbaV (t)dW, (5)

V̇ (t) = �m(Vuc � V (t))� 4⌘det�qbaV (t)2. (6)

The ensuing dynamics gives the covariance V (t) =
V (t)11 where we have introduced the identity matrix 11
and the c-number variance V (t) = hX̂2

i�hX̂i
2 = hŶ 2

i�

hŶ i
2 [37]. The first cumulants thus evolve stochastically,

while the second ones obey a deterministic non-linear
evolution. It should be noted that, the process entailed
by this model is dynamically stable, as it can be easily
verified following the criteria discussed in [38]. This en-
sures the convergence of any quantity integrated over
long-time windows.

The last term in Eq. (6) is associated with the infor-
mation acquired by the measurement, and we dub it in-
novation. It is non-positive as acquired information can
never increase the uncertainty about the mechanical mo-
tion. According to Eq. (6), the initial unconditional vari-
ance Vuc evolves into the conditional steady-state value
Vss = �µ+

p
µ(µ+ 2Vuc) with µ = �m/(8⌘det�qba). Ow-

ing to the innovation term, Vss 6 Vuc given that µ > 0.
The continuous weak measurements thus lead to a con-
ditional steady-state density matrix with a higher pu-
rity than the unconditional one [39, 40]. This is an in-
stance of measurement-based cooling and was exper-
imentally demonstrated in [31]. The conditional first
cumulants r(t) in Eq. (5) are related to the experimen-
tal homodyning measurement outcomes i(t) through
i(t)dt =

p
4⌘det�qbar(t)dt + dW. Each experimental

realisation yields a quantum trajectory for r(t). In prac-
tice, the latter relation is used to express dW in terms
of the outcomes, i(t), and substituted in Eq. (5). This
yields a recursive relation used to experimentally filter
the data i(t) to obtain the first cumulant r(t). The con-
ditional variance V (t), however, evolves independently
of the specific measurement outcomes. To assesses it ex-
perimentally we thus employ a prediction-retrodiction
method [31], which reconstructs V (t) by combining data
on r(t0) acquired at earlier (t0 < t) and later times (t0 > t).
Such future outcomes can be used to obtain a retrodicted
trajectory, rb(t), [41] using an experimental filter similar
to what has been derived fro r(t) [37]. The fluctuations
of the difference d(t) = r(t) � rb(t) over an ensemble
of independent realisations can be shown to be directly
connected to V (t) according to the relation [37]

Vd(t) = V (t) + Vss + �m/(4⌘det�qba). (7)

In the limit of high-cooperativity (�qba � �m) and large
detection efficiency (⌘det ⇡ 1) the last term can be ne-
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FIG. 1. Conditional mechanical evolution. Measured condi-
tional variance V (t) (blue line), from the initial unconditional
value Vuc ⇡ 34 to the steady-state Vss ⇡ 0.8 . The dashed line
is a theoretical prediction. The inset shows a sketch of the ex-
perimental system, which comprises a cryogenic optomechan-
ical cavity resonantly driven by a coherent probe laser. The
mechanical resonator is in thermal contact with two baths: a
thermal, cryogenic bath and the optical bath. The output field
is continuously monitored by means of a homodyne receiver.
The photocurrent i is used to estimate the conditional mechan-
ical state.

glected. The value of Vss and V (t) are then readily ob-
tained as Vss = Vd(1)/2 [31] and V (t) = Vd(t) � Vss,
respectively.

Figure 1 shows the evolution of V (t) from the initial
unconditional value Vuc, all the way to the steady-state
value Vss. The experimental data compare very well
to the theoretical prediction provided by Eq. (6), thus
strongly corroborating the suitability of our model.

Entropy production along individual trajectories. We
are now in a position to assess the thermodynamics of
the system at the level of individual quantum trajecto-
ries. Our setup is not a standard thermodynamic sys-
tem due to the presence of the optical cavity, which acts
as a non-thermal bath. The usual formulation of en-
tropy production thus does not apply. Despite this, it is
possible to employ an alternative put forth in Ref. [32],
which makes use of quantum phase-space methods and
is adequate for the description of Gaussian dynamics.
This approach has already been successfully applied to
the experimental characterisation of the mean entropy
production in the dynamics of open mesoscopic sys-
tems [42]. In Ref. [30], the method was extended to
account for the presence of quantum-limited detectors
continuously monitoring the system.

When applied to our experimental endeavours [37],
such theoretical framework shows that the conditional
entropy flux and production rates, defined in Eq. (1), can
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be written in terms of the first and second cumulants as

�c,r =
�m

nth + 1/2
[(nth + 1/2)� ✓(t)]� 4�qba✓(t),

(8)

⇡c,r = �m


✓(t)

nth + 1/2
+

Vuc

V (t)
� 2

�
+ 4�qba [✓(t)�⌘detV (t)] ,

where ✓(t) = V (t) + r(t)Tr(t)/2 encompasses all the
stochastic contributions [cf. Eq. (5)]. We can experimen-
tally reconstruct such quantities by means of the mea-
sured stochastic trajectories r(t) and the inferred condi-
tional variance V (t). We show in Fig. 2 some realisations
of the stochastic entropy flux and production rates. De-
spite the low thermal occupancy of nth ⇡ 14 phonons,
these quantities fluctuate substantially, highlighting the
essential role of fluctuations in the thermodynamics of
the system.

We also average them over 3600 trajectories, yielding
the conditional flux and production rates �c = E(�c,r)
and ⇧c = E(⇡c,r), which are shown in Fig. 2, dark
blue. These quantities can be readily computed from our
model by noting that, owing to Eqs. (5) and (6) and our
choice of initial conditions, we have E

⇥
✓(t)

⇤
= Vuc. From

Fig. 2 we gather that both �c and ⇧c relax monoton-
ically towards the new steady-state values. However,
even at the steady-state, the entropy production rate ⇧c

does not vanish due to the non-equilibrium nature of the
stationary state, where the effects of the thermal bath,
measurement backaction, and information gain com-
pete with each other.
Information gain. The influence that monitoring the
system has on the irreversibility of the dynamics is en-
coded in the mismatch between the conditional entropy
production rate ⇧c and the unconditional one ⇧uc [cf.
Eq. (2]. Such mismatch is quantified by the net rate of
information gain achieved through measuring

İ = �m (Vuc/V (t)� 1)� 4⌘det�qbaV (t). (9)

The temporal behaviour of İ reconstructed from the ex-
perimental data is shown in Fig. 3. As in our case the
system is prepared in the steady-state of the uncon-
ditional dynamics, the first and second cumulants in
the absence of monitoring remain constant in time, and
the unconditional rate of entropy production keeps the
value ⇧uc = �m

⇥
Vuc/(nth+1/2)�1

⇤
+4�qbaVuc (cf. [37] for

further details). We can thus subtract such value from
⇧c in Fig. 2 to obtain the net rate of acquired informa-
tion due to the continuous monitoring.

