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Stochastic noise Non-linear wavefunction dynamics

Negligible microscopic action
No effective collapse

Quantum systems
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Interferometric Experiments

Non-Interferometric Experiments

Destruction of quantum superposition

Extra jiggling due to collapse noise
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CSL parameter space
Adler’s proposed values

Adler, J. Phys. A 40, 2935 (2007)

GRW’s proposed values
Ghirardi et al., Phys. Rev. D 34, 470 (1986)

Theoretical lower bound
Toros et al., Phys. Lett. A 381, 3921 (2017) 
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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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compounds show low inter-molecular binding and relatively
high vapor pressures.16,17 They possess strong intra-molecular
bonds and therefore su!cient thermal stability. In addition we
start with a porphyrin core which is compatible with the
required optical and electronic properties.18

In the past, monodisperse fluorous porphyrins were generated
by substituting the four para-fluorine substituents of the tetrakis-
pentafluorophenylporphyrin (TPPF20) by dendritically branched
fluorous moieties.9 Using this approach, molecules composed of
430 atoms were successfully synthesized and applied in quantum
interference experiments.19

With increasing complexity it becomes more challenging to
purify monodisperse particles in su!cient amounts. Here we profit
from the fact that our interferometer arrangement allows us to work
with compound mixtures since each molecule interferes only with
itself. By substituting some of the twenty fluorine atoms of TPPF20
with a branched, terminally perfluorinated alkylthiol (1), we obtain a
mixture of compounds with molecular masses that di"er exactly by
an integer multiple of a particular value as a molecular library. The
molecular beam density is su!ciently low for the molecules not to
interact with each other and the individual library compounds can
be mass-specifically detected using a quadrupole mass spectrometer
(QMS Extrel, 16 000 amu).

Our synthetic approach is based on the fact that penta-
fluorophenyl moieties can be used to attach up to five poly-
fluoroalkyl substituents in nucleophilic aromatic substitution
reactions. Substitutions at TPPF20 with its 20 potentially reac-
tive fluorine substituents lead to a molecular library of deriva-
tives with a varying number of fluorous side chains.

Results and discussion

We used sodium hydride as a base, microwave radiation as a
heating source and diethylene glycol dimethyl ether (diglyme)
as fluorophilic solvent. TPPF20 and a large excess of thiol 1
(60 equivalents) and sodium hydride in diglyme were heated in
a sealed microwave vial to 220 1C for 5 minutes.† After aqueous
workup the resulting mixture was analyzed by MALDI-ToF mass

spectrometry (Fig. 1) and subsequently used in our quantum
interference experiments without further purification. We
found up to 15 substituted fluorous thiol chains reaching a
molecular weight well beyond 10 000 amu.

In order to study the delocalized quantum wave nature of
compounds in the fluorous library we utilize a Kapitza–Dirac–
Talbot–Lau interferometer (KDTLI), which has already proven
to be a viable tool with good mass scalability in earlier
studies.6,19 The interferometer is sketched in Fig. 2: a molecular
beam is created by thermal evaporation of the entire library in a
Knudsen cell. The mixture traverses three gratings G1, G2, and
G3, which all have the same period of d C 266 nm. The
molecules first pass the transmission grating G1, a SiNx mask
with a slit opening of s E 110 nm, where each molecule is
spatially confined to impose the required spatial coherence by
virtue of Heisenberg’s uncertainty principle.20 This is sufficient
for the emerging quantum wavelets to cover several nodes of
the optical phase grating G2, 10.5 cm further downstream. The
standing light wave G2 is produced by retro-reflection of a green
laser (lL = 532 nm) at a plane mirror.

When the molecular matter–wave traverses the standing
light wave, the dipole interaction between the electric field of
power P and the molecular optical polarizability aopt entails a

Fig. 1 Synthetic scheme and the MALDI-ToF mass spectrum of the fluorous
porphyrin library L. High-mass matter–wave experiments were performed with
component L12 of the library L. This structure is composed of 810 atoms and has
a nominal molecular weight of 10 123 amu.

† Synthetic protocol and analytical data of the porphyrin libraries L:
General remarks: all commercially available starting materials were of

reagent grade and used as received. Microwave reactions were carried out in
an Initiator 8 (400 W) obtained from Biotage. Glass coated magnetic stirring
bars were used during the reactions. The solvents for the extractions were of
technical grade and distilled prior to use. Matrix Assisted Laser Desorption
Ionization Time of Flight (MALDI-ToF) mass spectra were recorded on an
Applied Bio Systems Voyager-Det Pro mass spectrometer or a Bruker microflex
mass spectrometer. Significant signals are given in mass units per charge
(m/z) and the relative intensities are given in brackets. Porphyrin library L:
thiol 1 was synthesized in seven reaction steps in an overall yield of 70%
as reported elsewhere.9 5,10,15,20-Tetrakis(pentafluoro-phenyl)-porphyrin
(TPPF20, 4.0 mg, 4.10 mmol, 1.0 eq.), thiol 1 (193 mg, 246 mmol, 60 eq.)
and sodium hydride (60% dispersion in mineral oil, 14.8 mg, 369 mmol,
90 eq.) were added to diglyme (4 mL) in a microwave vial. The sealed tube
was heated under microwave irradiation to 220 1C for 5 minutes. After
cooling to room temperature the reaction mixture was quenched with water
and subsequently extracted with diethylether. The organic layer was washed
with brine and water, dried over sodium sulfate and evaporated to dryness.
The resulting product mixture (183 mg) was analyzed by MALDI-ToF mass
spectrometry. MS (MALDI-ToF, m/z): 12 403 (29%), 11 645 (52%), 10 884
(100%), 10 121 (78%), 9339 (15%), 8597 (7%).
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pushed forward [25–27]. They all aim at testing a side-
e↵ect of the collapse noise: the Brownian motion it in-
duces on the dynamics of any system. Two experimen-
tal scenarios of this kind are relevant: cantilevers [28],
where the Brownian motion shows up as a violation of
the equipartition theorem (an anomalous heating), and
X-ray detection [29], where the Brownian motion induces
spontaneous photon emission from matter. The relevant
bounds are again reported in Fig. 7.

