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Problems and aspects of energy-driven wave-function collapse models

Philip Pearl&
Department of Physics, Hamilton College, Clinton, New York 13323, USA
(Received 13 October 2003; published 21 April 2p04

Four problematic circumstances are considered, involving models which describe dynamical wave-function
collapse toward energy eigenstates, for which it is shown that wave-function collapse of macroscopic objects
does not work properly. In one case, a common particle position measuring situation, the apparatus evolves to
a superposition of macroscopically distinguishable stétleees not collapse to one of them as it should
because each such particle/apparatus/environment state has precisely the same energy spectrum. Second, as-
suming an experiment takes place involving collapse to one of two possible outcomes which is permanently
recorded, it is shown in general that this can only happen in the unlikely case that the two apparatus states
corresponding to the two outcomes have disjoint energy spectra. Next, the progressive narrowing of the energy
spectrum due to the collapse mechanism is considered. This has the effect of broadening the time evolution of
objects as the universe evolves. Two examples, one involving a precessing spin, the other involving creation of
an excited state followed by its decay, are presented in the form of paradoxes. In both examples, the micro-
scopic behavior predicted by standard quantum theory is significantly altered under energy-driven collapse, but
this alteration is not observed by an apparatus when it is included in the quantum description. The resolution
involves recognition that the state vector describing the apparatus does not collapse, but evolves to a super-
position of macroscopically different states.
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[. INTRODUCTION extended it to macroscopic systems so one cannot say how,
) ] e.g., the behavior of an apparatus is described in his model.
Wave—funCtlon Collapse m0de|S alter SChI’C')dInger’S equaMost recent'y’ Hughstomg] has given an e|egant argument
tion by adding a term which depends upon a stochasticallpropounding an energy-driven collapse model, which has
fluctuating quantity. The equation then drives a superpositiomeen followed by a number of papef$4—17 exploring
of quantum states toward one or another state in the supemathematical and physical consequences of this proposal.
position(which state is realized depends upon the realization Since the purpose of collapse models is to al(tive state
of the fluctuating quantity Moreover, when all possible vector of the modifiegquantum theory to describe the local-
fluctuations and their probabilities are considered, the realized world we see around us, it is necessary to have a mecha-
ized state appears as an outcome with the Born probabilitpism whereby energy-driven collapse results in localized
[1,2]. states of, e.g., a macroscopic apparatus. Hughgt8hhas
Following seminal ideas involving collapse of particles to suggested that exchange of environment partiGs with
localized positions in the model of Ghirardi, Rimini, and the apparatus by accretion or evaporation might achieve this
Weber[3], it became possible to incorporate these with the'®sult, and this has been explored by Ad&7]. _
earlier ideas to construct a model, the continuous spontane- However, after presenting the necessary energy-driven
ous localizationCSL) model[4,5], which describes collapse Ccollapse formalism in Sec. II, we argue that it cangimyt this
based upon a local density, e.g., particle number density?’ 2Ny other mechanisniead to spatially localized states in
mass density6—8], (relativistic) energy density. This model c¢ommonly occurring cases. Section Il shows that this is so

. . 2 -~ _in a familiar measurement situation, the position measure-
entguls r.apld coIIaps_e of a superposition of macroscoplcall%ent of a superposition of two mutually translated particle
distinguishable spatially localized stat@sich as occurs in a

t situationo £ th It d this b states, when the particle, apparatus, and environment are col-
measurement situatipio one of them. It does this because lectively described by the state vector. The reason is that the
each state differs from the others in the superposition in it

[ . ; %volving superposed macroscopically distinguishable states
spatial distribution of the density. The CSL model, dlf“ferenthave precisely the same energy spectra so one state is not

as It t:f from standardg%Uanum tfheqry_, has ?Xpe”m?n;a”%ingled out by energy-driven collapse, which is only sensi-
testa 1€ consequencés,9,10; so far it is consistent wit tive to energy spectra differences. It is not sensitive to what
experiment. does distinguish the different macroscopic states: ftlggn-