As the quantity �
R1
0 İdt quantifies the mutual infor-

mation between system and detector [30], and given that
İ vanishes in the (conditional) steady-state [cf. Fig. 3],
such quantity tends to a constant in the long-time limit.
This is intuitively understood from the fact that, in the
steady-state, monitoring the system does not add any
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FIG. 2. Stochastic entropy flux and production rates. a, The
stochastic entropy flux rates (light blue) for a sample of 10
trajectories. The dark blue line is the ensemble average over
all the trajectories. b, The stochastic entropy production rates
(light blue) and the ensemble average (dark blue), for the same
sample of trajectories.

additional information. If, however, the monitoring pro-
cess suddenly stops, the conditional steady-state will
not be sustained and the system will heat-up back to-
wards Vuc. Constant monitoring is thus necessary to
maintain the conditional steady-state. In other words,
even at the steady-state, information is constantly be-
ing acquired, but noise is constantly being introduced
by the phonon bath. It is thus interesting to identify
which of the terms in İ is responsible for the incremen-
tal gains of information required to maintain the condi-
tional steady-state.

This concept can be readily understood from inspect-
ing Eq. (9), which consists of the competition between
the noise introduced by the phonon bath (at rate �m) and
the gain of information (proportional to the detection ef-
ficiency ⌘det). We can thus quite naturally introduce the
differential gain G(t) := �4⌘det�qbaV (t) and notice that,
in light of the interpretation of the last term in Eq. (6) as
an innovation rate, G(t) is the contribution of this inno-
vation to İ. The behaviour of İ and G(t) inferred from
the experimental data are shown in Fig. 3: the initial
closeness of G(t) to İ suggests that the early stages of the
dynamics are strongly affected by the differential infor-
mation gain. As the dynamics approaches the steady-
state, however, the contribution from G(t) become less
significant. However, while İ ! 0, G(t) tends to the
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FIG. 3. Informational contribution to the entropy produc-
tion rate. We obtain the informational contribution (dark blue)
from the entropy production. The dashed (dot-dashed) line is
the differential gain of information due to the measurement
(loss of information due to noise input by the phonon bath).

(in general small) non-null value G(1) = �4⌘det�qbaVss,
which thus represents the gain of information per unit
time that the detector must acquire in order to maintain
the steady-state.
Conclusions. We have investigated the effects of weak
continuous measurements on the thermodynamics of a
mesoscopic mechanical system. By employing a phase-
space formalism [30] and the retrodictive techniques
used in Ref. [31], we have connected pivotal thermody-
namic quantities, such as entropy production and flux
rates along individual dynamical trajectories, to accessi-
ble experimental data. The working point of our exper-
iment has enabled us to single out the contributions to
the entropy production of the system due solely to the
information acquired by monitoring the system. Such
contribution decreases in time as the system reaches a
non-equilibrium steady state.

Our endeavours demonstrate the key role played by
measurements in influencing the energetics of a quan-
tum system. Remarkably, they showcase the intricate
interplay between fundamental energy-exchange pro-
cesses and information in setting up (and sustain) the
dynamical and steady-state features of a process. Such
influences can be further explored by assessing whether
the control of informational terms to entropy production
stemming from suitable measurement strategy could be
used as an effective tool for quantum state engineer-
ing [43]. Another interesting direction would address
composite systems endowed with initial quantum cor-
relations and the experimental study of their effects, in
conjunction with continuous monitoring, on the ther-
modynamics of the systems.
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Our approach paves the way to the assessment of the
non-equilibrium thermodynamics of continuously monitored
Gaussian systems – such as (ensembles of) trapped ions
and quadratically-confined levitated optomechanical systems
– whose energetics will require tools designed to tackle the in-
tricacies of quantum dynamics and the stochasticity of quan-
tum measurements, which are currently lacking [46? –53].

RESULTS

Entropy rate of a continuously measured system.– The dynam-
ics of a continuously measured Markovian open quantum sys-
tem can be described by a Stochastic Master Equation (SME)
that describes the evolution conditioned on the outcomes of
the continuous measurement. [54–56]. Upon averaging over
all trajectories, weighted by the outcomes probabilities, the
stochastic part vanishes leaving a deterministic Lindblad ME
for the system, whose dynamics we call unconditional.

In the unconditional case, the entropy rate can be split as
Ṡ uc = �uc +⇧uc with �uc (⇧uc) the unconditional entropy flux
(production) rate [11], with S uc an entropic measure. The 2nd

law of thermodynamics for the unconditional dynamics is en-
coded in ⇧uc � 0. It should be noted that, choosing the widely
used von Neumann entropy leads to controversial results when
the system is in contact with a vanishing-temperature thermal
bath [57, 58]. We will address this point again later on.

For the conditional dynamics a similar splitting of the
entropy rate can be obtained, although involving stochastic
trajectory-dependent quantities. Indeed, given that the con-
ditional dynamics describes quantum trajectories in Hilbert
space, the entropy rate and the entropy production are stochas-
tic quantities. We are interested in the average of such stochas-
tic quantities over all trajectories, i.e.

E[dS/dt] = E
⇥
d�/dt

⇤
+ E [d⇡/dt] = � + ⇧, (1)

where dS , d⇡, d� depend on the stochastic conditional state,
and ⇧ and � are the averaged conditional entropy produc-
tion and flux rates. These quantities will in general di↵er
from their unconditional counterparts because they depend
non-linearly on the state of the system. We now move on to
explain in more detail their physical interpretation.

Operationally, the conditional dynamics is obtained by con-
tinuously monitoring the system and recording the outcomes
of the measurement. After repeating the experiments many
times, and computing each time the stochastic entropy flux
and entropy production rate, one finally averages these quan-
tities over the stochastic trajectories of the system. Such aver-
age quantities are related to the state of the system conditioned
on the outcomes of the continuous measurements. On the con-
trary, the unconditional dynamics is recovered by ignoring the
outcomes of the measurements at the level of the state of the
system. Thus, the state of the system, from which the statis-
tics are inferred, corresponds to the average over the possible
outcomes of the conditional state at each instant of time.

We aim to connect ⇧ to the entropy produced by the sys-
tem due to only the open system dynamics (⇧uc). We thus

assume that the stochastic entropy flux is linear in the con-
ditioned state of the system, i.e., E[d�/dt] = �uc. This is
so in all those cases where the entropy flux is given by the
heat flux from the system to an (equilibrium) environment at a
reference temperature, a second relevant instance being when
the entropy flux is associated to the occurrence of a quantum
jump of the system [8]. As we aim at a general framework
that encompasses non-equilibrium states of the environment,
here we do not necessarily identify the entropy flux rate with
the heat flow rate to a thermal environment, while claiming
for its linearity in the conditional state of the system. In what
follows we show that, for Gaussian systems, this linearity can
be explicitly proven. The same can be done for more general
systems starting from a microscopic description of the system-
environment interaction via a repeated collisions model [59].

By comparing the splitting of the entropy rate for condi-
tioned and unconditioned dynamics, we arrive at

⇧ = ⇧uc + İ, (2)

where the last term quantifies the entropic cost of continuously
monitoring the system and, as � = �uc, it must then follow
İ = E[dS/dt] � dS uc/dt.

In order to further characterize the informational term İ
and, in particular, single out the entropy production and flux
rates, we focus on open Gaussian systems subject to continu-
ous Gaussian measurements. Such a class of systems and pro-
cesses plays a substantive role in the broad panorama of quan-
tum optics, condensed matter physics, and quantum informa-
tion science in general. Gaussian measurements are some of
the most widely used techniques in quantum labs, and their
role in stochastic non-classical thermodynamics is thus both
interesting and physically very well motivated.

