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Abstract. Ever since we have been in the possession of quantum thedttiesit observers, such as
Bohmian mechanics or the Ghirardi—Rimini-Weber (GRW) theaf spontaneous wave function
collapse, a major challenge in the foundations of quanturohaueics is to devise a relativistic
guantum theory without observers. One of the difficultie®iseconcile nonlocality with relativity.

| report about recent progress in this direction based o6& model: A relativistic version of the
model has been devised for the cas®lafoninteracting (but entangled) particles. A key ingretien
was to focus not on the evolution of the wave function buteatin the evolution of the matter in
space-time as determined by the wave function.
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INTRODUCTION

| describe some models | designed recently that generdle&hirardi—Rimini—-Weber
(GRW) model [1, 2, 4] of spontaneous wave function collafg3ee of these [5] is a
relativistic version of the GRW model, the other [6], whiclwill describe first, an
extension to quantum field theory (QFT). It would be nice tmmbae the two models
into a single one suitable for relativistic quantum fieldahe | have not started this task
yet, but | hope | will be able to do this soon. In this articleyill begin by elucidating
the flash ontology for the GRW model [2], which is crucial farderstanding the two
new models.

THE FLASH ONTOLOGY

What are tables and chairs made off@ this question, different theories, even different
versions of the GRW model, may propose different answergssital physics would
say particles, described mathematically by their worlddinThe objects that the answer
describes, whatever it may be, were termed the “primitivielogy” of the theory by
Durr, Goldstein, Zanghi, and Allori [7, 8, 9] and the “locaddbles” by Bell [10]. To
give you concrete examples to think of, let me introduce tassible answers that have



been proposed for the GRW model:

A) Not the wave function, but a continuous distribution oftteawith density
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where the hat denotes omission. This is (a simplified versipa proposal due to
Benatti, Ghirardi, and Grassi [11].

B) Not the wave function, but discrete “flashes”, i.e., eletagy events represented by
space-time points. This is a proposal due to Bell [2, 12, Ik33uch a world, matter
consists of lots of dots in space-time (see Fig. 1), and “agad matter then is a
galaxy of such events” (Bell [2]). Such a space-time p&int (R, T) is defined in
the GRW model as the center of a wave function collapse.
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FIGURE 1. A typical pattern of flashes in space-time, and thus a passibtld according to the flash
version of the GRW theory

| will use the flash ontology in the following. It is misleadjio say that the flashes
are the collapse centers, though the collapse centers detemtiare in space-time the
flashes are. It is better to think of the flashes as what theyh®about; when simulating
the GRW model with the flash ontology on a computer, the setashéls is theutput
of the algorithm. That is also why | prefer the word “flash” titting,” which would
suggest instead that the wave function be the output of twryhThe right way to think
of the primitive ontology is as describing the motion of reaih space-time, and thus
as analogous to the particle trajectories in classical @ Bian) mechanics. A more
thorough discussion of the notion of primitive ontology danfound in [9].

The flash ontology is an unusual choice of ontology; a morenabchoice would be
particle world lines, or fields in space-time. The motivatior this choice lies in the fact
that the GRW model with flashes can be made Lorentz invarigngitable corrections
in the equations), whereas the GRW model with the matterityemér, t) cannot in any
known way. The GRW model without primitive ontology, wherdythe wave function
is regarded as existing, suffers, | think, from serious [gwis [9]. The basic problem is
that a theory that never talks about matter would not formdsyaate description of our



world. Strictly speaking, in a world governed by such a tebere exists no matter, or
else the link between matter and the mathematical variatbldee theory is left vague.
A related problem is that it remains to be clarified in what wiag wave functiongls
andyss associated with different spacelike 3-surfaEesnd’ have to be compatible to
be regarded as describing a consistent reality. In Zamed X’ have a large portion in
common, one would presumably require tigat and )s: describe the same reality on
>NZ'. But the heart of this problem is that one has not defined lgledrat that reality
is and how the wave function influences that reality, and twigle such a definition is
exactly the purpose of the concept of primitive ontology.

When we regard GRW as a theory about flashes then the flashes i@ndom set, a
point procesgas mathematicians would say), in space-time. The joittidigion of the
flashes is then determined by the (initial) wave functiodeked, for this distribution one
can write an explicit formula, which | will do in the next seut, albeit in much greater
generality including quantum field theories.