I'IA\ Iongbtimed ago, E(‘ff‘;'ford and Warg-1] %r.?prSEd that o a)ly degenerajeenergy states have different phase factors,
collapse based upon differences in energyt differences in -\ nqe cancellation or augmentation, when projected into the

energy density as described abpweuld be viablg. More position representation, gives rise to the spatial distinctive-
recently, Perciva[12] has constructed a stochastic energy-,

driven collapse model for microscopic systems but has not In.Sec. IV, after laying out the time-translation invariant

properties of the formalism not immediately evident in Sec.
I, the results are used to prove that, for an experiment which
*Electronic address: ppearle@hamilton.edu produces a permanent record, the associated apparatus states
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must have nonoverlapping energy spe¢tvhich is most un- dB
likely). (A= f dBP(B)(A)g(t) = f ﬂB<‘/’at|A|¢yt>B-
An aspect of energy-driven collapse is that it does not vem
allow objects to change too rapidly. The reason is that each (2.9

object has a smallest time which characterizes the time
evolution of its fastest elements. Unless the state vector d
scribing it contains a superposition of energy eigenstate
with spreadAE=17/ 7, it cannot evolve over. However, in
the energy-driven collapse modelyerystate vector has its
energy ban(_alwidth progressively narrowed as time wears on, (E;jltyg = e iEtgMIE - (B2 E. ily,0y (2.9

to AE~(\t)"Y2 Here,\ is a parameter in the model of di- . .

mension (energy2 (time)™%, which characterizes the col- (i is the energy degeneracy indeRst—<, in Eq.(2.9), the
lapse rate andis the time that has elapsed since the energyaussian — (I \)YZHE-(B(1)/2AD)], showing that the
driven collapse began, presumably the beginning of thétate vector collapses to an energy eigendidie value of
universe. Section V shows that any expectation value in starfh€ e€igenstate determined by the asymptotic value of
dard quantum theory with< 7=#(\t)¥2 has its time behav- B()/2\t].

ior “smeared” so that, under energy-driven collapse, it

evolves over the time interval. We show that this is not

only true for the ensemble of universes, but also true for a 1. POSITION MEASUREMENT

temporarily noninteracting subsystem of a single universe. In most of this section we establish the structure of an

In Sec. VI we show the effect ]Ehis has on a prechessjnqnitia| state describing a particle in a superposition of two
spin and on an excitation/decay of a bound state. The timg, aiions, accompanied by a position measuring apparatus
parameters of the models, described by standard quantuiymersed in a gaseous environment. The evolution of this
theory, are choser<7. The result is that, under energy- state in standard quantum theory is given by @) and, in

driven collapse, the spin does not precess and noNexponefia enerav-driven collanse model. b 10. Equation
tial excitation/decay takes place ovEr However, when the é 9y P . by H&.10. Eq

o . .(3.1) shows that proper collapse does not take place.
apparatus is included in the state vector, the altered behavior Consider first an isolated particle which, tat0, is in a
is not recorded by it. We couch this as a “paradox,’ e

o uct _ \" @ CONgcalized state(for example, a Gaussian wave packet with
tradiction between the description of the microscopic system, .o mean position, mean momentum, and widEhe state

alone, and thle.description of its measurement._The resOIUtiovnector of that particle, translated by the distance veatout
involves realizing that the measurement description does NQantical in every other respect, differs only in that the mo-

All the conclusions about energy-driven collapse in this pa-
yer follow from these equations.

For example, from Eq2.1) expressed in the energy basis,
we may write

produce collapse as it should. mentum eigenstate@nd therefore energy eigenstatesf
which it is composed are multiplied by the phase factor
Il. ENERGY COLLAPSE DESCRIPTION exp(—ik -a). Label these two localized particle stateg, 0),

. _|#?,0). Their expansion in energy eigenstates of the Hamil-
The most transparent formulation of the energy-drivery,, Hpar May be written as

collapse model is as followgl8]. The state vectofy,t) at
timet is assumed to obey the nonunitary evolution |p%,0y =, akjeiﬁ‘k’j|6k;j>, (3.1
kj