The Gaussian case calls for the use of powerful phase-space
techniques, in conjunction with the adoption of the Wigner
entropy as an entropic measure [57], which allow us to unam-
biguously identify the entropy flux and production rates based
on the dynamics of the system, without resorting to a ther-
mal environment (at finite temperature) and bypasses some
of the controversies linked to more standard von Neumann
entropy-based formulations [57], thus going beyond any stan-
dard approach. It should be noted that, in some cases of con-
tinuously measured quantum Gaussian systems, e.g., homo-
dyne detection of an optical mode where the bath mode being
monitored is e↵ectively at zero temperature, there are no al-
ternatives to the adoption of the Wigner entropy due to the
unphysical divergences that plague the definition of entropy
production and fluxes obtained by adopting the von Neumann
entropy [57, 58]. Nonetheless, consistently with classical
stochastic thermodynamics, Ref. [57] showed that the results
obtained using the Wigner entropy agree with the von Neu-
mann ones, and crucially with the classical ones, for systems
interacting with thermal baths in the high-temperature limit.
Finally, we would like to remark that Refs. [60, 61] made a
step forward to extend phase space-based formulation of en-
tropy production rate and flux to the case of non-Gaussian
systems and dynamics, using the well-known Wehrl entropy
defined in terms of the Shannon entropy of the Husimi func-
tion. All the considerations reported here can be generalised
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(b)

(c)

(a)

FIG. 1. Basic concept of the experiment and setup. Panel (a):
scheme of the oscillator dynamics. A micro-sphere trapped
in a magneto-gravitational potential (black curve) is subject
to Brownian motion with an e↵ective temperature Te↵ . In
absence of the CSL collapse force fCSL, the thermal Brown-
ian force fth leads to an e↵ective Te↵ which is equal to the
environment temperature Tenv. When fCSL is added, the ef-
fective temperature will rise by TCSL. The smaller the oscilla-
tor damping rate �/2⇡ the higher the e↵ective temperature.
Panel (b): experiment setup. A diamagnetic micro-sphere is
levitated in a magneto-gravitational trap generated by a set
of permanent magnets (Red and blue indicating the N and
S poles, see Appendix B for details). A laser is focused on
the micro-sphere and an objective is used to collect the scat-
tered light. An electrode is placed near the micro-sphere and
an electric field is applied to determine the charge state of
the micro-sphere. The whole setup is placed in a vacuum
chamber, whose temperature is controlled (see Appendix B
for details). Panel (c): optical image of the micro-sphere.
The micro-sphere used in our experiment with a radius of
1µm (scale bar being 5µm).

Di↵erent methods for such noise signal sensing have been
developed for similar purposes [68–71].

III. EXPERIMENT DESCRIPTION AND
RESULTS

The levitation of diamagnetic systems using magneto-
gravitational forces has been already performed with ei-
ther superconductor [72] or permanent magnets [73]. The
magneto-gravitational trap used in our experiment was
generated by a set of micro-machined NdFeB magnets
with octagonal bilayer geometry as shown in Fig. 1 (b).
In Appendix B, we report details about the trap design.
The oscillator is a micro-sphere of polyethylene glycol,
whose magnetic susceptibility is �9.1⇥10�6 and its den-
sity is 1.1 ⇥ 103 kg/m3. The micro-sphere is generated
using a home-built nebulizer. A 633 nm laser is focused
on the droplet with a power less than 50µW, and the
scattered light from the micro-sphere is collected with an
objective. The position of the micro-sphere is tracked
with a CCD camera, and its motion is recorded in time

domain with a photon detector. To isolate the trap from
external vibrations, the trap is mounted on a heavy cop-
per frame, which is suspended in a vacuum chamber by
means of springs. Because the environmental tempera-
ture fluctuations contribute to the measurement uncer-
tainty of the e↵ective temperature of the oscillator, a
double layer vacuum chamber and a PID temperature
controller are used to maintain the environmental tem-
perature stable. In this way, we achieved fluctuations
smaller than 100mK with an environmental temperature
set to 298K over the whole duration of the experiment
(⇠ 105 � 106 s).

We observed that for electrically charged particles, the
dissipation in the experiment is higher than with no
charge. This can lead to strong instability of the par-
ticles’ motion, which makes them eventually escape from
the trap. To avoid this, the charge on the micro-sphere
is eliminated by using ultra-violet light. Subsequently,
the charge state is checked via a micro-electrode made of
a gold wire of 40µm in diameter placed near the trap-
ping centre. By applying a voltage ⇠ 50V, micro-spheres
with radius less than 2µm can be easily pulled out of the
trap if the net charge is nonzero (see Appendix C for
further details). Even after having removed the charges,
at room temperature micro-spheres with radius smaller
than 500 nm are found to escape the trap due to the ther-
mal fluctuation and the limited depth of the trap (see
Appendix B for details). The remaining particles were
left in the trap in high vacuum for several days. If the
particle did not evaporate during this time, it eventually
reached the equilibrium thermal distribution, which was
observed to be stable within the measurement error.

For micro-spheres of radius close to 1µm, direct op-
tical image failed to provide a reliable estimation of the
size of the system, and we determined it through the fol-
lowing two methods. In the first method, we made use of
the relation between the micro-sphere oscillation damp-
ing rate due to the background gas collisions and the pres-
sure, which reads � = (16/⇡)(P/⌫R⇢) (holding for high
pressures)[74], with P and ⌫ the pressure and the mean
speed of the background gas respectively. In this part of
the experiment, the pressure was set to P ⇠ 10�3 mbar,
so that the damping was fully dominated by the back-
ground gas; ⌫ can be inferred from the environmental
temperature, and by measuring � one obtains an esti-
mate for R.

The second method simply relied on the equiparti-
tion theorem. We measured the oscillators displace-
ment distribution, which follows a Gaussian distribu-
tion P (x) / exp

�
�x

2
/2�2

�
, thus determining its stan-

dard deviation �. The latter is related to the size of
the particle through the energy equipartition theorem:
4⇡�2

µR
3
!
2

0
= 3kBTenv, with !0 the resonant frequency

of the oscillator. The results from the two methods
are compatible. The micro-sphere used in the exper-
iments, whose results are described below, has radius
R = 1.0µm, corresponding to 4.7 pg and with corre-
sponding potential energy which is thousands of times
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the amplitude of the oscillation. This method is insen-
sitive to the nonlinearity of the trap (see Appendix D
for details). The measured autocorrelation curve is then
fitted to the exponentially decaying function exp(�t/⌧),
from which we obtain the damping rate � = 1/⌧ . Fig. 3
(a) shows the measured energy autocorrelation for di↵er-
ent values of the pressure. In particular, at the highest
vacuum PHV ⇡ 4⇥ 10�7mbar, the measured decay time
⌧ ⇡ 4700 s corresponds to a damping rate �/2⇡ ⇡ 34µHz.
We also find that the damping rate decreases linearly as
the pressure decreases, which shows that the background
gas remains the dominant dissipative channel in the ex-
periment, as shown in Fig. 3 (b). Combining the mea-
sured e↵ective damping rate �/2⇡ and temperature Te↵ ,
we estimate a force sensitivity of the oscillator in high
vacuum as

p
Stotal = 9.6 ⇥ 10�20 N/

p
Hz. This value is

comparable to that obtained from optical trapping [77].