GRW AND QFT

It will be useful to write the abstract mathematical struetaf the GRW model in the
following way [6]. The mathematical ingredients are:

« The initial wave function (at timegp), a vectory in a Hilbert spaces with
Iyl = 1.
« For writing the flash rate (the probability per time with wihia flash occurs) at a
locationr € R® in the form
(WA ), (2)

we need a positive self-adjoint operafyfr) for everyr € RS,

For the case of nonrelativistic quantum mechanids distinguishable particles, it
is useful to introducd\ types of flashes (corresponding to tievariablesrj € R3
of the wave function), and thus for every tyipe {1,...,N} the flash rate operators
Ai(r). To obtain the original GRW model, choose the flash rate ¢peydo be
multiplication operators by (3-dimensional) Gaussians,
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where the model constartsandT are the width of the localization (say,= 10~/
meters), and the average time between two collapses oftetyaei (say,7 = 108
years).

« The HamiltoniarH defines the wayy would evolve if there were no collapses.

Together,7#,H, andA define a flash theory by the postulate that the joint distidiout
of the firstn flashes is given by

P(Xg € d*q, ..., % € d™%q) = [[Kn|2d*q - - - d*n, (4)



where dx, = d®rdty is the 4-volumex, = (ry,ty), and

Kn = A(rn)Y?W—t, ;- A1) YW, (5)

with
_ Jexp(—iHt/A—3 [PrA(rt) ift>0
W= {0 ift <O. (6)

It is an easy exercise to check formally that with these d&sims, (4) consistently
defines a probability distribution on the suitable histopase (a history in the flash
ontology is a pattern of flashes, and history space thus sitaee of all discrete subsets
of space-time). The original GRW model is a special case isfsbheme, for which
[d3 A(r) is, by (3), a multiple of the identity operator i##’, so that is the unitary
Schrédinger evolution up to a scalar factor exp/2t) that governs the (exponential)
distribution of the random waiting time until the next flaflor the case of several types
of flashes there exist obvious analogs to equations (4)s€®)]6]. | also mention that
equations (4)—(6) fit into a general mathematical schemeBlanchard and Jadczyk
[14] have developed for a different purpose, namely for nedecoupled classical and
quantum systems; see Jadczyk’s contribution to this voliameéetails. The subsequent
work [15, 16] on relativistic extensions of their approaichcontrast, seems not related
to any relativistic theory of flashes.

For N identical particles, one should form the operators

AV(r) = i/\mr) : ()

restricted to the subspace of anti-symmetric (or, symmetrave functions for fermions
(respectively, bosons). We thus obtain, in a remarkablpkway, a variant of the GRW
model appropriate for identical particles, despite thegestion sometimes conveyed
in the literature (see, e.g., pages 312 and 382 in [4]) thatdé&aling with identical
particles one has to employ a “CSL” model (continuous spuedas localization [17]),
in which the state vector follows a diffusion process in lditspace and thus “collapses
continuously” rather than at discrete times. In fact, thelification of the GRW collapse
process corresponding to the choice (7) of flash rate opsratas already proposed in
1995 by Dove and Squires [18], but has not received the aiteittdeserves.

For a variable number of particles, one should form

A = AN () ®)
N=0

on Fock space. In a sense, quantum field theory is nothinghbujuantum mechanics
of a variable number of identical particles. This allows asléfine a flash process for
more or less every QFT that is regularized (i.e., possesaedl-@efined Hamiltonian).
Equivalently, we can writé\(r) as smeared-out “particle number density” operators
N(r),

1 1 N2 /o2
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(In nonrelativistic model QFTN(r) can be expressed in a simple way in terms of the
field operatorsp(r) of a quantum fieldN(r) = ¢*(r) ¢(r). Since Pearle and Squires [19]
have argued for choosing the collapse rate proportiondldartass, a better alternative
to eq. (9) may be to replace the particle number density epardy the mass density
operators.)

This model is as hard to distinguish experimentally froormdtad QFT as the GRW
model from standard quantum mechanics. Thus, contrary &b iwlsometimes conveyed
in the literature, it is not a matter of necessity to employSi.@odel for dealing with
QFT. I would rather say that the generalization to QFT of tff®XGmodel with flashes
is simple and natural.

This model does not allow superluminal signalling by mednsalocal correlations,
and does not lead to any divergences. Ref. [20] includescaistson of superselection
rules in this model.

Where is the collapsing wave function in this model? Withrgvéme t there is
associated a wave function

o — W, Kn gy
|
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wheren is the number of flashes betwegnandt, all of which enter intoK,,. This
function ¢x is what is best regarded as the wave function at timi¢ is called the
conditional wave functigrsince it depends on the realization of the flashes betwgeen
andt. Itis also called theollapsed wave functiosince each flash contributes a factor to
Ky that collapseg (in one variable) to a neighborhood of the flash. As time pedse
yx collapses whenever a flash occurs, and evolves determaligtin between. As a
consequence of (4), the distribution of the flashes afteonditional on the flashes
betweerty andt, is given by the formula (4) foP with ( replaced by andtg replaced
byt.