— ariHt = (L/AND[B(t) — 2\tH]?
[n)g = e HANIB =2y, 0). 29 whereay; (which doesnot depend upony) and 6; (6~ 6;
In Eq. (2.1), H is the energy operator andis the aforemen- =k-a) are real. For simplicity of notatipn we have written
tioned constant parameter which characterizes the rate of efd- (3.1) as a sum, although the possible energy valges
ergy collapseB(t) is the stochastic variable whose time de- (=k*/2m) and the degeneracy indgxwhich is the direction
pendence is that of Brownian motidhe., it is continuous ~k/K) are really continuous. .
but not differentiablg At any timet, it takes on the value ~ We assume that an appropriate beam splitter can put the
(B,B+dB) with probability particle in an initial state which is an arbitrary superposition
|, 0=22_, B,|#%,0) with 32_,|B,/2=1.
Consider next a position measuring apparatus together
P(B)dB= —=g(tht|h s, (2.20 with environmental particles all around, but without the par-
V2 ticle to be detected. The initial state here is

i.e., state vectors of largest norm occur with greatest prob- _ .
ability. Since the state vectd®.1) is not normed to 1, the [A.0)= % Crrléyi) 3.2

expectation value of an operatArin this state is
where |eﬁ1;n> are energy eigenstates of the apparatus/

(A)g(t) = g(t| Al el s(iht| g, (2.3 environment HamiltoniaH, with energye,, n is the de-
generacy label, and,,, is generally a complex number.
and the ensemble expectation value of an operatatlows Now, when the particle to be detected is brought together
from Egs.(2.2) and(2.3): with the apparatus/environment, the energy eigenstates of the
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complete HamiltonianH=H,+Hget Hing=Ho+Hjy;, must  from Eq. (3.49] to eliminate all terms involving
be considered. Lest the environment knock the particle awali,;;k;m;j;n). It is most easily derived (utilizing
from the detector, takel;, not to include an environment- expit[Ho—Exml € )€ M =|eq i) enn)) by writing Eq.
particle interactioralternatively, one could choose the initial (3.4b) as

state so that the particle reaches the apparatus before it is hit .

by an environment particle, but that complicates prpofs ey = | 1 s f Fit(H-Eypmielly  aittHoEyml

Thus, Hine=Ziapp Vi(Xiapp=X), WhereX is the particle’s po- (B i1 ll ! 0 dte Hin ]

sition operator,V; is the interaction potential between the
particle and each relevant apparatus particée, particles in

the detector part of the apparatus, such as the gas in a geiger

... . . 1le
tube) whose position operators a¥g,,,. Thus, in particular, :ll _if dte‘“HHime”HO]|ek;j>|eA'n>

X&) emin) (3.63

if [x) is an eigenstate oX, then 0

Hi.:/x) = 0 whenx lies appreciably outside 1/e
|nt| > . pPp y — [1 + d(e—itHeitHo)] |€k;j>|69;n> (36b)
the particle detector. (3.3 0
It is necessary to write the initial state of particle together it )
with the apparatus/environment in terms of the energy eigen- :tlme ™ol e; )] e )
states oH. Given an energy eigenstate of the noninteracting
particle|e,;j) (i.e., a plane-wave statand an energy eigen- = O egj) ). (3.60

state of the apparatus/environmétﬁ; ny, there corresponds
a unique energy eigensta®,,;j;n) of H satisfying the in-
coming Lippmann-Schwinger equation with eneigy,= €
+¢€, which may be written as

Here, Q" is the Mgller matrix. It is well known to be isomet-
ric, Q*TQ*=1 on the space of in-states, the proof of which
we now sketch for completeness. As shown above, so it is
also readily shown from Eq3.49 that

|Eymi 0 = & D] + ————————Hin Exms 1310 e i)l €y = lim e ™oe™|E, i) = QT |Ejin),
Ekm+ le HO t—oo
(3.49 (3.7
s0 Q0 ;)] en;n)=|ec; )| ey n) follows from Egs.(3.6)
:|€k;j>|é:1;n> + Hint|5k;j>|€r‘;;n> and(3.7). Equation(3.5) is an immediate consequence of the
Exm+ie—H scalar product of Eq(3.69 with (the primed version of

(3.4b itself, and use of2*"Q*=1.

