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The measurement problem of quantum mechanics 
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The Schrödinger equation is linear è superposition principle  

But in real life 

OR 
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Shut up and calculate? 

Does this mean that my observations become real only when I observe an 
observer observing something as it happens? This is a horrible viewpoint. Do 
you seriously entertain the thought that without observer there is no reality? 
Which observer? Any observer? Is a fly an observer? Is a star an observer? Was 
there no reality before 109 B.C. before life began? Or are you the observer? 
Then there is no reality to the world after you are dead? I know a number of 
otherwise respectable physicists who have bought life insurance. By what 
philosophy will the universe without man be understood?  
 
It would seem that the theory is exclusively concerned about “results of 
measurement”, and has nothing to say about anything else. What exactly 
qualifies some physical systems to play the role of “measurer”? Was the 
wavefunction of the world waiting to jump for thousands of years until a single-
celled living creature appeared? Or did it have to wait a little longer, for some 
better qualified system [...] with a Ph.D.? If the theory is to apply to anything 
but highly idealized laboratory operations, are we not obliged to admit that 
more or less “measurement-like” processes are going on more or less all the 
time, more or less everywhere? Do we not have jumping then all the time? 
 
The Copenhagen interpretation assumes a mysterious division between the 
microscopic world governed by quantum mechanics and a macroscopic world of 
apparatus and observers that obeys classical physics. During measurement the 
state vector of the microscopic system collapses in a probabilistic way to one of 
a number of classical states, in a way that is unexplained, and cannot be 
described by the time-dependent Schrödinger equation [...] Faced with these 
perplexities, one is led to consider the possibility that quantum mechanics 
needs correction  
 

7	  May	  2014	   Angelo	  Bassi	   3	  



Collapse models 
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Which kind of operators? 

The general structure is 

Natural assumption: the collapse operators – which identify the “preferred 
basis”, should be connected to position 

 

NOTE: The Born rule comes out automatically 

New physical effects 

A. Bassi and G.C. Ghirardi, Phys. Rept. 379, 257 (2003) A. Bassi et al., Rev. Mod. Phys. 85, 471 (2013) 



CSL model 
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System’s Hamiltonian NEW COLLAPSE TERMS New Physics 

nonlinearity 

stochasticity 
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choice of the 
operators 

� = collapse strength rC = 1/
p
↵ = correlation length

two 
parameters 

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



Collapse rate 
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Γ = λn2N 

n = number of particles  

      within rC    

+ + 

Small superpositions Large superpositions 

Collapse NOT effective Collapse effective 

+ N = number of such  

      clusters    

⌧ rC � rC

Amplification 
mechanics 

 

Few particles 

no collapse 

quantum 
behavior 

 

Many particles 

Fast collapse 

classical 
behavior 



Which values for λ and rc? 

7	  May	  2014	   Angelo	  Bassi	   7	  

QUANTUM – CLASSICAL 
TRANSITION 
(Adler - 2007) 

Microscopic world 
(few particles)  

Mesoscopic world  
Latent image formation 

+ 
perception in the eye  
(~ 104 - 105 particles) 

  Macroscopic world  
(> 1013 particles) 

In
creasin

g
 size of th

e system
  

 

QUANTUM – CLASSICAL  
TRANSITION 
(GRW - 1986) 

� ⇠ 10�8±2s�1

� ⇠ 10�17s�1
S.L. Adler, JPA 40, 2935 (2007) 

A. Bassi, D.A. Deckert & L. Ferialdi, EPL 92, 50006 (2010) 

G.C. Ghirardi, A. Rimini and T. Weber, PRD 34, 470 (1986) 

rC = 1/
p
↵ ⇠ 10�5cm



Constraints from Experiments 
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Matter-wave interferometry 
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Diffraction of macro-molecules:  
 
•  C60 (720 AMU) 

 M. Arndt et al, Nature 401, 680 (1999) 
 

•  C70 (840 AMU) 
 L. Hackermüller et al, Nature 427, 711 (2004) 

•  C30H12F30N2O4 (1,030 AMU) 
 S. Gerlich et al, Nature Physics 3, 711 (2007) 

 
•  Larger Molecules (10,000 AMU) 

 S. Eibenberger et al. PCCP 15, 14696 (2013) 
 
 

 

Future experiments: ~106 AMU 
K. Hornberger et al., Rev. Mod. Phys. 84, 157 (2012) 
P. Haslinger et al., Nature Phys. 9, 144 (2013) 

 
Outer space for higher masses? 