Another fact | would like to mention for later reference isitthe probability that no
flash occurs before tintels given by

(10)

W, ]2 (11)

RELATIVITY

A relativistic quantum theory without observers must ovene the difficulty of recon-
ciling relativity with the quantum nonlocality discoverbg Bell [3], which asserts that
sometimes spacelike-separated events influence each other

A radical explanation of nonlocality postulates the existe of a preferred slicing,
or foliation (as mathematicians would say), of space-time into spacdikurfaces.
This foliation might naturally arise from the space-timegetry; for example, it might
consist of the 3-surfaces of constant timelike distanceftbbe big bang. Assuming a
preferred foliation, a simple and natural extension of B@mmechanics to relativistic
space-time has been worked out by Durr et al. [21], and santgtinalogous can
presumably be done for the GRW model [22], be it with the mmatnsity or with
the flash ontology, see Fig. 2.
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FIGURE 2. Given a foliation of space-time into spacelike 3-surface® can define a version of
the GRW model with matter density ontology, in which a coflapof the wave function leads to a
discontinuous change of the matter density,t) (shades of grey) along a 3-surfacé&rom the foliation.

While the existence of a preferred foliation seems a pdgsilvorth considering,
the conventional understanding of relativity forbids itid hard to make precise what
is allowed and what is not, but it would seem that special fBasas playing the role
of simultaneity-at-a-distance are not allowed. If a prefdrfoliation exists, the conven-
tional understanding of relativity is wrong. This motivatihe search for alternatives,
i.e., for relativistic theories that do not require spetdiations or any other additional
structure in space-time providing a synchronization otepike-separated events. Such
an alternative is not in sight with Bohmian mechanics, behsaiversion of GRW with
flashes is possible! | will describe one in the next sectidms Tonfirms a hope expressed
by Bell in 1987 [2]:

| am particularly struck by the fact that the [GRW] model isLasentz
invariant as it could be in the non-relativistic versiortalkes away the ground
of my fear that any exact formulation of quantum mechanicstneonflict
with fundamental Lorentz invariance.

The observation that induced Bell to write this was the mirtie translation invari-
ance of the original GRW model: Consider two quantum systatres great distance
from each other (far greater than their sizes); supposenthsystems are entangled but
do not interactH = H1 + Hp, and that each is adequately described by nonrelativistic
guantum mechanics. Then the effect of a small Lorentz bspst first order, a relative
time translation; that s, the two systems get shifted iretby different amounts. In other
words, exactly the synchronization (of events in one systéimthose in the other) that
a preferred foliation would provide gets changed. The cigithat the joint distribution
of the flashes is covariant under relative time translatipravided the two systems have
different types of flashes. To see this, one may start fronfdl@ving formula (here it
suffices to consideX = 2): It is the analog of formula (4) fdX noninteracting systems
with different types of flashes, and provides the joint disttion of the firstny, ..., ny



flashes with label 1..,N. We denote by \ thek-th flash of typd.

N 2 N n
IP’(XLkE I <N k< ni) - H(X)Kiﬁi sz .r!kl_lld“xhka (12)
i=1 i=1K=

where the operatdf; ,, is given by (5) and (6) with\ replaced by\; andH replaced
by Hi. Now consider a pattern of flashes and apply a time transl&igystem 1 alone,
shifting all flashes of type 1 to the past by some amdunt0 but leaving the flashes of
type 2 unchanged. Apply this shift to the probability distiion and conditionalize on
thosen' flashes that end up in the pasttgfthen this distribution is given again by (12)
but with ¢ replaced by the conditional wave function

Wattg—t, Ko @
Watto—t, Ki @]

A RELATIVISTIC GRW MODEL

| now present a way of making the GRW model Lorentz invari&jt ¢xploiting the
flash ontology and the analogy with the multi-time translainvariance. The relativistic
model is nonlocal, excludes superluminal signalling, aoiaverges to the GRW model
in the non-relativistic limitc — . The version | shall present treadtsdistinguishable
guantum-mechanical Dirac (relativistic sp}r)lparticles without interaction in either flat
or curved relativistic background space-time.