By comparing the power spectral densities at medium
and high vacuum we find the upper bound on the col-
lapse rate �; the main results are summarized in Table I.
For medium vacuum, the background gas is coupled to
the system, thus maintaining the temperature of the sys-
tem at equilibrium with the environmental one. On the
contrary, in high vacuum condition, the gas decouples,
and thus any potential CSL contribution is not dissi-
pated, thus imposing an e↵ective temperature which is
higher than Tenv. To bound the CSL e↵ect we proceed
as follows. The power spectral density of non-thermal
forces is estimated via �Stotal = 2m�kB�T, where � is
measured at high vacuum, �T = Te↵ � Tenv, with Te↵

being calculated from the standard deviation of the po-
sition distribution � at high vacuum and with Tenv mea-
sured at medium vacuum. We obtain the upper boundp
�Stotal < 3.3⇥10�20N/

p
Hz at the 95% confidence level

(see Appendix E for details about measurements of Te↵

and error estimation). Accordingly, the bound on � is
calculated through Eq. (3).

Fig. 4(a) compares the excluded values of � at di↵erent
frequencies for rC = 10�7 m. In particular, our experi-
ment improves by more than two orders of magnitudes
the bound posed by Advanced LIGO [42, 45] at the same
frequency.

The upper bound provided by this experiment also par-
tially excludes the range of values of collapse rate sug-
gested by Adler for rC = 10�7 m [20], and almost en-
tirely excludes it for rC = 10�6 m. We also estimated
the performances of this experiment by using parame-
ters that are more favourable for CSL testing and which
are potentially achievable with our experiment by work-
ing at cryogenic condition and for 10�8 mbar pressure:
R = 0.3µm, �/2⇡ = 10�6 Hz and �T = 10mK. A nega-
tive result would imply �  10�11.9 s�1 for rC = 10�7 m,
which would fully rule out Adler’s suggestion. The com-
parison of our experimental upper bound and the hypo-
thetical upper bound with the strongest bounds reported
in the literature are shown in Fig. 4(b), together with the
theoretical values for the collapse parameters.
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FIG. 4. Exclusion plot of the CSL parameters. Panel (a):
upper bounds on the CSL collapse rate � from mechanical-
based experiments, for rC = 10�7 m. Red line: upper bound
given by our experiment at the 95% confidence level. Blue
and green regions, and purple lines: exclusion regions ob-
tained from LISA Pathfinder [43–47], Advanced LIGO [42, 45]
and millikelvin cantilever experiments [48, 49], respectively.
The yellow region is the range proposed by Adler for � [20].
The claret region is the value proposed by Ghirardi, Rim-
ini and Weber (GRW) [8] and it works as a lower theoretical
bound. Panel (b): upper bounds in the �� rC plane given by
our experiment, compared with the best experimental upper
bounds reported so far as well as proposed theoretical lower
bounds. The purple solid line and corresponding shaded re-
gion: upper bound and exclusion region given by our exper-
iment. Purple dotted line: upper bound estimated with pa-
rameters R = 0.3µm, �/2⇡=10�6 Hz and �T = 10mK. At
rC = 10�7 m, values of the collapse rate � obtained by this
experiment and its future possible improvement are marked
by a purple solid dot (� = 10�6.4 s�1) and a purple hollow dot
(� = 10�11.9s�1) respectively. The blue, green, claret, red,
pink and orange dash lines represent the upper bounds given
by LIGO, cantilever, LISA, cold atoms [31], bulk heating [33]
and X-ray emission [39, 40], respectively. Dark bars: the the-
oretical values suggested by Adler. Black dot and grey region:
the GRW value and the theoretical lower bound [26, 27].

• A new upper bound significantly improving previous 
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FIG. 2: The proposed set-up for the optomechanical falsifi-
cation of quantum/classical gravity. A system S1 is prepared
in a superposition of two localised states at ±dx along the x
axis. An optomechanical cavity acts as transducer and probe
of (potentially quantum) gravity e↵ects S2: the e↵ect of the
gravitational coupling between S1 and the mechanical oscil-
lator of an optomechanical cavity induces an e↵ect on the
variance of the position fluctuations of the oscillator. The
mean position of the latter along the x axis is x̄2. The cavity
is pumped by an external field (frequency !0 and coupling
rate E).

corresponding quantum Langevin equations for the posi-
tion r̂i and momentum p̂i operator of S2 read [28]

dr̂i(t)

dt
=

p̂i(t)

m2
,

dp̂i(t)

dt
= �m2!

2
i (r̂i(t)� ri,osc)� �ip̂i(t) + ⇠̂i(t)

+ ~�iâ
†
i (t)âi(t) +

i

~ [V̂⌫ , p̂i(t)],

(6)

where i = x, y (we do not consider the motion along z)
and ⌫ = ↵,�, cl. Here, !i is the harmonic frequency of
the mechanical oscillator, �i is the damping rate for the
vibrations, which are characterized by the noise operator
⇠̂i, having the correlation functions defined as h⇠̂i(t)i = 0
and

h⇠̂i(t)⇠̂j(s)i = ~m�i�ij

Z
d!

2⇡
e
�i!(t�s)

![1 + coth( ~!
2kBT )].

(7)
The position of S2 is measured by means of the cavity
field, whose creation and annihilation operator are â†i and
âi. The dynamical equation of the latter is given by

dâi(t)

dt
= �i [�0,i � �ir̂i(t)] âi(t)�iâi(t)+

p
2iâi,in(t),

(8)
where we defined �0,i = !c,i � !0,i, with !0,i denoting
the frequency of the external laser, !c,i the frequency
of the cavity mode derived by the laser, �i = !c,i/Li

the optomechanical coupling constant between the cav-
ity and the mechanical oscillator with Li the size of the
cavity, and Ei =

p
2iPi/~!0,i. Here, Pi is the laser

power and i is the cavity photon decay rate. More-

Quantum scenario

C(�)
n,i i = x i = y

n = 0 G�(s�dx � x̄2) G�dy
n = 1

G�

h2
�

⇥
3(x̄2 � s�dx)

2 � h2
�

⇤ G�

h2
�
(3d2y � h2

�)

n = 2 � 3G�

h2
�
(s�dx � x̄2)dy � 3G�

h2
�
(s�dx � x̄2)dy

TABLE I: Explicit form of the coe�cients C(�)
n,i entering in

Eq. (9) for the quantum scenario, with G� = Gm1m2/h
3
� and

h� =
p

(x̄2 � s�dx)2 + d2y. For the classical scenario we have

C(cl)
i,x = 1

2 (C
(↵)
i,x + C(�)

i,x ).

over, we defined âi,in as the annihilation operator of ex-
ternal laser field, whose only non-zero correlation reads
hâi,in(t)â†j,in(s)i = �ij�(t � s). The last term in Eq. (6)
describes the gravitational interaction with S1, whose ac-
tion is described below.
To be quantitative, we define the mean positions of the

two systems in interaction. We consider S1 as holding a
steady position that can be approximated to its average
value on ↵ or � respectively: hr̂1(t)i� ⇡ (s�dx, 0, 0), with
s↵ = 1, s� = �1. Conversely, we consider the position of
S2 as an operator, center in (x̄2, dy, 0) [cf. Fig. 1]. Thus,

we have r̂2(t) = (r̂x(t), r̂y(t), 0) = (x̄2+�̂x(t), dy+�̂y(t), 0)
and p̂2(t) = (p̂x(t), p̂y(t), 0) is its momentum operator.
Assuming that the quantum fluctuations �r̂2(t) =

(�̂x(t), �̂y(t), 0) around the initial mean values for S2 are
small, we can expand the commutator in the last term
of Eq. (6) up to the first order in the fluctuations. Thus,
we have

i

~ [V̂⌫ , p̂i(t)] = C
(⌫)
0,i + C

(⌫)
1,i �̂i(t) + C

(⌫)
2,i �̂j(t), with j 6= i.