A recent experiment [1] succeeded in cooling a cloud
of 87Rb atoms down to pK. This serves as a further test
of collapse models, as we will see. The authors of [1]
analyzed the spontaneous heating induced by a classical
stochastic force acting on the cloud [30], and set a bound
on the heating rate, due to the stochastic di↵usion, equal
to 20± 30 pK/s.

Aim of this article is to perform an exact calculation
of the predictions of the CSL model for the experiment
considered in [1], and compare these predictions with the
experimental data. We will set bounds on � and rC of
CSL (as well as on TCSL of dCSL and ⌦ of cCSL). In the
case of dCSL we will see that there exist values of TCSL

such that the noise cools the system, not heat it.
Instead of computing the change in the energy due to

the collapse noise as done in [1], we will compute the
change of the variance in position of the cloud, which is
the quantity measured in the experiment. The associated
bounds are reported in Figs. 6 and 7. As we will see,
these bounds are the strongest in a significant region of
the parameter space, as we will discuss in Section IV.

The paper is organized as follows. In section II we
describe the experimental setup of [1]. In section III we
compute the theoretical predictions according to the CSL
model. In sections IV and V we study, respectively, the
predictions of the non-white and of the dissipative exten-
sions of the CSL model. Finally, in section VI we compare
the theoretical predictions with the experimental results,
and we derive the upper bounds on the collapse param-
eters.

II. DESCRIPTION OF THE EXPERIMENT

A gas of 87Rb atoms is cooled down to very low tem-
peratures (T = 50+50

�30 pK) by using a “delta-kick” tech-
nique. All the relevant experimental data are summa-
rized in Fig. 1. The gas is initially (t=0) trapped by a
harmonic potential with standard deviation in position
equal to 56 µm. The cooling process comprises the fol-
lowing three steps:
Step 1: The harmonic trap is removed and the gas evolves
freely for a relatively long time, �t1 = 1.1 s. This allows
atoms with the same average momentum to be approx-
imatively at the same distance from the initial localized
state of the gas.
Step 2: Delta-kick. A Gaussian laser beam interacts with
the atoms, the laser-atom interaction being modeled by
an external harmonic potential. By choosing the proper

FIG. 1: Graphical representation of the experiment reported
in [1]. For each step, the relevant experimental data are given.

harmonic frequency and interaction time, the potential
reduces the kinetic energy of the atoms. The interaction
lasts for a short time, �t2 ' 35 ms.
Step 3: The gas evolves again freely for a relatively long
time, �t3 = 1.8 s. The position variance of the gas is
then measured, from which the temperature of the gas is
inferred.
The delta-kick frequency ! plays a critical role in the

analysis. An estimation of ! is given in Eq. (103) of [30]
through a classical calculation. If the initial position and
velocity of the atoms are uncorrelated, the frequency be-
comes:

! =

s
1

�tmin

✓
1

�t3
+ (1� �2)

1

�t1

◆
(1)

with �2 = 0.017 and �tmin ⇡ 34 ms is the time when the
gas reaches the minimum spread in position (obtained
in [1] through a fit of the experimental data). Inserting
all numerical values, we obtain: ! ⇡ 6.53 rad/s.
As a confirmation of this prediction, we verified that,

for all the values of ! outside the range 6-7 rad/s, the
predicted increase of the variance hx̂2it3 is in contradic-
tion with the experimental data even for � = 0, i.e. even
for ordinary quantum mechanics. Therefore, ! should
lay within that interval. Then, we divided the interval
6-7 rad/s in ten parts, and computed which of the ten
values of ! gives the weakest bounds on � and rC ; the
result is ! = 6.7 rad/s. Since we can not estimate the
error associated to !, we take a conservative attitude,
and choose this value for the following calculations.
In Fig. 3 of [1], the experimental data are shown. How-

ever, the only experimental value, explicitly reported to-
gether with error-bars, is the minimum value of the po-
sition standard deviation, 120+40

�40 µm, detected at delta-
kick time of �t2 = 35 ms, and shown in the inset of our
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Non-interferometric Test
Kovachy et al., Phys. Rev. Lett. 114, 143004 (2015)

Interferometric Test

Kovachy et al., Nature 528, 530 (2015)
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STE-QUEST capabilities

~104

~109

Time Of Flight = 50 s

Position resolution = 10-6 m

Deppner et al., Phys. Rev. Lett. 127, 100401 (2021)

In progress work with Hannover and Trieste
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1) Long evolution time – TOF
• Longer TOF stronger bounds
• Drifts due the atmospheric drag

2) Low noise levels
• Similar action as collapse noises

3) Resolution of the position spread – Density peak
• Long free evolution will strongly dimmish the density
• Becomes harder to detect the limits of the cloud
• The resolution in position degrades

STE-QUEST challenges
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Summary

• STE-QUEST can pose strong 
bounds on collapse models

• Some technical challenges to 
overcome

• Details will be presented soon

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)