Let me guide you through the equations defining the modeh Bathe flashes wears
alabeli € {1,...,N} corresponding to one of the variables of the wave function. The
distribution of the flashes is again of the form (12), but lblase differentk operators,
constructed in a Lorentz-invariant way. For two spacelilsuaces 1, 2, let

Us? 1 L2(31) — L2(3p) (14)

denote the unitary evolution (according to the Dirac equgtfrom; to 2. For every
spacelike 3-surfacg, let Az (x) be the multiplication operator dr?(Z) by a Gaussian

centered ax, _
A0 w(y) = 22 expf - SIEDD) ) (15)

wherey € 2, “s-dist” denotes the spacelike distance al@hg@ndo andrt are the same
constants as before. The normalizing factéris chosen so that

/ BxAg(x) = = (16)
> T

and may depend onif space-time is curved. In the relativistic formula thatlweplace
(5), we will use the expressiofs (x)1/2 to replace the nonrelativistic operatt(r)¥/?,
and we takex to be the hyperboloid based at the previous flash, as in Fighiz.
construction cannot be done with continuous collapse asSh @odels because it is
the (previous) flash that defines the relevant 3-surface.



FIGURE 3. The 3-surfac&(X,x) of constant timelike distance fror containingx

In detail, we write, for any sequende= (xo,X1,X2, . ..,X,) Of space-time points,

K(F) = Ky (%n) -+ - Ky (X2) Ko (X1) - (17)

The collapse operatdf,(x), which we define presently, corresponds to a flask at
given that the previous flash wasxatand is the analog of the nonrelativistic expression
Ky (X) = A(r)Y2W_y, except that we use the Heisenberg picture to define i?6Fo),
with 2 the 3-surface on which the initial wave function is specifijgtbre about it at
the beginning of the next section). We define

K (X) = Lee 7 (x) € X12TUS0 As () Y2UZ (18)

where.# (X') means the future of (the interior of the future light cone af), [x—X| the
timelike distance betweenandx, andX = Z(X,x) = {y € Z(X) : ly—X| = |x—X|}
denotes the 3-surface of constant timelike distance #arontainingx, as in Fig. 3. The
first factor 1. z () ensures that flashes for the same particle are timelike atepaThe

second factor €% *1/2T corresponds to the exponential distribution (with expiéota
T) of the proper waiting timex — X/|. The last three terms are the Heisenberg-evolved
version ofAz (x)Y/2. A key property of (18) is that

/ A (X) K (X) = 1. (19)

Since the distribution of the next flash depends on the pusvftash, we need to
specify aseed flashas part of the initial condition; in fact, one seed flasffor every
particle labei. For the initial condition of the universe, they could be shioto be, e.g.,
the Big Bang. With the notatiofy = (X o,...,% ;) and

2
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the formula for the joint distribution of the first flashes of type, the analog of (12),
reads

P(mked“m,k:igl\l,kgni) :H%)K(fi)szdf. 1)
i=1

By (19), this defines, at least formally, a consistent faraflprobability distributions.

This completes the definition of the model. Its Lorentz imwace is manifest from
the fact that we did not mention a preferred slicing of sp@oe, or any other sort of
additional space-time structure.

CONDITIONAL WAVE FUNCTION

Do the seed flashes have to lie on the 3-surbacen which we specify the initial wave
function? No. The measur@ defined by (21) does not change if we replagdy any

other spacelike (Cauchy) 3-surfatgandy by ¢/ = U N2 using the unitary evolution.
Thus, as far as (21) is concerneg,may lie in the past of some seed flashes and in the
future of others, or even in the future of (some of) the randlashes governed by (21).
This should not be understood, however, as answering th&iqonavhat function is
best regarded as the collapsed wave function on a givernf8egar. This is the question
| address in this rather technical section. Before, howéwvél provide a couple of facts
that help us deal with the subtleties involved in conditi@non the information that a
certain pointx was the last flash before a certain 3-surfacé&irst, the formula for the
probability that no flashes occur up to the 3-surfacee., the relativistic analog of (11),
reads

N
| 22
i=1

with the abbreviation

1/2
Wy (2) = Ug, ( JA ST Kx/<x>) , (23)
Z(5)

where .7 (X) = Uyes Z# (X) is the future ofZ. And second, as a consequence of (22),
the probability of a particular sequenéie= (X 0,Xi 1, ..,%,n) Of flashes of type with
Xi 1 € Z (), giventhat the seed flask o was the last beforg, is not (21) but instead

[=Ae
@i Wi o (= wH

Now | return to the question, what is the collapsing wave fiomc(or conditional
wave function) in this model? | have two alternative propegsly first proposed wave
function associated with any spacelike 3-surface

Wy (E)K(F)
EXGRGIE

(24)

Ys = (25)




wheref! is the finite sequence of all flashes of typep toZ, andx is their last one. The
distribution of the flashe§ afterZ, conditional on the flashe§ up toZ, is given by

| @ iywyz) s . (26)

That is, if we want to express the distribution of the futureégrms of the present wave
function, rather than of the initial wave function of the wumise, then (26) is the more
relevant formula than (21). As we pugho the future (s collapses whenevér crosses
a flash, and evolves deterministically in between; the diaidaw reads

®i Wi, () K (i) W (2) L g
|6 We (2) K (i)W (2) L |

Ys = (27)

if $ lies in the future of, f; are the flashes betwe&nands, andx; is their last one. It
is perhaps worth emphasizing that, for any 3-surface specifyys and the last flash
beforeZ (of every type) suffices for determining the conditionatulmition of all events
in the future ofZ given the past ok.