The ath initial state can be written as a sum over eigen-
| i\ A- ey - states ofH as follows. From Eqs(3.1) and(3.2) and again
=lecDlenim + [ymkimijin). (3.49 using the form(3.6a, one seesqti(at ) ©2 ’

In Eq. (3.40, |#in; k;m; j;n) describes the various outcomes o,
of detecting the particle by the apparatus along with scatter- > akje”’kicmn| Exmij i)
ing, accretion, excitation, etc., involving the apparatus and kimn

environment. One may think of this as a scattering situation, (7 i s _
with the apparatus a bound state of its constituent particles,  =|¢% 0)|A,0) - lf dte ™M, D aye ke g j)
and even the environment particles can be imagined as con- 0 ki
fined in a large box surrounding the apparatus so that they « tem A

: c n 3.8
too are part of the bound state. The analysis may then be % i e (389

considered under the rubric of multichannel scattefit@j:
the in-statese;j)|ey;n) are then a complete set in their "
subspace of the Hilbert space. =|¢*, 0)|A,0) — iJ dte M, | b, - 1)|A, - 1)
The labelsk,m,j,n of |E,;j;n) do not describe eigen- 0
values of operators which commute wilh they describe (3.8b
eigenvalues of operators which commute withy,; andH e
Nevertheless, it is well known from scattering theory that, as 1
a consequence of E¢B.4), =[¢",0)|A,0). (3-89
T N OUA i A, The second term in Eq3.8b) vanishes becauge®,0) is a
(Emi1"50 (B 53 = (eic ] Ky il € Dl i) wave packet outside the apparatus with mean momentum
= 818, - (3.5  heading toward the apparatus. Therefdeg;, -t) (t>0) is
the wave packet even further away from the apparatus, so
Equation (3.5 can be derived algebraically by taking the Eg.(3.8¢ follows from Eq.(3.3). (This result is well known
scalar product of Eq(3.49 with (the primed version ¢f for potential scattering21].) Equations(3.5) and (3.8¢) are
itself and utilizing the Low equatiofi9] [which also follows  what we need as we now consider the time evolution.
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In standard quantum theory, using E&.80, the time
evolution of theath initial state is

6%, 0)|A,0) — [We,ty = > ay el Btle, [Eisn),

kjmn

(3.9

where |W1,t), |[W2,t) eventually describe the apparatus as.
having detected the particle’s locati¢end also describe the
battering by the environment particles of the apparatus an&z'z)'
each otherand having indicated this by a macroscopically

distinguishable spatially localized feature.

According to the energy-driven collapse model, Ejjl),
and once again employing E(B.80), we see that the initial
superposed staf@,0)=32_, 8,4, 0)|A, 0) evolves into the
(unnormalizegl state

|V, t)g

2
Tl _ _ 2 .
= E Ba 2 el[gkj Ekmt]e (1/AND)[B(t) — 2MtEy ] a-kjcmn| Ekm;J : n>

a=1 kjmn

(3.10a

2
= E Ba|q,a1t>B (3lob
a=1
for someB(t). [For simplicity we have taketF0 as the time

the collapse process begins: replacement lof t+T in the
Gaussian in Eq(3.109 does not affect the resu(B.11).]

Assuming that the energy-driven collapse does not destr
the functioning of the apparatus, the orthogonal state

[l tyg, W2, 1), like the comparable state vectai3.9) of

0
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state. That a single number< B(t) <o can characterize
the myriad possible recognizable universes which evolve
from an initial statd,0) seems unlikely, and raises the sus-
picion that collapse cannot take place as purported.

In Sec. IV A, time-translation properties are displayed,
showing how the state vector and probability characterized
by B(t) can be expressed in termsBft,) at timet,, and not
just in terms ofB(0)=0 at time 0, as given in Eq¢2.1) and

In Sec. IV B, any experiment is considered whose out-
come, one of two possible values, is macroscopically perma-
nently recorded at timé, (i.e., the record is unaltered for
t>1g). It is shown that this can only be possible if, at titge
there is no overlap in the energy spectra corresponding to the
two different states describing the two different macroscopic
outcomes. Since there is no reason why a measurement
should lead to such a bifurcation of the energy spectrum, it
must be concluded that there cannot be collapse to a state
which describes a unique macroscopic permanent record.

