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Mo/va/on	  
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	  wavefunc/on	  of	  the	  world	  wai/ng	  to	  jump	  for	  
thousands	  of	  millions	  of	  years	  un/l	  a	  single-‐celled	  living	  creature	  appeared?	  Or	  did	  it	  have	  
to	  wait	  a	  liXle	  longer,	  for	  some	  beXer	  qualified	  system	  .	  .	  .	  with	  a	  PhD?	  If	  the	  theory	  is	  to	  
apply	  to	  anything	  but	  highly	  idealised	  laboratory	  opera/ons,	  are	  we	  not	  obliged	  to	  admit	  
that	  more	  or	  less	  'measurement-‐like'	  processes	  are	  going	  on	  more	  or	  less	  all	  the	  8me,	  
more	  or	  less	  everywhere?	  Do	  we	  not	  have	  jumping	  then	  all	  the	  8me?	  	  
	  
	  
The	  GRW	  model	  is	  based	  on	  the	  acceptance	  of	  the	  fact	  that	  the	  Schrodinger	  dynamics,	  
governing	  the	  evolu8on	  of	  the	  wavefunc8on,	  has	  to	  be	  modified	  by	  the	  inclusion	  of	  
stochas8c	  and	  nonlinear	  effects.	  	  
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Uncertainty over terms such as 'apparatus'
is still rife in serious discussions of quantum mechanics,

over 60 years after its conception

Against
'measurement'

SURELY, after 62
years, we should have
an exact formulation
of some serious part of
quantum mechanics?
By 'exact' I do not of
course mean 'exactly
true'. I mean only that
the theory should be
fully formulated in
mathematical terms, with nothing left to the discretion of
the theoretical physicist . . . until workable approximations
are needed in applications. By 'serious' I mean that some
substantial fragment of physics should be covered. Nonrela-
tivistic 'particle' quantum mechanics, perhaps with the
inclusion of the electromagnetic field and a cut-off interac-
tion, is serious enough. For it covers 'a large part of physics
and the whole of chemistry' (P A M Dirac 1929 Proc. R.
Soc. A 123 714). I mean too, by 'serious', that 'apparatus'
should not be separated off from the rest of the world into
black boxes, as if it were not made of atoms and not ruled
by quantum mechanics.

The question, '. . . should we not have an exact
formulation . . . ? ' , is often answered by one or both of two
others. I will try to reply to them: Why bother? Why not look
it up in a good book?

Why bother?
Perhaps the most distinguished of 'why bother?'ers has
been Dirac (1963 Sci. American 208 May 45). He divided
the difficulties of quantum mechanics into two classes,
those of the first class and those of the second. The second-
class difficulties were essentially the infinities of relativistic
quantum field theory. Dirac was very disturbed by these,
and was not impressed by the 'renormalisation' procedures
by which they are circumvented. Dirac tried hard to
eliminate these second-class difficulties, and urged others to
do likewise. The first-class difficulties concerned the role of
the 'observer', 'measurement', and so on. Dirac thought
that these problems were not ripe for solution, and should
be left for later. He expected developments in the theory
which would make these problems look quite different. It
would be a waste of effort to worry overmuch about them
now, especially since we get along very well in practice
without solving them.

Dirac gives at least this much comfort to those who are
troubled by these questions: he sees that they exist and are
difficult. Many other distinguished physicists do not. It
seems to me that it is among the most sure-footed of
quantum physicists, those who have it in their bones, that
one finds the greatest impatience with the idea that the
'foundations of quantum mechanics' might need some
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attention. Knowing
what is right by in-
stinct, they can be-
come a little impatient
with nitpicking dis-
tinctions between
theorems and assump-
tions. When they do
admit some ambiguity
in the usual formula-

tions, they are likely to insist that ordinary quantum
mechanics is just fine 'for all practical purposes'. I agree
with them about that: ORDINARY QUANTUM
MECHANICS (as far as I know) IS JUST FINE FOR ALL
PRACTICAL PURPOSES.

Even when I begin by insisting on this myself, and in
capital letters, it is likely to be insisted on repeatedly in the
course of the discussion. So it is convenient to have an
abbreviation for the last phrase: FOR ALL PRACTICAL
PURPOSES = FAPP.

I can imagine a practical geometer, say an architect, being
impatient with Euclid's fifth postulate, or Playfair's axiom:
of course in a plane, through a given point, you can draw
only one straight line parallel to a given straight line, at least
FAPP. The reasoning of such a natural geometer might not
aim at pedantic precision, and new assertions, known in the
bones to be right, even if neither among the originally stated
assumptions nor derived from them as theorems, might
come in at any stage. Perhaps these particular lines in the
argument should, in a systematic presentation, be disting-
uished by this label - FAPP - and the conclusions
likewise: QED FAPP.