My second, inequivalent definition of a collapsing wave timcis

. ® Uzzo (fHw
| @i () K(F) ¢
which is not normalized|gs || # 1, and that is a feature one would not expect of a wave

function; however, this definition leads to simpler formaul@placing (26) and (27),
namely

® Uzo s, (28)

| @KUz e of (29)

and
X Uz (fl>Uz ()3

@WK (F)UZ gs|

The existence of inequivalent def|n|t|ons of the wave funtionZ underlines that the
theory is not about wave functions, but that the wave funcisoa tool for formulating
the law of flashes; see [9] for further discussion of the stafitthe wave function.

If we associate with every a random wave function, be it by (25) or (28), then to this
ensemble of wave functions there corresponds a densityxmatrl have not succeeded
so far in deriving a master equation fpg, and the difficulties that arise suggest that
none exists because the evolutionpgfis not autonomous (i.e., there can be 3-surfaces
21,2, and initial wave functiongy, ¢’ such thaips, = Pz butpz2 + Pz ). This may be
part of the reason why previous work on relativistic colkapiseones ‘did not arrive at
the present model: Di6si, for example, told me he expectatthte first step towards a
relativistic collapse model should be to find a relativistiaster equation, but came to
the conclusion that no such equation exists.

(30)



REMARKS

An object moving at a speedclose to the speed of liglttexperiences fewer flashes,
in fact by a factor of ¥/1—Vv2/c?, as one would expect from time dilation. No
synchronization between the flashes for different pagicepostulated or obtained in
this model. With the matter density ontology, the model wioubt be Lorentz invariant.
Instead, we would need a foliation (see Fig. 2) to be able ttevdown a formula
analogous to (1).

The reason why superluminal signalling is impossible is, tharepeated application
of (19), the marginal distribution of type-1 flashes,

[ a2 Kt @K () ] = || (K(f) 2 )9 = w(pFK (K(f), @D

does not depend on eithek or ¢y except through the reduced density ma]m[ﬁd =
tro| @) (Y|. Thus, for two separated systems, the distribution of tlemtsin one region
of space does not depend on the external fields, which we magima as arranged by
an experimenter at will, in distant regions of space, andeitbier on features of the
entangled wave function beyond those captured in the reddeesity matrix.

The model is nonlocal. The basic reason is that distant ffacie be correlated, as

IK(f1) @K (f2) ]| # [|K(F2) ] |*|[K(F2) ol |*  unless w=gn@ g, (32)

While not all correlations are nonlocal correlations, éhsrnothing in the equations of
the model that would preclude nonlocal correlations, faaregle between the space-
time locations of two spacelike separated flashes. In thidainwe have, rather than
merely the nonlocal probability law for results of experimtgethat we have in ordinary
guantum mechanics, a nonlocal probability law for micrgsc@vents, the flashes. An
interesting feature of this model’s way of reconciling radlity with relativity is that
the superluminal influences between correlated events tdoave a direction; in other
words, it is not defined which of two events influenced the othiais is different in
Bohmian mechanics with a preferred slicing, where, in theeaa two experiments on
entangled particles at spacelike separation, one is e#nb@ the other (in the sense
defined by the slicing)—a fact that defines a direction of thelocal influence.

CONCLUSIONS

To conclude, the model describes a possible many-partictElin which outcomes of
experiments have (to a sufficient degree of accuracy foraaks presently testable) the
probabilities prescribed by quantum theory. It is fully quatible with relativity, in that

it does not rely on a preferred slicing (foliation) of spacee. While the present model
works on Minkowski space-time and Lorentzian manifoldslativistic collapse model
on alattice (Z* instead ofR*) was developed by Dowker and Henson [23]. Another
model, which reproduces the quantum mechanical probiakikixactly is available

in the framework of Bohmian mechanics [21], but uses a predeslicing of space-
time. Thus, with the presently available models we have tterrative: Either the
conventional understanding of relativity is not right, araptum mechanics is not exact.
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