A. Time-translation invariant description
Corresponding to Eq2.1), it is useful to define th¢un-
normalized state vector at timé,
[, Dem By

= g H(t-t gL/t I[B(t) - Btg) — 2n(t - tO)H]2| todsiy.

(4.2
which evolves from the (unnormalizedl state vector
gz/;,t()}B(to) at time t, [we take B(0)=0 and |z,b,t0>B(t0),B(o)
:|¢ato>B(tO),OE |‘/’vtO>B(lO) is given by Eq.(2.1)].

standard quantum theory, each describe the apparatus as pos-Corresponding to Eqe2.2), given B(to) (and therefore
sessing a spatially localized macroscopically distinguishabl@!so the associated state vect@ttog,), the conditional

feature.

However, the squared amplitudes of the sta@gldl«,t)g
in the superposition3.10 are(apart from an overall normal-
ization factor which does not affect their ratio

_ _ 2
|Bal s W0 = B> X a|cnyfZe”HAVIBY = 2 Er]
kjmn
(3.11

on account of the orthonormalit§8.5). But, the « depen-
dence is absent from the sum in Eg.11). Thus, as in stan-

probability that, at timet, B lies in the interval[B(t), B(t)
+dB(t)] is

P(B(1),1|B(to), to)dB(1)
_ O dB(Y) sy Y Dem ey
V2N (t—to) Bty (¥ tol o) Blty)

Equations(4.1) and (4.2) agree with Egs(2.1) and (2.2
whenty=0. It is necessary to show that E¢4.1) and(4.2)
are fully consistent with Eq$2.1) and(2.2), in the sense that

(4.2)

dard quantum theory, there is no collapse to one of these twi€ evolution and probability taken in two steps, from time 0

apparatus states since these superposed states ataime
the same proportion3,|?/|8,/%, as they were initially.

IV. ENERGY-DRIVEN COLLAPSE AND PERMANENT
RECORDS

According to Eq.(2.1), at timet, each value oB(t) cor-

to ty and then front, to t, are equivalent to one step from 0
to t.

Consider first the normalized state vector, which we shall
denote by a prime. From E4.1),

|4, DB B0ty
1/2
BBt St D Bty

LAV

responds to a different possible universe in the ensemble of e—iH(t—to)e[{B(t)—B(to)}H—)\(t—tO)HZ]| Utods,
universes, all of which evolved from a single state vector = 0
|, 0) starting at timet=0. If collapse takes place as pur- Bt
ported, eachB(t) of non-negligible probability should char- )
acterize a recognizable state of the universe, in the sense that '

each macroscopic object in a universe is not in a superposeth Eq. (4.3), the term expf4\(t—to)] [ B(t)-B(ty)]?, aris-

T e
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ing from the squared bracket of the exponent in Eqgl), e—theB(t)H—MHZM 0)

factors out of numerator and denominator and thus can- zﬁ,t)é(t)]B(to)z [EOH

cels, while the remaining terms from the squared bracket (,0/€? |4,0)

have a common factorMt-ty), which cancels with the e“Hte‘(l"‘*‘)[B(‘)‘2"“*]2|¢ 0)

premultiplying inverse of this factor = . (4.9
The exponent in the numerator of Eg.3) has a purely (4, 0" (H/2AVIBWO) = 21HIT ;)

linear dependence upd@it) - B(ty) and upont-t,). Because

of this, writing out|¢,to>3(to) in Eq. (4.3 in terms of|y, 0)

using Eg. (2.1), canceling the exponential factors exp )

