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The quantum superposition principle 

It is the building block of Quantum Mechanics (and of QFT, QG, Strings, Loops …):

• Schrödinger’s cat states

• Entanglement

• Plane waves

and in  general everything that is related to interference.

A wave description of quantum phenomena was the very reason why Quantum 

Mechanics was formulated in the first place. 

Quantization = waves = superposition principle



Why testing the quantum superposition principle? 

• Like any theory, it is important to tests its limits of validity (like the EP with GR)
• Measurement problem in Quantum Mechanics
• Difficulties in combining Quantum Mechanics and General Relativity (Penrose)
• Possible limits to the scalability of Quantum Technologies

Atoms Molecules Macro objectsElementary particles

Verified Not Verified

Birth of QM



The measurement problem

Microscopic superpositions 
Experimentally verified

Macroscopic 
superpositions

Cats are made 
of atoms + 
linearity of 
the theory

I’m not as sure as I once was 
about the future of quantum 
mechanics.
Steven Weinberg

I believe that one must strongly 
consider the possibility that quantum 
mechanics is simply wrong when 
applied to macroscopic bodies
Roger Penrose

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



Alternative models 

• Models of spontaneous wave function collapse 

• Gravity induced collapse

• Gravity as a classical channel

• Gravitational decoherence

• Semiclassical gravity (Schrödinger-Newton Equation)

A. Bassi and G.C. Ghirardi, Phys. Rept. 379, 257 (2003), A. Bassi, K. Lochan, S. Satin, T.P. Singh and H. Ulbricht, Rev. Mod. Phys. 85, 471 (2013)

L. Diosi, Phys. Rev. A 40, 1165 (1989). R. Penrose, Gen. Rel. Grav. 28, 581 (1996)

D. Kafri, J. M. Taylor, and G. J. Milburn, New J. Phys. 16, 065020 (2014). A. Tilloy and L. Diosi, Phys. Rev. D 96, 104045 (2017)

I. Pikovski, M. Zych, F. Costa, C. Brukner, Nature Physics 11, 668â��672 (2015)

L. Diosi, Physics Letters A 105, 199 (1984).



New (quantum) physics
What described before can be used to describe new physics, not necessarily non-
quantum, if it induces decoherence

• Stochastic gravitational wave background

• Gravitons

• Mark matter and more…

• Analog gravity

L. Asprea et al., ArXiv 1912.12732 (to appear in PRL). L. Asprea et al., ArXiv 1905.01121 (to appear in PRD)

M. P. Blencowe, Phys. Rev. Lett. 111, 021302 (2013). C. Anastopoulos et al., Class. Quant. Grav. 30, 165007 (2013)

J. Bateman et al., Scientific Reports 5, 8058 (2015)

A.r. Brown et al., ArXiv 1911.06314. S. Plugge et al., Phys. Rev. Lett. 124, 221601 (2020). T. Schuster et al., ArXiv 2102.00010.  S. Nezami et al., ArXiv 2102.010064

+  Precision tests of physics
T. Westphal et al., Nature 592, 225 (2021)



Alternative models 
In general, their predictions are mathematically expressed by

State of the system
(density matrix)

Quantum Mechanics
(unitary evolution)

Additional effects
(collapse, decoherence, …)

Two fundamental predictions:
• Loss of coherence
• Diffusion



Loss of coherence & Diffusion

= center of mass
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Diffusion

Every time coherence (in 
position) is lost, diffusion (in 
position) is associated to it. 

Diffusion occurs also when the 
system is not in a quantum 
superposition.



How to test these models
Interferometric experiments Non interferometric experiments

co
lla

ps
eReach the best possible control of the position of the 

(center of mass of the) system, and monitor it
Create a large superposition, in terms of mass, distance and 
duration, a perform a “double slit” experiment 

Prediction of 
quantum mechanics

(no environmental noise)

Prediction of 
alternative models

(no environmental noise)

Prediction of 
quantum mechanics

(no environmental noise)

Prediction of 
alternative models

(no environmental noise)



Advantages and disadvantages

Interferometric experiments Non interferometric experiments

co
lla

ps
e

They are a direct test of alternative models and an 
indirect test of the quantum superposition 
principle. 