(9)

In the quantum scenario, the coe�cients C(⌫)
n,i entering in

Eq. (9) are defined in Table I, while those in the classical

scenario are given by C
(cl)
n,i = 1

2 (C
(↵)
n,i +C

(�)
n,i ). In the limit

of dx � x̄2, they become

C1,x =
Gm1m2

d5
(2d2x � d

2
y), (10a)

C1,y =
Gm1m2

d5
(2d2y � d

2
x), (10b)

C
(�)
2 = �3Gm1m2

d5
dxdys� , and C

(cl)
2 = 0, (10c)

where d
2 = (d2x + d

2
y). Here only C

(⌫)
2 depends on the

specific scenario (quantum or semi-classical) we are con-
sidering. Following conventional approach, one finds:

r̄
(⌫)
i =

~�i|āi|2 + C
⌫
0,i

m2!
2
i

+ ri,osc, and p̄
(⌫)
i = 0. (11)

We can remove the radiation pressure contribution by
setting the center of the harmonic trap to ri,osc =
�~�i|āi|2/m2!

2
i . Moreover, we assume that dx � x̄2,

• Use optomechanics as a transducer and a probe of 
potential differences

• Classical incoherent admixture of potentials or 
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(a) (b)

+

FIG. 1: Schematic representation of the two-body setup. S1
is prepared in a spatial superposition along the x direction
(red balls). S2 is initially prepared in a localized wavepacket
(blue ball), and it probes the gravitational field generated
by S1. (a) The gravitational field acting on S2 is a linear
combination of gravitational fields produced by S1 being in a
superposed state. (b) The semi-classical treatment of gravity,
where the gravitational field acting on S2 is that produced by
a total mass m1 with density 1

2

�
|↵(r)|2 + |�(r)|2

�
.

I. FRAMEWORK

We consider a setup formed of two systems interact-
ing gravitationally. All non-gravitational interactions are
considered, for all practical purposes, negligible. The first
system (S1) has a mass m1, and it is initially prepared in
a spatial superposition along the x direction. Its wave-
function is  (r1) =

1p
2
(↵(r1) + �(r1)), where ↵(r1) and

�(r1) are su�ciently well localized states in position, far
from each other in order to prevent any overlap. Thus, we
can consider them as distinguishable (in a macroscopic
sense), and we approximate h↵|�i ' 0. The second sys-
tem (S2) will serve as a probe of the gravitational field
generated by S1, it has mass m2 and state �(r2). The
state �(r2) is initially assumed to be localized in posi-
tion and centered along the y direction [cf. Fig. 1]. The
question we address is: which is the gravitational field,
generated by the quantum superposition of S1, that S2
experiences? We probe the following two di↵erent sce-
narios.

Quantum gravity scenario.– Although we do not have a
quantum theory of gravity so far, one can safely claim
that it would manifest in S1 generating a superposition
of gravitational fields. The linearity, which is the char-
acteristic trait of quantum theory, is preserved, as one
would expect in any quantum theory of gravity. The re-
action of S2 is then to go in a superposition of being at-
tracted towards the region where |↵i sits and where |�i
does. The final two-body state will have the following
entangled form

 final
QG (r1, r2) =

↵(r1)�↵(r2) + �(r1)��(r2)p
2

, (1)

where �↵(r2) (��(r2)) represents the state of S2 attracted
towards the region where |↵i (|�i) rests. The latter su-
perposition of motions for S2 is produced by the following

potential

V̂�(r̂2) = �Gm1m2

Z
dr1

|�(r1)|2

|r1 � r̂2|
, (� = ↵,�). (2)

Moreover, we assume that the quantum fluctuations
around the mean values for S1 are small, so that the
gravitational interaction can be approximated by

V̂�(r̂2) ⇡ � Gm1m2

| hr̂1(t)i� � r̂2(t)|
, (� = ↵,�), (3)

where hr̂1i� = h�|r̂1|�i with � = ↵,�.
Semiclassical gravity scenario.– The second scenario sees
gravity as fundamentally classical. In this case, it is not
clear which characteristics one should expect from the
gravitational field generated by a superposition. How-
ever, in analogy with classical mechanics, one can as-
sume that is the mass density of the system in super-
position that produces the gravitational field. This is
also what is predicted by the Schrödinger-Newton equa-
tion [5, 23–27]. In such a case, what matters is the
full wavefunction of S1 and not its single parts. Conse-
quently, the generated gravitational field is not in a quan-
tum superposition, but it manifests as that produced
by a classical object with total mass m1 with density
| (r1)|2 ' 1

2

�
|↵(r1)|2 + |�(r1)|2

�
. Clearly, S2 reacts as

driven by a classical gravitational field. The final two-
body state will be of the form

 final
CG (r1, r2) =

↵(r1) + �(r1)p
2

�(r2), (4)

where the di↵erence with Eq. (1) is clear. The gravita-
tional potential becomes

V̂cl(r̂2) ⇡ 1
2

X

�=↵,�

V̂�(r̂2), (5)

where V̂�(r̂2) can be eventually approximated as in
Eq. (3).
In the next Section, we investigate the di↵erence be-

tween the two scenarios by exploiting the sophisticated
and powerful machinery provided by optomechanics.

II. THEORETICAL MODEL

To describe the dynamics that follow the first or second
scenario, we take advantage of the quantum Langevin
equations, which is the typical description for optome-
chanical systems. Moreover, we assume that the mass of
S1 is su�ciently large to consider an adiabatic approach:
S1 is stable and S2 evolves in the gravitational potential
produced by S1. Clearly, such a situation can be assumed
only as long as the S1 superposition lives. We assume S2
as trapped harmonically in rosc = (rx,osc, ry,osc, 0) along
the x and y directons by means of the cavity fields. The
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FIG. 3: Comparison between the DNS for the classical (in
green) and the quantum (in red) scenario. We have taken
m1 = 5 ⇥ 10�14 kg, m2 = 9.5 ⇥ 10�19 kg, dx = 10�9 m, dy =
2.9 ⇥ 10�4 m, !x = 2⇡ ⇥ 104 Hz, !y = 2⇡ ⇥ 9.5 ⇥ 103 Hz,
�x = 2⇡ ⇥ 100Hz, �y = 2⇡ ⇥ 3 ⇥ 10�3 Hz, T = 4 ⇥ 10�3 K,
Ey = 2 ⇥ 104 Ex = 8 ⇥ 1014 Hz, x = 103y = 9 ⇥ 108 Hz,
!c,y = 105 !c,x = 2⇡ ⇥ 3.7⇥ 1015 Hz.

where
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x,eff(!)�!

2)(!2
y,eff(!)�!

2)��x,eff(!)�y,eff(!)!
2
.

(17c)
with !eff and �eff denoting the e↵ective frequency and
damping respectively. Eq. (16) shows that in the quan-
tum scenario the gravitational interaction leads to an ex-
tra contribution in the DNS (last term in squared brack-
ets), which is directly connected to the motion along y.
Such a term appears as an extra peak centred in the e↵ec-
tive oscillation frequency of the y motion. The amplitude
of the peak is related to the coupling between S2 and the
cavity field along y. Clearly, the larger the coupling the
bigger is the amplitude of the peak. An example of the
presence of this second peak is shown in Fig. 3.