I expect that mathematicians have classified such fuzzy
logics. Certainly they have been much used by physicists.

But is there not something to be said for the approach of
Euclid? Even now that we know that Euclidean geometry
is (in some sense) not quite true? Is it not good to know
what follows from what, even if it is not really necessary
FAPP? Suppose for example that quantum mechanics were
found to resist precise formulation. Suppose that when
formulation beyond FAPP is attempted, we find an
unmovable finger obstinately pointing outside the subject,
to the mind of the observer, to the Hindu scriptures, to
God, or even only Gravitation? Would not that be very, very
interesting?

But I must say at once that it is not mathematical
precision, but physical, with which I will be concerned
here. I am not squeamish about delta functions. From the
present point of view, the approach of von Neumann's book
is not preferable to that of Dirac's.

Why not look it up in a good book?
But which good book? In fact it is seldom that a 'no
problem' person is, on reflection, willing to endorse a
treatment already in the literature. Usually the good
unproblematic formulation is still in the head of the person
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The	  GRW	  model	  
Systems	  are	  described	  by	  the	  wave	  func8on,	  which	  evolves	  according	  to	  the	  
following	  dynamics.	  

The	  wave	  func/on	  is	  subject	  to	  random	  jumps,	  independently	  for	  each	  “par/cle”:	  

	  

	  

	  

i	  =	  degree	  of	  freedom	  (“i’th	  par/cle”	  of	  a	  mul/-‐par/cle	  system),	  x	  =	  point	  in	  space,	  
qi	  =	  posi/on	  operator	  of	  the	  “i’th	  par/cle”.	  
	  

The	  jumps	  are	  random	  in	  8me	  (distributed	  according	  to	  a	  Poissonian	  distribu/on	  
with	  mean	  frequency	  λ),	  and	  in	  space	  (with	  probability	  density	  ||ψi

x||2)	  

In	  between	  jumps,	  the	  wave	  func/on	  evolves	  according	  to	  the	  Schrödinger	  
equa8on.	  

Note.	  Two	  phenomenological	  parameters:	  λ	  and	  rC.	  
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The	  jump	  
Ini/al	  

wavefunc/on	   Jump	  operator	  
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Final	  
wavefunc/on	  
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Diffusion	  Process	  in	  Hilbert	  Space	  
L.	  Diosi,	  Phys.	  Rev.	  A	  40,	  1165	  (1989)	  
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Wt = standard Wiener process

All	  of	  quantum	  (and	  classical)	  mechanics	  follows	  

d t =


� i

~Ĥdt+
p
�(q̂ � hq̂it)dWt �

�

2
(q̂ � hq̂it)2dt

�
 t

hq̂it = h t|q̂| ti nonlinearity	  

stochas8city	  



(Mass-‐propor/onal)	  CSL	  model	  
P.	  Pearle,	  Phys.	  Rev.	  A	  39,	  2277	  (1989).	  G.C.	  Ghirardi,	  P.	  Pearle	  and	  A.	  Rimini,	  Phys.	  Rev.	  A	  42,	  78	  (1990)	  

Two	  parameters	  

� = collapse strength rC = localization resolution
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= collapse rate

The	  operators	  are	  func/on	  of	  the	  space	  coordinate.	  The	  collapse	  occurs	  in	  space.	  



Example:	  “large”	  superposi/on	  
Ini/al	  

wavefunc/on	  

Jump	  operator	  
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Final	  
wavefunc/on	  
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Example:	  “small”	  superposi/on	  

Ini/al	  
wavefunc/on	  

Jump	  operator	  

 

L̂i
x

Final	  
wavefunc/on	  

 i
x

k i
x

k

+	  
d	  <<	  rC	  

+	  



Amplifica/on	  mechanism	  
Ini/al	  “2-‐par/cle”	  wavefunc/on	  

Rigid	  object:	  system	  leP	  +	  system	  right	  

Jump	  operator	  
on	  “par/cle”	  2	  

+	  
 L
1 ⌦  L

2  R
1 ⌦  R

2

Final	  
wavefunc/on	  

Such	  jumps	  are	  twice	  as	  frequent,	  
because	  each	  “par/cle	  contributes	  to	  
them	  

Entangled	  state	  

large	  small	  



However	  
Ini/al	  “2-‐par/cle”	  wavefunc/on	  

Ideal	  gas:	  par8cles	  are	  independent	  

Jump	  operator	  
on	  “par/cle”	  2	  

+	  

Final	  
wavefunc/on	  

The	  jump	  on	  one	  par/cle	  did	  not	  affect	  
the	  state	  of	  the	  other	  par/cle!	  