C60 diffraction experiment 

ALSO: 
Micro-mirrors, nano-spheres 
Marshall, W., et al., Phys. Rev. Lett. 91, 130401 (2003)  
Romero-Isart, O., et al., Phys. Rev. A 83, 013803 (2011)  

 

The experimental bounds are some 2 orders of magnitude higher than Adler’s proposed 
value (therefore some 10 orders of magnitude away from GRW’s proposed value) 



Spontaneous photon emission 
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FREE PARTICLE 
 

1. Quantum mechanics 
 

BOUND STATE 
 

1. Quantum mechanics 

2. Collapse models 2. Collapse models 

1.  One needs to introduce mass proportionality in the model 
2.  Adler’s value for λ is ruled out by 2 orders of magnitude, unless the noise 

spectrum has a cut off 

S. Donadi, D.-A. Deckert, A. Bassi, Ann. Phys. 340, 70 (2014) and references therein  



Energy non-conservation 
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Cosmological observations  
 
The smart thing to do is to look 
at large structures in the 
universe. 
 
The larger the system, the bigger 
the spontaneous-collapse effect. 
 
So far, cosmological data are 
compatible with collapse 
models. 

Cosmological 
data 

Distance 
(orders of 

magnitude) 
from GRW 
value for λ  

Distance 
(orders of 

magnitude) 
from Adler’s 
value for λ 

Dissociation of 
cosmic 

hydrogen  
17 9 

Heating of the 
Intergalactic 

medium (IGM) 
8 0 

Heating of 
protons in the 

universe 
12 4 

Heating of 
Interstellar 
dust grains 

15 7 
S.L. Adler, Jour. Phys. A 40, 2935 (2007),  

arXiv:quant-ph/0605072   

Energy non-conservation is 
very model dependent ! for 
dissipative models, everything 
will change 



Upper bounds on λ. Summary 
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Laboratory experiments 
Distance (orders of 
magnitude) from 
Adler’s value for λ 

Cosmological data 
Distance (orders of 
magnitude) from 
Adler’s value for λ 

Matter-wave interference 
experiments 2 Dissociation of cosmic 

hydrogen  9 

Decay of supercurrents 
(SQUIDs) 6 Heating of Intergalactic 

medium (IGM) 0  

Spontaneous X-ray 
emission from Ge -2 Heating of protons in 

the universe 4 

Proton decay 10 Heating of Interstellar 
dust grains 7 

S.L. Adler and A. Bassi, Science 325, 275 (2009)   

Collaboration with C. Curceanu Collaboration with M. Arndt 
 & H. Ulbricht  



Testing collapse in the frequency domain 
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M. Bahrami, A. Bassi, H. Ulbricht, PRA 89, 032127 (2014). M. Bahrami, M. Paternostro, A. Bassi, H. Ulbricht, Phys. Rev. Lett. to appear  

The noise responsible for the collapse of the wave function, generates an extra Lamb 
shift and broadening. Lamb shift is negligible, while broadening can be measured 9

System �N (Hz) �N (Hz)

Hydrogen-like Atoms 10�20 � 10�18 ⇠ 10�53

Harmonic oscillator 3⇤
4

⇣
µx0

m0 r

C

⌘2
⇤2

32!0

⇣
µx0

m0 r

C

⌘4

µ = 1amu and !0 = 1010Hz 5.3⇥ 10�13 6.2⇥ 10�36

µ = 107 amu and !0 = 1.7⇥ 108Hz 3.1⇥ 10�4 1.3⇥ 10�16

Double-well ⇤
8

⇣
µ q0

m0 r

C

⌘2
⇤2

128!0

⇣
µ q0

m0 r

C

⌘4

µ = m

e

= 5.5⇥ 10�4 amu and q0 = 1Å 4.2⇥ 10�23 10�57 � 10�55

µ = 1amu and q0 = 1Å 1.4⇥ 10�16 10�44 � 10�42

µ = 107 amu and q0 = 1Å 0.014 10�16 � 10�18

TABLE I: Collapse broadening and shift as predicted by the CSL model. Three relevant situations have been
considered: the transition from the 2P to 1S state in a Hydrogen-like atom; the transition from the first excited state to the
ground state for a harmonic potential, and for a double-well potential (see supplementary material for a description of these
systems). The latter case is particularly relevant to describe chiral molecules. The constant ⇤ ' 1.12⇥ 10�9 Hz measures the
strength of the collapse (see main text), m0 = 1amu, r

C

' 10�7 m is the correlation length of the noise inducing the collapse,
x0 =

p
~/µ!0 is the zero-point width of harmonic oscillator, and q0 is the separation of the minima of double-well potential.