2) Indirect measurement of non-classical correlation
between cavity fields. A viable strategy for the inference
of the potentially non-classical nature of gravitational in-
teraction goes through the assessment of possible non-
classical correlations induced by the latter, according to
the following rationale: The potential non-classical na-
ture of gravity would induce a coupling between the x and
y degrees of freedom, which might induce non-classical
correlations in their joint state. Such a coupling disap-

pears for classical gravity as C(cl)
2 = 0. The induced all-

mechanical correlations could in turn translate into anal-
ogous all-optical ones in light of the optomechanical cou-
pling. In an experiment where all other plausible sources
of correlations are carefully characterised, the possibil-
ity to detect all-optical quantum correlations would pave
the way to the inference of the non-classical nature of

gravity. It is important to stress that such correlations
do not need to be as strong as entanglement: any non-

zero value of C(�)
2 results in non-diagonal elements in the

covariance matrix of the overall optomechanical system.
The entries of such matrix are �ij = h{�Ôi, �Ôj}i, where
the expectation value is taken over the state of the sys-
tem. Within the validity of the first-order expansion in
the fluctuations invoked before, the presence of such non-
diagonal elements entails non-classical correlations of the
discord form [30]. It is thus su�cient to ascertain the
non-nullity of the non-diagonal entries of the covariance
matrix of the all-optical system embodied by the cavity
fields only to infer, indirectly, the non classical nature of
their correlations, and thus the quantum nature of the
gravitational interaction.

In Fig. 4 (a) we report the total norm �tot =
P

j |�
f
jj |

of the non-diagonal part of the covariance matrix �
f of

the two cavity fields (i.e. we take only the fluctuation op-
erators �Ôi pertaining to the cavity fields) against C1,x

for parameters such that C1,x = C1,y. We observe a lin-
ear growth of the covariances with the strength of the
gravity-induced interaction. This gives rise to non-zero
values of the discord between such fields, a illustrated
in panel (b). Needless to say, the experimental ascer-
tainment of a non-zero value of all-optical discord would
pose significant experimental challenges, in light of its
weakness. Nevertheless, the link with the strength of the
non-diagonal entries of the corresponding covariance ma-
trix o↵ers a potentially viable route towards the goal of
this paper: the reconstruction of the entries of an all-
optical covariance matrix can indeed be accurately per-
formed via high-e�ciency homodyne measurements, as
routinely implemented in many laboratories.
3) Experimental feasibility. To reduce the decoherence

rates from gas collisions and blackbody photons to be
smaller than the expected gravity e↵ects, experiments
should be done a low temperature and ultra-high vac-
uum. The calculation of the expected non-classical cor-
relations quantified by discord have been done with typ-
ical parameters for optomechanical cantilever or mem-
brane systems [28]. The calculation for the direct obser-
vation of the DNS assumes parameters typical for levi-
tated mechanical systems [34–42]. The challenge for the
direct DNS test will be to realise the strongly asymmet-
ric double-cavity setup, where the two cavity frequencies
are di↵erent.
The biggest challenge for the presented experimental

geometry will be the handling of the e↵ect of short-range
interactions such as van der Waals [29] and Casimir-
Polder (CP) [43], which can overtone the gravity interac-
tion between the two masses - given their close proximity.

IV. CONCLUSIONS

We have illustrated the dynamics of an optomechan-
ical system probing the gravitational field of a massive

M. Carlesso, A. Bassi, M. Paternostro, and H. Ulbricht, New J. Phys. 2, 013057 (2020) 
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Figure 2. Panel (a) shows the scheme of principle for the engineering of the e↵ective
interaction Hamiltonian in equation (8): An optomechanical cavity embeds a three-
level atom whose energy scheme is shown in panel (b). The parameters entered in the
figure are introduced in the body of the manuscript. The energy di↵erence between
states |+1iA and |�1iA is !�+. We show the symbol used for an acousto-optic
modulator (AOM) that can be used to generate the radial field (driving one of the
atomic transitions) directly from the pump that drives the optomechanical cavity.

term. Finally, ĤCP is the cavity-pump interaction. We also take � � g,�, so that both158

the atomic excited state and the cavity field are only virtually populated and can be159

eliminated from the dynamics of the system. This leads to the e↵ective Hamiltonian160
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2�2. This derivation can be found in reference [18]. Through the162

two-photon Raman transition, the virtual quanta resulting from the atom-cavity field163

interaction are transferred (by the bus embodied by the cavity field) to the mechanical164

system. Therefore, the state of the latter experiences a displacement (in phase space)165

conditioned on the state of the e↵ective two-level atomic system resulting from the166

elimination of the excited state. Remarkably, this mechanism allows for the independent167

preparation of the atomic and mechanical subsystems: the mechanism in equation (8)168

can be turned o↵ by a suitably large two-photon Raman detuning �.169

3.2. Time evolution map170

Having introduced the e↵ective model that we aim at exploiting, we now describe171

the controlled map that will be used to mimic the dynamics of the spin-1/2 particle172

illustrated in section 2.1.173

We assume the initial state of the atomic two-level system to be an arbitrary174

superposition | 0iA = c� |�1iA+c+ |+1iA of the energy states |±1iA (|c�|2+|c+|2 = 1),175

while the analogous state of the mechanical system is the coherent state |↵iM (with176

↵ 2 C being the amplitude of the coherent state). Such states can be engineered with177

large purity using pulsed-driving schemes as in references [16, 28].178

First, the propagator Ût generated by equation (8) reads179

Ût = IM ⌦ |�1ih�1| A + D̂M(�i⌘t)⌦ |+1ih+1| A (9)180

with D̂M(�iµ) = exp[�iµ(b̂† + b̂)] the displacement operator of amplitude �iµ along181

the momentum axis in the single-oscillator phase space. As anticipated, this dynamics182
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these calculations. The maximum value K = 2.36 is reached for ⌧ = 0.37.

as illustrated in reference [32], one can map the temporal behaviour of the relevant331

operators of the mechanical oscillator onto that of the probing field. Noticeably, the332

scheme works under the assumption of large damping rate for the probing field mode.333

The measurement scheme would thus be robust against the cavity dissipation rate.334

Measurements of temporal correlations on the latter, and the calibration of the noise335

a↵ecting the cavity, would thus result in the possibility to infer the violation of the LG336

inequality.337

The last ingredient of the measurement scheme consists of the distinction between338

coherent states, which enables the logical encoding invoked in our work. Such distinction339

can be done using the probing optical field upon which we would write the state of the340

mechanical oscillator and interference of its coherent state to a reference one at a 50:50341

beam splitter, following the protocol illustrated in reference [24]. Schemes for the direct342

tomography of the mechanical state have also been put forward [33].343

4.4. Open system dynamics344

In order to account for the potentially detrimental e↵ects due to the unavoidable345

environmental action, we have conducted an investigation including mechanical346

dissipation. This has been done by assuming Markovian damping in a cold environment347

at a rate , resulting in the master equation348

d%̂

dt
= �i[Ĥeff , %̂] +



2
(2b̂%̂b̂† � b̂

†
b̂%̂� %̂b̂

†
b̂), (29)349

where %̂ is the state of the system. We solved equation (29) using the quantum350

unravelling approach [29]. This involves dividing the time interval into very small time351

steps of length �t. A random number between 0 and 1 is generated at the start of each352
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an explicitly interdisciplinary collaboration such as the one upon which TEQ is constructed.  