+	  
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Factorized	  state	  

large	  



Choice	  of	  the	  parameters	  
(GRW)	  	  

λ	  =	  10-‐16	  s-‐1	  

For	  single	  isolated	  par/cles	  jumps	  almost	  never	  occur.	  However,	  for	  
macroscopic	  objects	  

N	  λ	  =	  1024	  ×	  10-‐16	  s-‐1	  =	  108	  s-‐1	  

Macro-‐objects	  are	  almost	  instantly	  localised	  

	  

rC	  =	  10-‐7	  m	  

Mesoscopic	  distance.	  Microscopic	  superposi/ons	  are	  not	  affected.	  Macroscopic	  
superposi/ons	  are.	  



The	  overall	  picture	  

Microscopic	  
systems	  	  

Macroscopic	  
objects	  

Macro	  superposi/ons	  

Hilbert	  space	  

BECs,	  SQUIDs,	  
superfluids	  …	  

Unstable!	  Nλ	  large	  and	  d	  >>	  rC	  

Stable.	  λ	  too	  small	  

Stable.	  Already	  localized	  (d	  <<	  rC)	  

Stable.	  No	  cat-‐like	  superposi/on	  	  



Ontology	  

Collapse	  models	  

	  

They	  are	  phenomenological	  
models	  

The	  wave	  func/on	  is	  not	  
fundamental	  in	  any	  way	  

S/ll	  looking	  for	  the	  underlying	  
theory	  

No	  idea	  what	  the	  appropriate	  
ontology	  is	  

GRW	  theory	  

	  

Are	  they	  consistent	  theories	  of	  
nature?	  

Yes	  (or	  perhaps)	  with	  an	  
appropriate	  ontology	  

•  Wave	  func/on	  ontology	  	  

•  Mass	  density	  ontology	  

•  Flash	  ontology	  	  

•  Par/cle	  ontology	  



How	  to	  modify	  the	  Schrödinger	  
equa/on?	  

The	  no-‐faster-‐than-‐light	  condi8on	  heavily	  constraints	  the	  
possible	  ways	  to	  modify	  the	  Schrödinger	  equa/on.	  
	  

In	  par/cular,	  it	  requires	  that	  nonlinear	  terms	  must	  always	  be	  
accompanied	  by	  appropriate	  stochas8c	  terms.	  
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All frequencies appear 
with the same weight 

 
Colored noise models 

 
The noise can have an 

arbitrary spectrum 
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No dissipative effects 
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Dissipation and 
thermalization 

Dissipative QMUPL 
A.  Bassi, E. Ippoliti and B. Vacchini,  

J. Phys. A 38, 8017 (2005).  

Dissipative GRW & CSL 
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Three	  ontologies	  for	  GRW	  
Wave	  func8on	  ontology:	  there	  is	  only	  psi.	  End	  of	  the	  story.	  Because	  macro-‐
superposi/ons	  never	  occur,	  this	  is	  consistent	  with	  our	  physical	  worldview.	  

Plus:	  Very	  economical	  

Minus:	  One	  has	  to	  accept	  that	  the	  3D	  world	  of	  par/cles	  we	  have	  experience	  of,	  is	  
an	  “illusion”.	  Problem	  with	  tails.	  

	  

Mass	  density	  ontology:	  “project”	  the	  wave	  func/on	  to	  3D	  space,	  and	  cerate	  a	  
mass	  density	  distribu/on:	  

	  
	  

Flash	  ontology:	  we	  are	  made	  of	  flashes,	  the	  points	  around	  which	  jumps	  occur.	  

Plus:	  These	  ontologies	  makes	  direct	  reference	  to	  the	  world	  as	  we	  perceive	  it.	  

Minus:	  One	  s/ll	  needs	  the	  wave	  func/on.	  A	  nomological	  en/ty?	  

m(x, t) =
NX

i=1

mi

Z
d3Nq �(3)(x� qi)| (q)|2, q = (q1, ...qN )



Rela/vis/c	  Collapse	  models	  

Several	  rela/vis/c	  collapse	  models	  proposed.	  No	  one	  fully	  
sa/sfactory	  so	  far.	  	  

	  

Problem:	  they	  must	  be	  nonlocal,	  and	  that	  goes	  directly	  against	  
rela/vity.	  

	  

A	  proposal.	  Rela/vity	  is	  wrong.	  It	  is	  an	  approxima/on.	  There	  is	  
a	  privileged	  reference	  frame	  (the	  cosmic	  one).	  That	  matches	  
with	  the	  idea	  that	  the	  collapse	  is	  driven	  by	  a	  cosmological	  
random	  field.	  	  	  