—[4\to]B(ty) ]2 which then appear in numerator and de-We see in Eq(4.4) that the dependence up8i(t,) andt, has

nominator, and combining the remaining exponents, disappeared and that the normalized state ve@®, con-
) 5 structed from Eq(4.1), is the same normalized state vector
{=1H(t—to) + [B(t) - B(ty) ]H = A (t — to)H?} that is constructed from Eq2.1).
+{~iHtg + B(tg)H — MoHZ} Consider next the probability th& takes on the value

o ) B(t) at timet, given thatB has the value 0 at time 0. From
=—iHt + B(t)H — \tH*, Egs. (4.2) and (4.1) and the usual rule for compounding
results in probabilities,

P(B(1),t|0,0/dB(t)

dB(t)fP(B(t)yﬂB(to)ato)dB(to)P(B(to)vt0|010)

dB(t) 8.8t ¥ D) dB(ty)
f . 0 0 B(to)<‘/’!to|'/fvt0>B(to)

V27N (t - to) B ol oy  V2mhtg

=27 f Tt B0 B0 -2 M Fy,
V2aN(t—ty) J V2mAty ° 0

. dB(t) f (/jB(to) (1,0] " LUAH-GIB - Bltg) = 20(1~ oH g [1/2[Blo) = 2\gHI, )
\/’277)\(1: - to) V277)\t0

_ "jB(t) (1, 0] U2E® - 202, ) 4.5
V27t

[
which is the same as EQ.2). pling (sufficiently short lifetimeg, the actual energy spread of

This time-translation invariance, especially evident in thethis initial state may be larger than is allowed in the universe
stochastic differential Schrédinger equatigvhich we have  at timeT.
not bothered to reproduge/hose solution is Eq4.1), seems
to have misled workers into overlooking the important ef-
fects of the cumulative narrowing of the energy spectrum as B. Permanent records

the universe evolvegsee Secs. V and Yl Because of this, Now, consider an experiment performed at a time earlier
one cannot take an initial state vectgtto)g , to be just any . eXp P .
0 than ty which, for definiteness, has two equally likely out-

state vecto(as one is free to do in standard quantum theory B
or CSL) if t,=T is, e.g., the age of the universe. The evoly-coMes, say 1 and —1. Suppose further that the apparatus

tion of the state vector from time O when the universe begar[iecords the result at tintg, which is permanent thereafter in

to time T restricts the spectrum ¢, T)gr, which must be all universes. A word on terminology: we are using “uni-

respected if the theory is to be consistently applied. For exverse” for what is described by the state vedipityg cor-

ample, it may not be consistent to consider as an initial conf®sponding to a particuld(t), and “universes” to character-
dition that an electron is in an excited atomic state at fime iz€ the set of these. As far as the argument here is concerned,
Although the electron is in an energy eigenstaed there- 0ne may regard a universe as consisting of just the matter
fore the energy spread is z¢rof the atomic Hamiltonian, it  required for the experiment, or it may be so large as to rep-
is not in an energy eigenstate of the complete Hamiltoniariesent the real univers@n this case, in order that all uni-
(including the radiation fielgdand, for sufficiently large cou- verses have the experiment going on as described, one might
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e Bt _
L N2mN(t-t) B a(ttlditos i

isolated box containing the apparatus came into existence,
with a clock set to start the experiment at a prescribed)time

If collapse takes place as is supposed, one may partition
the values oB(t) for t=t;, into setsX(t) [24(t) consists of
the sef{B,(t)} for which |¢vt>B1(t) describes the experimental J , dB(v B(t)’Bl(to)w’t'l’//'t>B(t>'Bl(t°) ~
outcome 1, 3_,(t) (similarly defined, andS(t) [covering S0 V27N —t) By Wt tode
the remaining values oB(t) which do not lie inX,(t) or (4.6b
3 _4(t) and which therefore must have negligible probability
of occurring. Then, for example, iB4(t;) characterizes a
universe(result 1 at timety), it is (almos) certain to evolve f dB(t) B(t)’Bl(t0)<{'/,’t|l’b’t>B(t)'Bl(t0) -
to a universe at time characterized by son,(t) and it has o) \'/277)\(t ~1to) Bl(to)<(,/1,to z,b,t0>Bl(to)
~0 probability to evolve to a universe characterized by a
B_4(t) or By(t). Thus, from the expressio@.2) for the con-