They are easier because no quantum 
superposition is needed to test the induced 
Brownian motion. 

These are a direct test of the quantum 
superposition principle and of alternative models.

They are difficult. The whole field of quantum 
optomechanics boomed also with the aim of 
creating macroscopic quantum states. 
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Atom Interferometry
T. Kovachy et al., Nature 528, 530 
(2015) 

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

          I
n the movie Dances with Wolves, a lone 
wolf facilitates Lieutenant John Dunbar’s 
immersion into the complex culture of 

the Sioux Indians. This immersion required 
overcoming multiple cultural barriers. Ecol-
ogists and evolutionary biologists face an 
equally daunting challenge of understanding 
how environmental change affects ecological 
and evolutionary dynamics ( 1). Historically, 
researchers examined these impacts in isola-
tion. However, these dynamics can occur on 
similar time scales, resulting in a dynamic 
evolutionary-ecological feedback loop ( 2). 
Studying these feedbacks directly for long-
lived species is often thought to be imprac-
tical. On page 1275 of this issue, Coulson et 

al. ( 3) overcome this barrier using data from 
radio-collared gray wolves and state-of-the-
art mathematical models.

The 280 radio-collared wolves studied by 
Coulson et al. are direct descendants of 41 
gray wolves reintroduced into Yellowstone 
National Park between 1995 and 1997 ( 4). 
This reintroduction was part of a larger effort 
involving a simultaneous reintroduction in 
Idaho and a naturally colonized population 
in Montana. It was extremely successful; by 
2010, the Northern Rocky Mountain wolf 
population had expanded to 1651 individuals 
( 5). Individuals within this expanding popula-
tion vary substantially in body size, coat color, 
and other observable (phenotypic) traits. Coat 
color is particularly enigmatic; gray wolves 
in North America often have black coats, 
whereas in Eurasia black coats are rare, but 
the reason for this difference remains unclear 
( 6). These traits were recorded for over a 
decade (from 1998 to 2009) for each collared 
wolf and their offspring.

To explore the potential ecological and 
evolutionary responses of the gray wolves 

to environmental change, Coulson et al. fuse 
integral projection models (IPMs) with clas-
sical population genetics. Unlike their matrix 
model counterparts ( 7), IPMs describe the 
dynamics of populations with traits that vary 
continuously, such as body size ( 8), as well 
as discrete traits, such as coat color ( 9). Tra-
ditional IPMs track how the number of indi-
viduals with a particular body size changes 
due to births, deaths, and individual growth. 
The rules underlying these changes are deter-
mined by statistical relationships between the 
body size of individuals and their vital rates 
such as fecundity, survivorship, and growth.

In gray wolves, a change at a single loca-
tion on the genome—the K locus—deter-
mines coat color ( 10). To link evolution-
ary and ecological dynamics, Coulson et al. 
extend the IPM to account for this genetic 
difference between individuals. As a result, 
the statistical relationships between individ-
ual body size and vital rates become geno-

Mathematical Dances with Wolves

ECOLOGY

Sebastian J. Schreiber

Data and modeling of Yellowstone wolf 

populations illustrate the complex interrelated 

ecological and evolutionary responses to 

environmental change.

photon, it could have come 
from either of the diamond 
crystals in which one pho-
non was excited. The indis-
tinguishability of these two 
possibilities during detec-
tion means that the two dia-
mond samples coherently 
shared one phonon, which 
is the hallmark of a quan-
tum-entangled state.

The entanglement 
be tween the two diamond 
samples was confi rmed in 
experiments in which a second laser pulse 
de-excited the shared phonon and re-emitted 
a photon that was subsequently detected. By 
this method, Lee et al. demonstrate that the 
two diamonds share entanglement at a 98% 
confidence level. These results provide a 
striking example that entanglement is not par-
ticular to microscopic particles but can mani-
fest itself in the macroscopic world, where it 
could be used in future studies that make fun-
damental tests of quantum mechanics.