The Consortium will implement a substantial plan for interactions. As demonstrated in Table 3.1a, the Work Plan of 
TEQ is collaborative in nature and will be developed by putting together the complementary expertise of the partners. 

The early-stage researchers that will be appointed at UniTs and OEAW (who are among the leaders in the assessment 

of gravity-induced decoherence) will visit QUB (which offers considerable expertise in the theoretical assessment of 
light-driven mechanical motion and the study of the resulting quantum manifestations) for one month each. In turn, 

members of the QUB node will have frequent visits to UCL and UoS to inform their experiment along the lines of the 
proposed Work Plan. The proximity between UCL and UoS will enable a constant flow of information between the 

two nodes. All theoretical and experimental partners will work closely to realise and analyse/interpret the ultimate 
experiment at UoS. Overall, PhD students and postdocs at a given node will spend up to 3 month/year across the 

lifetime of TEQ visiting relevant partners, thus implementing a factual programme of knowledge-transfer and cross-

fertilisation. The annual Consortium meetings and the workshop to be organised at month 24 of TEQ’s lifetime (cf. 
Sec. 2.3a) will embody opportunities for interactions and planning of collaborative work. Moreover, many of the 

academic partners of TEQ are part of the recently approved COST Action CA15220 (chaired by Prof. Bassi, UniTs), 
whose Short Term Scientific Missions programme will offer additional leverage for interactions and collaborations. 

Section 2: Impact  
2.1 Impact on technology and/ or society 
TEQ holds the promises for realising substantial impact at both the scientific and societal level. Fig. 4 illustrates the 

ecosystem of innovation and impact that will be triggered by the realisation of TEQ, which extends all the way to 
comprise industrial developments, Research & Innovation, and society. The progress that the Consortium will achieve 

in the quantum-limited manipulation and control of levitated massive NCs will embody the building block for the 
design of sensors for frequency and displacements operating in genuinely ultra-low noise environments. This will be 

possible only through the technological contribution arising from both the academic and industrial partners in TEQ. 
Such synergy of complementary expertise will spur progress of industrial nature, which represents a long-term legacy 

that TEQ will leave. The project aims at exploring and understanding the pillars of quantum mechanics. The knowledge 

that it will generate will raise the interest of the general public and impact on the perception that society has of nature. 
Together with the substantial impact that will be achieved by the construction of quantum-limited sensing devices, 

which are core targets of enormous relevance in quantum technologies, this will embody the core transformational 
impact of our Work Plan.  

2.2 Impact on future leadership 
TEQ contributes significantly to the establishment of a new generation of potential leaders, in both science and 
industry, in a manifold manner. First, it empowers new actors in research: most of the PIs are mid-career researchers 

with excellent reputations in their respective areas and proven track records of leaderships. Second, it empowers female 

researchers by attributing leading roles to Dr. Curceanu, who will act as Consortium Deputy Coordinator and Co-
Leader of three of the work packages (WPs) of the project. The Consortium will strive at enhancing the balance 

between genders as a priority of his management strategy by welcoming applications to PhD and postdoctoral positions 
from female researchers. Finally, the Consortium includes a high-tech SME (MSL) with an excellent reputation and an 

already strong involvement in major quantum technology initiatives (such as the Birmingham-led Quantum Hub 
funded by the UK National Quantum Technology Programme).  

2.3 Measures for achieving impact  
a) Dissemination and exploitation of results  
Plan for the dissemination and exploitation of the project's results. TEQ is built on the synergy between 
theoretically engrossing questions and the development of exciting experimental platforms. Our plan for the 

maximization of the project’s impact comprises the following steps [cf. Fig. 5]. 

· Step1: Impact on the scientific community of specialists in 
quantum technologies. The goals of Step 1 will be achieved by 

developing the work programme of TEQ, pursuing new collaborations 

(outside the proposed Consortium), identifying new funding 
opportunities, and through core dissemination events. This approach will 

be complemented by the organization of a workshop on the topic of 
“Redefining the foundations of physics in the quantum technology era”, which will 

be held in Trieste in the second year of TEQ’s lifetime. We will invite 20 
leading figures in the communities relevant to TEQ to contribute to a 4-

day workshop open to participants outside the Consortium and will have 
two objectives: fostering new collaborations among the participants 

(mixing experimental and theoretical efforts), leading to new proposals 

for funding, increasing the visibility of the area at the core of TEQ, and 
identifying new directions and problems to tackle. Ideally, this will 

become the 1st of a series of workshops on the themes addressed by our 

Fig. 5: Plan for the maximization of the 
project impact. The steps that we will 
implement will address increasing 
audiences, up to the general public and 
other stakeholders (policymakers, 
national/ international funding bodies). 
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• 2 MarieCurie Fellowship (EU)

• 1 Fellowship from The Leverhulme Trust (UK)

• 1 Project funded by The Royal Society (UK)

• 1 Newton International Fellowship (UK)

Interaction with other 
EU/(inter-)national projects



Task 5.1 
Organization of the project meetings. Management of unforeseen events

• 31.05.2019 (Frascati): Scientific meeting
• 24.07.2019 (London): Scientific meeting
• 19.09.2019 (Trieste): Scientific + SC Meeting
• 10.12.2019 (Southampton): Scientific meeting
• 13.03.2020 (remote): Scientific meeting
• 19.03.2020 (remote): Beginning of monitoring of the impact 

of COVID-19 on TEQ
• 23.06.2020 (remote): Scientific meeting
• 17.07.2029 (remote): SC Meeting



Task 5.1 
Organization of the project meetings. Management of unforeseen events

The COVID-19 outbreak has affected TEQ since March 2020 with the closure of labs.

The Steering Committee has promptly reacted with the developement of a CONTINGENCY PLAN.



Assessment (so far)

1. The pandemic is affecting TEQ, both the theory work and even more the experimental one

2. After 6 months from the beginning of the lockdown, only a partial return to a “normal life”

3. We are working hard to stick to the work plan

4. Mitigation measures have been taken: Reporting Period 2 was secured. Period 3 will not - still too 
early to fully assess the impact.

Actions:

1. Reorganize tasks - no formal action towards the Commission

2. Rescheduling of deliverables - formal action towards the Commission with justification

3. Extension of the Project - formal action towards Commission (still to be assessed)





Task 5.2 
Setting up and maintenance of the website

Task 5.3 
Monitoring of Work Plan. Preparation of financial & scientific reports.

Task 5.4 
Preparation, implementation and update of the Data Management Plan



WP6: DISSEMINATION

C. Curceanu – INFN
15° September 2020

Testing the large-scale

limit of

quantum mechanics
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Objectives

O6.1 Implementation of targeted 
dissemination and communication 
activities.

Tasks

T6.1 Coordinate and promote dissemination 
of TEQ and its findings.
T6.2 Manage internal communication.
T6.3 Coordinate and promote external 
communication to targeted audiences.

Deliverables

D6.1 Press releases [M 3].
D6.2 Popular press articles [M 12].
D6.3 Videos [M 20].
D6.4 Workshop [M 24].
D6.5 Dissemination and 
exploitation Plan [M 12].

