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Consider a toy system consisting of a marble and Bbe marble has two satesy, ) and |W,,),

corresponding to the marble being inside or outdigebox. These states are eigenvectors of thetmper

A

B, measuring whether the marble is inside or outidebox. The formalism of quantum mechanics

(QM) has it that not only¥, ) and|¥,,) themselves, but any superpositipH,) =a/¥, ) +bW,,)

out
wherea andbare complex numbers such tlﬁf +|b|2 =1, can be the state of the marble. What are the

properties of the marble in such a state? Thistgquress commonly answered by appeal to the so-gdalle

Eigenstate-Eigenvalue Rule (EER): An observabléas a well-defined value for a quantum a sysiem

in state|W) if, and only if,|W) is an eigenstate . Since|W, ) and|W,,) are eigenstates &, EER
yields that the marble is either inside (or outithe box if its state isW, ) (or |W,, )). However, states

Iike|l4Jm>defy interpretation on the basis of EER and we Hhaveonclude that if the marble is in such a

state then it is neither inside nor outside the. @dms is unacceptable because we know from expegie
that marbles are always either inside or outsideeboReconciling this fact of everyday experiendi w
the quantum formalism is the infamous measuremeaiilgm. Standard quantum mechanics solves this
problem, following a suggestion of von Neumanng,plostulating that upon measurement the system’s
state is instantaneously reduced to one of thensigies of the measured observable, which leawes th
system in a state that can be interpreted on this loh EER (see Measurement Theory). However, it is
generally accepted that this proposal is ultimateigcceptable. What defines a measurement? At what
stage of the measurement process does the colakseplace (trigger problem)? And why should the

properties of a system depend on actions of obsstve



GRW Theory (sometimes also ‘GRW model’) is a sutigasto overcome these difficulties
(Ghirardi, Rimini, and Weber (1986); Bell (1987)daGhirardi (2002) provide short and non-technical
presentations of the theory; for a comprehensigeudision of the entire research programme to which
GRW Theory belongs see Bassi and Ghirardi (200)g leading idea of the theory is to eradicate
observers from the picture and view state redua®a process that occurs as a consequence agite b
laws of nature. The theory achieves this by adtiinthe fundamental equation of QM, the Schrédinger
equation, a stochastic term which describes the séaluction occurring in the system. (For thisscea
GRW theory is not, strictly speaking, an interptietaof QM; it is a quantum theory in its own right

A system governed by GRW theory evolves accordimghe Schrédinger equation all the time
except when a state reduction, a so-called hit,urscqhits are also referred to as ‘hittings’,
‘perturbations’, ‘spontaneous localisations’, ‘eptes’, and ‘jumps’). A crucial assumption of thedry
is that hits occur at the level of the micro castints of a system (in the above example at thed tEthe
atoms that make up the marble). The crucial quedtien is: when do hits occur and what exactly
happens when they occur?

GRW Theory posits that the occurrence of hits danss a Poisson process. Generally speaking,
Poisson processes are processes characterisechsrdeéthe number of occurrences of a particulpety
of event in a certain interval of time, for instance the number of people passing thraughrtain street

during timer . These events are Poisson distributed if the fmibtyathat the number of events occurring
during 7, n, takes valuemis given by p(n=m)=e*" (A7)"/m! where A is the parameter of the
distribution. One can show that is also the mean value of the distribution andckeit can be

interpreted as the average number of events oogup@r unit time. GRW theory sets=10"°s™"and
posits that this is a new constant of nature. Hemc@ macroscopic system that is made up of about
10°® atoms there are on averad® hits per second.

A hit transforms the system’s state into anothatesticcording to a probabilistic algorithm that

takes the position basis as the privileged basish@t the reduction process leads to a localisaifache

system’s state in the position basis). ['\€t) be state of the entire system (e.g. the marbligyéehe hit



occurs. When the&k™ particle, say, is hit the state is instantaneouripsformed into another, more

localised state:

Lk,c|LPS>

Y = DI

L. .. the localisation operator, that has the shap&adfssian (a bell-shaped curve) centred around

which is chosen at random according to the distigioup, (c) =HLK,C|HJS>H2; the widtho of the Gaussian

is also a new constant of nature, and it is oftfagnitudel0” m. The choice of this distribution assures
that the predictions of GRW Theory coincide almabvays with those of standard QM (there are
domains in which the two theories do not yield saene predictions, but these are (so far) beyond the
reach of experimental test; see Rimini (1995)).

Due to the mathematical structure of QM (more dmeadly, due to the fact thgWs) is the tensor

product of the states of all its micro constitug¢nite hits at the micro level ‘amplify’: if the mae is in

state|LIJm> andk™ particle gets hit, then the entire state is tramséd into a highly localised state, i.e. all

terms except one in the superposition are supmeddas is GRW’s solution of the measurement

problem. A macro system gets hid’ times per second and hence superpositions ppeessed almost
immediately; micro systems are not hit very oftewl &ence retain their ‘quantum properties’ for ayve
long time.