Experimental	  tests	  

The	  obvious	  way	  to	  test	  collapse	  models	  is	  with	  maXer-‐
wave	  interferometry	  	  

Predic/on	  of	  quantum	  mechanics	  
(no	  environmental	  noise)	  

Predic/on	  of	  collapse	  models	  
(no	  environmental	  noise)	  



Atom	  Interferometry	  
T.	  Kovachy	  et	  al.,	  Nature	  528,	  530	  
(2015)	  	  

	  
M	  =	  87	  amu	  
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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-
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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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A superconducting quantum interference device based read-out of a
subattonewton force sensor operating at millikelvin temperatures

O. Usenko, A. Vinante, G. Wijts, and T. H. Oosterkampa!
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We present a scheme to measure the displacement of a nanomechanical resonator at cryogenic
temperature. The technique is based on the use of a superconducting quantum interference device
to detect the magnetic flux change induced by a magnetized particle attached on the end of the
resonator. Unlike conventional interferometric techniques, our detection scheme does not involve
direct power dissipation in the resonator, and therefore, is particularly suitable for ultralow
temperature applications. We demonstrate its potential by cooling an ultrasoft silicon cantilever to
a noise temperature of 25 mK, corresponding to a subattonewton thermal force noise of
0.5 aN /#Hz. © 2011 American Institute of Physics. $doi:10.1063/1.3570628%

Due to its excellent sensitivity, optical interferometry is
the most widely used technique to detect the motion of ul-
trasensitive mechanical resonators, for applications which
range from magnetic resonance force microscopy !MRFM",1
investigation of quantum effects in mechanical systems,2 and
fundamental physics experiments.3 Unfortunately, optical de-
tection becomes hard to implement when the size of the reso-
nator is pushed to the nanoscale, because of the diffraction
limit, and when low or ultralow temperatures are required to
reduce the thermal force noise, as for single spin MRFM. In
the latter case, resonator heating due to light absorption is
found to limit the effective cooling of the resonator.4 This
problem can be partially circumvented only by substantially
reducing the input light power, at the price of reducing the
displacement sensitivity. Other techniques have been re-
cently demonstrated to be more compatible with ultralow
temperatures. In particular, both single electron transistors5

and microwave cavities6–8 have demonstrated outstanding
displacement sensitivity for the detection of nanomechanical
resonators at temperatures below 100 mK. So far, however,
their implementation has been limited to systems where de-
tector and resonator are tightly integrated, which is not prac-
tical for scanning probe applications. Moreover, for micro-
wave techniques the direct photon absorption still remains an
issue at millikelvin temperatures, which again can only be
mitigated by reducing the input power. Displacement sensors
based on quantum point contacts have also been demon-
strated in an off-board setup9 but so far their use has been
limited to liquid helium temperature.

In this letter, we demonstrate a rather simple alternative
detection technique, based on the use of a dc superconduct-
ing quantum interference device !SQUID", which in prin-
ciple does not require any power to be directly dissipated in
the mechanical resonator. Our method involves attaching a
ferromagnetic particle to the end of the resonator $Fig. 1!a"%
which, whenever the resonator moves, causes a change in
magnetic flux in a superconducting detection coil, positioned
close to the resonator $Fig. 1!b"%. A cantilever displacement x
is thus converted into a coil flux !="x, where the constant "
is proportional to the magnetic moment # of the ferromag-

netic particle and depends in a complex way on the coil
geometry and the relative position and orientation of mag-
netic moment and coil. The flux change in the detection coil
is measured by the dc SQUID amplifier via a superconduct-
ing flux transformer of total inductance Lt, which includes a
calibration transformer and the SQUID input coil.

In our experiment, we use a silicon resonator consisting
of a 100 nm thick single crystal beam, 5 #m wide and

a"Electronic mail: usenko@physics.leidenuniv.nl.

FIG. 1. !a" An electron microscopy image of the silicon resonator with a
magnetic sphere attached to its end. The single crystal beam is 100 nm thick,
5 #m wide, and 100 nm long. The 4.5 #m diameter magnetic sphere is
made of a neodymium based alloy with remanence Br=0.75 T. The fre-
quency of the lowest flexural mode of the resonator is 3084 Hz, with a
quality factor of 3.8$104. !b" Circuit diagram illustrating the detection
scheme. The motion x of the resonator induces a flux !="x in the detection
coil and a current I=−! /Lt in the superconducting detection loop, which is
measured by the dc SQUID.
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