For the double-well potential, we assume the range of the molecular vibration: !0 ⇠ 1012 � 1014Hz. We have considered only
the predictions of the CSL model, since those of the DP model are much smaller. All numbers in this table are exemplary to
illustrate the magnitude of the spectral e↵ects, and not necessarily realised in experiments yet.

A. Universality of broadening

A crucial feature of Eqs. (50) and (51) is that both
broadening and shift induced by collapse models are uni-
versal, in the sense that they depend only on the mass
of the system (at the practical level, only on the mass
of those particles, whose position changes significantly
during the transition) and on the geometry of the lev-
els, and nothing else. This has to be compared with
decoherence broadening and shift, which depends also
on the details of the surrounding environment: mass of
the bath particle, cross section, pressure, temperature.
Moreover, in the case of collapse models, they roughly
scale quadratically with the mass of the system, while
the mass dependence with decoherence is di↵erent. This
behaviour represents a specific signature, which can be
used to discriminate collapse broadening from decoher-
ence broadening (see Fig.2).

VII. CONCLUSION

Spectral e↵ects originating from possible violations
of the quantum superposition principle are small, but
within reach of experimental observation. They are uni-
versal, which means omnipresent and not controllable
by modifications of environmental influences on the two-
level system, and can in principle be seen for the emis-
sion from any system, which can be approximated as a
two-level system. This universal nature of the predicted
e↵ect is in contrast to spectral broadening and shift ef-
fects due to decoherence e↵ects, which can be controlled
by control of the interaction of the two-level system with
the environment. However to observe the here proposed
spectral e↵ects, macroscopicity parameters (mass, spa-

tial size and time of superposition) have to be chosen to
allow for a relevant magnitude of the e↵ect. The stan-
dard QED analysis of photon emission was perturbed by
a collapse noise term to include the e↵ect of non-linearity
into the equations.
Thermal and collisional decoherence e↵ects can be re-

duced to the required limitations and distinguished ac-
cording to their scaling with experimental parameters.
We expect that this holds true for any other systematic
e↵ect in experiments sensitive enough to probe the pre-
dicted e↵ect. While we cannot predict the ultimate two-
level system here, we give explicit examples to illustrate
the relation to state-of-the-art experiments.
Today ultra-high resolution spectroscopy in the mid-

infrared spectral range is done with a precision of
10�13 [56] and planned to be improved to 10�16 [57].
Spectral CSL e↵ects are of the order of 10�14 to 10�16 for
a double-well system of 107 amu and q0= 1 Å(see Table 1)
probed in the mid-infrared range. This test seems feasible
in the near future. Further electron or nuclear spins are
known to be accessible with ultra-high frequency resolu-
tion of 10 mHz. The Lamor frequency of the system 7Li+

FID in water, would need to be detected with a spectral
resolution of about 30 µHz to show a CSL e↵ect, which
is only three orders of magnitude away from todays reso-
lution [55]. Further relevant are solid state systems, like
semiconductor microcavities, quantum dots, or nanodi-
amonds with vacancy centers and spin structure [58] as
well as opto-mechanical systems.
Therefore we speculate that experimental realisation is

well in reach, if the interest of experts can be attracted to
the here described general e↵ect, which should in principe
be visible in any two-level system in the defined parame-
ter regime. To measure a spectral line broadening accord-
ing to non-linear modifications of the Schrödinger equa-
tion will have quite significant impact on the foundations



Gravity induced collapse? 
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Quantum fields + gravity (semi-classical limit) + non-relativistic limit 

Schrödinger-Newton equation: 

 

 

 

 

Nonlinear deterministic equation. It collapses the wave function in space (in which 
precise sense?), but allows for superluminal signaling 

 

Diosi-Penrose model 

 

 
 

 

Good collapse equation. However it diverges. A (large) cutoff is needed 
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D. Giulini and A. Grossardt, Class. Quantum Grav. 29, 215010 (2012) and references therein 
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L. Diosi, J. Phys. A 21, 2885 (1988); Phys. Lett. A 129, 419 (1988). R. Penrose, Gen. Rel. Grav. 28, 581 (1996) 
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