This proposal faces two important formal problefisst, the wave function of systems of identical
particles has to be either symmetrical (in the cakdBosons) or antisymmetrical (in the case of
Fermions), and remain so over the course of tinfRW&heory violates this requirement in that wave
functions that are symmetric (or antisymmetric)satme time need not be (and generally are not)
symmetric (or antisymmetric) at later times. Secaithough hits occur at the level of the systewése
function, the fundamental equation of the theorgxpressed in terms of the density matrix. Thidkessr
physicists as odd and as one would like to havegaiation governing the evolution of the wave fumtti
itself. Both difficulties are overcome within th@-salled CSL model (for ‘continuous spontaneous

localization’) introduced in Pearle (1989) and @hili, Pearle Rimini (1990). The model belongshi® t
3



same family of proposals as GRW theory in thatrd@ppses to solve the measurement problem by an
appeal to a spontaneous localisation processese3gential difference is that the discontinuous aft
GRW theory are replaced by a continuous stochasttution of the state vector in Hilbert space {Em

to a diffusion process).

Another serious problem concerns the nature of GIR¥/. Unlike the state reduction that von
Neumann introduced into standard QM, the hits oMGHRieory do not leave the system’s state in an
exact position eigenstate; the post-hit state is higldgked, but nevertheless fails to be a preciseiposi
eigenstate. This is illustrated schematically igufe 1. Hence, strictly speaking the post-hit staie not
interpretable on the basis of EER and we are backrevwe started. Common wisdom avoids this
conclusion by pointing out that GRW post-hit stades close to eigenstates and positing that béosg c
to an eigenstate is as good as being an eigen3tai®.has been challenged by Lewis (1997), who
presents an argument, now commonly referred tchas'dounting anomaly’, for the conclusion that
because of the failure of GRW hits to leave thdesysin a precise position eigenstate, GRW theory
implies that arithmetic does not apply to macroscapjects. For a critical discussion of this argunin

see Frigg (2003).

Wave function aftera -
von Neumann collapse

c
Centre of localisation

What is the correct interpretation of the theoryfaflis, what, if anything, does the theory des&ibe
The answer to this question is less obvious thamght seem. Clifton and Monton (1999) regard iaas
‘wave function only theory’ according to which theorld literally is just the wave function that the

theory describes. Monton (2004) later criticiseis thew as mistaken and suggests a variation on the
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mass densitiy interpretation originally proposed ®lirardi, Grassi, and Benatti (1995) as the right
interpretation. Lewis (2005) points out that allrsiens of the mass density interpretation lead to a
violation of common sense should hence not be degbas a problem-free alternative.

How should we interpret the probabilities that theory postulates in its hit mechanism? Are they
best interpreted as propensities, frequencies, ldambkances, or yet something else? Or should thst qu
for such an interpretation be rejected as ill-cored? This question is discussed in Frigg and Hoefe
(2007) who come to the conclusion that GRW proledican be understood either as single case

propensities or as Humean chances, while all aihgons are ruled out by GRW Theory itself.

Literature

Primary

e Ghirardi, G. C., A. Rimini, , and T. Weber (1986Wnified dynamics for microscopic and
macroscopic systemd$Physical Review 34D, 470-91.

e —, P.Pearle and A. Rimini (1990): ‘Markov processeHilbert space and spontaneous localization
of systems of identical particle®hysical Review 42A, 78-89.

 Pearle, P. (1989): ‘Combining stochastic dynamistdte-vector reduction with spontaneous
localization’,Physical Review 39A, 2277-2289.

Secondary

* Bassi, A. and G. C. Ghirardi (2003): ‘Dynamical wetion models’Physics Reports 379, 257-426.

* Bell, J. S. (1987): ‘Are there quantum jumps?’JirS. Bell:Speakable and unspeakable in quantum
mechanics, Cambridge: Cambridge University Press, 201-212.

» Clifton, R. and Monton, B. (1999): ‘Losing your nbées in wavefunction collapse theorieBF,itish
Journal for the Philosophy of Science 50, 697-717.

* Frigg, R. (2003): ‘On the property structure oflistacollapse interpretations of quantum mechanics
and the so-called “counting anomaly’I'nternational Sudies in the Philosophy of Science 17, 43-57.

e — and C. Hoefer (2007): ‘Probability in GRW Theqryorthcoming in Sudies in History and
Philosophy of Science 38.

e Ghirardi, G. C. (2002): ‘Collapse Theorie3he Sanford encyclopedia of philosophy (Spring 2002
Edition), URL =http://plato.stanford.edu/archives/spr2002/contairs.

e — R. Grassi, and F. Benatti, (1995): ‘Describing macroscopic world: closing the circle withir th
dynamic reduction program’, \textit{FoundationsRifysics}, 25, 5-38.

 Lewis, P. J. (1997): Quantum mechanics, orthogbnaind counting’,British Journal for the
Philosophy of Science 48, 313-328.

* —(2005): Interpreting spontaneous collagiseories’,Sudies in History and Philosophy of Modern
Physics 36, 165-180.

* Monton, B. (2004). ‘The problem of ontology for spaneous collapse theorieStudies in History
and Philosophy of Modern Physics 35, 407-421.

* Rimini, A. (1995): ‘Spontaneous localization angesrconductivity’, in E. Beltrametti et al. (eds.):
Advances in guantumPhenomena. New York: Plenum Press, 321-333.