’

imagine that, somehow, at the beginning of the universe an f dB(t) B(t),B_l(t0)<'/fvt
3

ditional probability, we have f dB(t)  ewe,u) T Dewe i 0
300 V2Nt —to) Bt (tlolthtode iy '
(4.60
CATAY
f , dB) 508t | BOA) , The “="is in these equations because a probability can dif-
5,0 V27N (t—t)) Byt tol titode, g fer from 0 or 1 by a negligible but nonzero amouetg.,
there is a tiny probability of a “flip” that an outcome 1 at
dB(t) B, e 1 time t, can evolve to -1 at a later timtg¢ and the theory still
J 5 = (Itolthto) ~0, has acceptable behavior.
50 V27N~ 1) 8409 lol¥iloe 4t The state vectors in Eq&.6) may be written in the form
(4.6  of Eqg.(4.1) and expressed in the energy basis:
|
. 2-[1/2\(t-t) I[B(t) - Bltg) — 2\(t - tg)EJ?
B(t),B(tO)<¢!t|¢1t>B(t),B(t0) EJ JdE|<E,J ‘/f,to>B(t0)| e
Bl hongy (.73
Bty \ ¥s tol ¥ Lo/ B(t,) E] de|<E;j|(/fatO>B(t0)|2
= f dEeV2-t)]B® - Bty - 2A(t - to) EI Pty (E) (4.7b)
[
(j is the degeneracy index for the energy eigenstatéere We now show that Eqs(4.6) can only be satisfied if
pe,t)(E), pe_ 1 )(E) have disjoint support irE. We apply
2 |<E;j|¢vt0>B(t0)|2 Schwarz’s inequality
i
Pty (E) = [ f , f , 112
. dxf4(x) [ dxg=(x) = | dxf(x)g(x)
> f dEE: ][ todey|? 9 g
i

[where [dxf2(x) =0, fdxg?(x) <1, anddx=dB(t)dE] to the
is the unity normalized energy spectrum of the universe aproduct of the two equations in each of E¢4.63, (4.6b),
time t, characterized by(t). and(4.69 expressed in the forr.7b), obtaining
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0= dB—L dEe M (t-to)][B(t) - By(to) = 2A(t - to)E]ze—[1/4)\(t—t0)][B(t) - B_y(tg) = 2\(t - to)E]zpélzt (E)pélz (E), (4.8
3 \/’2’77)\(1: - to) 1(to) _1(to)

where3; is any one o2, 3_;, 3. Adding the three expres- [, g = D]y, Thg. (5.2
sions(4.8) together, the range @&{(t) becomes the whole line

so the integral oveB(t) can then be performed, resulting in Since the(approximate evolution (5.2) has the usual form

and|¢, T)g has energy spread no greater thah/ 7, accord-
ing to the usual time-energy uncertainty relation we expect
0 ~ e [1/8Mt-to)I[By(to) - By(tp)* f dEpélz(t \(E) pé’Z 0 (E). that the characteristic evolution time of any physical system
o o in the so-restricted universe, e.g., any “pulse” behavior, can
(4.9  be no shorter thaf-
In Sec. V A we consider the ensemble of universes. The
No matter how large i§B;(to) —B_;(to)]?, for large enough  above argument for the restriction on pulse behavior is made
the exponential in Eq(4.9) is ~1. Thus the integral must more precise, in the expression, &§.49), for the ensemble
vanish and so, for eaclE, one (or both of PBl<to>(E)' expeqtqtmn value of any operatdr Also, from this expres-
pe_t,(E) must vanishior be negligibly small sion, it is shown that the ensemble energy spectrum at any

However, there is no mechanism whereby a measureme?zlfnet(']lS unfhi_ngr;(é f<roﬁr;1}hat at tlrrr:e O.' Howec\j/er, the er_‘fer%y
“splits” the energy spectrum of the univerg@hether the SP'€ac rESUICUOME=7n/Z0n €ach Universe does manites

universe is just the apparatus or the real univeis® dis- itself, in the (approximatg vanishing of the density-matrix

joint sets associated with each outcome. We conclude th&fi-diagonal energy basis elements when their difference ex-

the premise of this argument that the energy-driven coIIapsEegdﬁAE' Itis alstq showrr: tf;a;;were thegla a r;onmteractmg
mechanism will produce macroscopic states, each corr2ubsystem present in each of the ensemble of univeesis

; ; : may imagine that a physical system is presentif0) which
sponding to a single recorded experimental outcéamel not e )
produce a superposition of such statés false. somehow remains isolated for all timé¢hen the ensemble of

just these subsystems also obeys BH0.