Summary of WP6

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

18 2 4 2 2 2 2 2 2



DISSEMINATION     towards:

INTERNAL
TEQ community

EXTERNAL
Quantum community
Broader scientific community
Industry
Schools, general public...
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DISSEMINATION     Overview

INTERNAL

 Consortium meeting and SC meetings.

 TEQ Website .

 TEQ Newsletters (4/year).
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Consortium meeting and SC meetings

INTERNAL 
DISSEMINATION

• 31.05.2019 (Frascati): Scientific meeting
• 24.07.2019 (London): Scientific meeting
• 19.09.2019 (Trieste): Scientific + SC Meeting
• 10.12.2019 (Southampton): Scientific meeting
• 13.03.2020 (remote): Scientific meeting
• 19.03.2020 (remote): Beginning of monitoring of the impact of 

COVID-19 on TEQ
• 23.06.2020 (remote): Scientific meeting
• 17.07.2029 (remote): SC Meeting
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TEQ's low-noise electronics meeting
Frascati, May, 2019
Agenda:

9:30 - 10:15 Update on Aarhus
electronics status

10:15 - 11:00 Update on UCL trap
11:00 - 11:30 Update on 
electronics 
development at Frascati
11:30 - 12:00 Coffee Break
12:00 - 13:30 Update on 
electronics 
development and  start discussions
13:30 - 14:30 Lunch
14:30 - 16:00 Discussion about 
next steps, concrete plans to 
realise different versions (with 
decreasing noise) for DC and AC 
electronics.
16:00 - 16:30 Coffee break
16:30 - 17:00 Conclusions







D6.4 Workshop [M 24]



The workshop was attended by a total of 44 participants. The speakers 
were a total of 22, being 8 junior members of the TEQ Consortium and 
14 external experts



INTERNAL 
DISSEMINATION

 TEQ Website: tequantum.eu 1800 clicks/day; about 90 single visitors/day
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D6.3 Video [M 20]



https://youtu.be/-LfxknnVU5Q



 TEQ Newsletters – 6 since last reporting

March, June, September, December 2019

March, June 2020

INTERNAL 
DISSEMINATION
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EXTERNAL

DISSEMINATION     
Overview

• Publications on specialized journals.
• Participation in quantum-related meetings and conferences 
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• Publications in broad-readership journals 
• Participation in broader scientific meetings and conferences
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• Technical reports about TEQ and its findings. 
• Invitations to visit project groups and labs, and to group 

meetings. 
• Presentations and talks to R&D departments in industries. 
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D

U
STR

Y

• Publication of popular science articles. 
• Participation to the yearly Science Café in Trieste, Italy.
• Popular-science dissemination colloquia in museums and 

schools.
• Publication on New Scientist and Journals with a similar 

audience.
• Articles and interviews in Newspaper.
• Participation to Science-dedicated TV and Radio programs. 
• Facebook, Twitter and Youtube accounts.
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EXTERNAL DISSEMINATION (Jan. 2019 – June 2020)
• (Scientific) Publications: 47, representing  5.9 papers/partner

• 1 Chapter in a book

• Preprints: 51, representing  6.38 preprints/partner

• Talks: 161, representing 14.9 talks/partner

• Press releases: 1 

• Articles in general press: 11 

• Facebook, Twitter and LinkedIn TEQ accounts 

• Radio and TV events

• Event: 2 Quantum Café 500 participants



47 Scientific Articles - highlights: 

- Physical Review Letters (2)
- Nature Communications (2)
- Physical Review A (10),
- New Journal of Physics (4)
- Physical Review E (2)
- npj Quantum Information (1)
- Applied Physics Letters (3)
- Quantum (1)

• More than 300 citations

• More than 100 Tweeters

• More than 10000 downloads









161 talks >10000 people

42 cities 

18 countries 
(12 in EU)

58 lectures to 
students

80 talks to 
academics

23 presentations
to general public

EXTERNAL DISSEMINATION







C. Curceanu at 
QCA Theatre

Brisbane

Australia

Public Lecture

9 Aug. 2019









Il Piccolo di Trieste (IT) 2019









FINANCIAL DATA
I. Spagnul - UniTS

Testing the large-scale

limit of

quantum mechanics



Estimated budget for the action
Partner A.Direct

personnel

costs

D.Other direct

costs

E.Indirect

costs

Total costs Reimboursement

rate

Requested

EU 

contribution

UniTs 417 008,00 80 000,00 124 252,00 621 260,00 100% 621 260,00

AU 275 000,00 137 500,00 103 125,00 515 625,00 100% 515 625,00

INFN 200 000,00 107 500,00 76 875,00 384 375,00 100% 384 375,00

OEAW 265 000,00 32 900,00 74 745,00 372 375,00 100% 372 375,00

QUB 309 259,00 44 500,00 88 439,75 442 198,75 100% 442 198,75

TUDelft 251 572,00 63 500,00 78 768,00 393 840,00 100% 393 840,00

UCL 222 703,00 192 494,00 103 799,25 518 996,25 100% 518 996,25

Southampton 239 997,00 342 396,00 145 598,25 727 991,25 100% 727 991,25

M2 175 000,00 140 850,00 78 962,50 394 812,50 100% 394 812,50

Total 2 355 539,00 1 141 640 874 294,75 4 371 473,75 4 371 473,75



Summary of estimated project effort in Person-Months



Summary of financial situation 
Partner A.Direct

personnel costs

ESTIMATED

(48 M)

A.Direct

personnel

costs

REPORTED

(30 M)

D.Other direct

costs

ESTIMATED

(48 M)

D.Other direct

costs

REPORTED

(30 M)

Total costs

(incl. Indirect

costs)

ESTIMATED

(48 M)

Total costs

(incl. Indirect

costs)

REPORTED

(30 M)

% Total costs

reported

(Jan 2018-Jun 

2020)

UniTs 417 008,00 247 670,28 80 000,00 41 470,98 621 260,00 360 301,57 57,99%

AU 275 000,00 113 521,68 137 500,00 60 776,33 515 625,00 217 872,51 42,25%

INFN 200 000,00 153 703,95 107 500,00 18 618,08 384 375,00 215 402,54 56,03%

OEAW 265 000,00 218 934,64 32 900,00 960,00 372 375,00 274 868,31 73,81%

QUB 309 259,00 170 592,68 44 500,00 17 328,73 442 198,75 234 901,77 53,12%

TUDelft 251 572,00 158 669,80 63 500,00 23 716,17 393 840,00 227 982,46 57,88%

UCL 222 703,00 106 557,38 192 494,00 153 336,43 518 996,25 324 867,29 62,59%

Southampton 239 997,00 136 199,91 342 396,00 195 052,78 727 991,25 414 065,87 56,87%

M2 175 000,00 188 081,23 140 850,00 137 934,52 394 812,50 407 519,73 103,21%

Total 2 355 539,00 1 493 931,55 1 141 640,00 649 194,02 4 371 473,75 2 677 781,81 61,25%



Summary of project effort in Person-Months

Partner PMs estimated

(48 M)

PMs reported

(30 M)

Incl. adjs

% PMs on total

UniTs 115 103.55 90,04 %

AU 57 31.92 56,00 %

INFN 61 30.79 50,47 %

OEAW 73 50.65 69,38 %

QUB 79.20 54.51 68,82 %

TUDelft 57 31.64 55,50 %

UCL 56.60 30.87 54,54 %

Southampton 57 36.54 64,10 %

M2 48 34.70 72,29 %

Total 603.80 415.73 68,85 %



Thank you!
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