The demonstration of entanglement in 
macroscopic systems also has important 
implications for the ongoing efforts to realize 
quantum computation and communication. A 
full-size quantum computer eventually will 

need to be a macroscopic device in which 
entanglement is preserved and used over long 
times and distances. The lifetime of entangle-
ment in the experiment by Lee et al. is still too 
short for many quantum information applica-
tions, in part because of the room-temperature 
environment and the strong coupling of pho-
non modes in solids. However, the experiment 
emphasizes an important point, that ultrafast 
optical technology can alleviate the require-
ment on quantum coherence time. In future, 
with improvement of the ultrafast technology, 
or by using more isolated degrees of freedom 
in solids—such as as the nuclear spins ( 8) or 
the dopant rare-earth ions ( 9)—for quantum 
memory, many more quantum operations 

could be done within the coherence time of 
the solids, even at room temperature. 
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Making quantum connections. The method 
used by Lee et al. to generate entanglement 
between two macroscopic diamonds is illus-
trated. (A) A pumping laser pulse generates a 
correlated pair of a phonon inside the diamond 
as well as a scattered photon. (B) The scattered photons from two diamonds are brought together for interference and detection. 
When one photon is detected, the two diamonds coherently share a phonon. Thus, the quantum state created has the hallmarks 
of quantum entanglement.
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Interferometric Experiments (CSL)
CSL is one of the reference collapse models in the literature

Molecular Interferometry
S. Eibenberger et al. PCCP 15, 14696 (2013)
M. Toros et al., PLA 381, 3921 (2017)

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

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

M = 1016 amu
d = 10-11 m → in reality, much smaller
T = 10-12 s

About 1 order of magnitude improvement 
with the most recent experiment
Y.Y. Fein et al., Nature Physics 15, 1242 (2019). 

P. Pearle, Phys. Rev. A 39, 2277 (1989). G.C. Ghirardi et el., Phys. Rev. A 42, 78 (1990)

Theoretically excluded region



The Decoherence function (CSL)
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Long times Large separationLarge mass - scales with geometry
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It does not help to have
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Phonons

Molecules Atoms It helps to have larger masses

It helps to have longer times
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r ⇠ 10�7 m for CSL



Non-interferometric platforms
Alternative models

Cold atoms
A gas will expand (heat 
up) faster than what 
predicted by QM

Underground Experiments 
(DM detection) 

Charged particles will emit 
radiation, whereas QM 

predicts no emission

Optomechanics
A cantilever’s motion 

cannot be cooled down 
below a given limit

Quantum Mechanics
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Non - Interferometric Experiments (CSL)

Cantilever
A. Vinante et al., Phys. Rev. Lett. 116, 090402 (2016)
A. Vinante et al., Phys. Rev. Lett. 119, 110401 (2017)
A. Vinante et al., Phys. Rev. Lett. 125, 100404 (2020)

X-ray emission
K. Pisicchia et al., Entropy 19, 319 (2017)
S.L. Adler et al., Jour. Phys. A 40, 13395 (2009)
S.L. Adler et al., Journ. Phys. A 46, 245304 (2013)
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S. Donadi & A. Bassi, Jounr. Phys. A 48, 035305 (2015)
C. Curceanu et al., J. Adv. Phys. 4, 263 (2015) 

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

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)

Auriga
Ligo

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

H2020 FET project
www.tequantum.eu

In progress

Theoretically excluded region
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Atoms

Molecules

OptoMech

Phonons

Undergr.

OptoMech

Atoms

Better detector characterization 

Lower vibrations – better cooling

Larger clouds – interacting atoms

Longer times (larger superposition) 

Larger molecules – longer times (in the long run, need for Space experiments)

Delocalized states – lower vibrations (in the long run, need for Space experiments)

Cleaner control of induced vibrations

Decisive tests of collapse models

Meaningful tests of quantum & gravity Arrow indicates when the first significant 
technological milestone is reached 