However, we only have access to one univémseeB(t)],

V. SECULAR DECREASE IN ENERGY BANDWIDTH not the ensemble. In Sec. VB it is argued that, isirgle
AND CONSEQUENCES universe, when the rest of the universe is traced over, Eq.
o ) (5.40 holds to a good approximation for a subsystem which
In what follows, for definiteness we shall consider thatjs yecently isolated, i.e., one which may have interacted with
universe refers to the actual universe, and universes descrige rest of the universe in the past but is presently not inter-
an ensemble of which only orighat we inhabitis actually  gcting with it. This allows us to discuss experiments in the

realized. single universe which are “turned on” at tinig two ex-
If one expands the initial state vector of the universegmples of which are treated in Sec. IV. Since it is a single
|4,0) in energy eigenstatesy, 0)=dEG(E)|E;j) (j is the  ynjverse, if collapse takes place properly, the result of an

degeneracy indoxthe state vector evolutiar2.1) of a single  experiment should entail a unique outcome, but we shall see
universe characterized lB(t) may be written using Eq2.5)  that this is not the case.

as

A. Ensemble behavior

- . (E)a-iEta-ME — {BO/2ALT = 5
i, 0)g ; deC‘(E)e e E: ). Here we show that the ensemble of universes has the

same energy spectrum &#,0). [Even though the energy
(5.9 spread of each universe is narrowed @ /7, each uni-
Thus, for each state vector, the initial energy spectrum Verse’s energy spread has a different mean vaiét), and

3,|C(B)|? is increasingly narrowed as time wears on by be-these means are spread out over the whole real lew-
ing multiplied by a Gaussian of energy spreatht)¥2[and  €Ver, the pulse constraint discussed above, since it holds for
mean valueB(t)/2xt]. all state vectors, holds for the ensemble.

Consequently, rapid time evolution of anything amy To.see this formally, we write Ec(2.1) in still another
universe is restricted. Suppose that the universe has evolv&gy; in terms of the state vectgp,t), which evolves from
for time T, and we consider physical phenomena over a relal? ) under ordinary Schrédinger dynamics:
tively short-time interval thereafter0,t-T), where t—-T _ —(UMD[B() - 2AtH]
<T.yThen the Gaussian in E¢p.1) is not much different at [Urg = e HAOIY Mot (5-33
time t than at timeT over this time interval[i.e., 7= (At)'2 .
~(AT)¥? and B(t)/272=B(T)/27?], so Eq.(5.1) becomes :ij dne‘”2/4e“5”’\’mei"§’7”|gb,t) (5.3b)

I

approximately a4
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1 (" EEPRE — |E’-E|>#%/T. Thus one may expect that behavior in stan-

" dne™”"e [¢nt=\Atm), (5.30  dard quantum theory which depends upon a coherent super-
VAT position of energy states with a spread /7 will be signifi-

where the Fourier transform of the Gaussian has been engantly altered under energy-driven collapse.

ployed in Eq.(5.3b) to obtain an exponent linear k. Thus, Next, consider the behavior of a noninteracting sub-

according to Eq(5.30), |#,t)g may be viewed as a “time- System. Denote the subsystem by the subscript 1 and the rest

smearing” superposition df/,t)’'s over a range of of order ~ of the universe by the subscript 2. The initial statgs0)

7, with a Gaussian weight andBxdependent phase. =y, 0)| 4,0y andH=H, +H,. For the ensemble expectation
The ensemble averad¥), of any physical quantity, is ~ value of a quantity/, Wh_ich depends only upon variables of
found by putting Eq(5.3¢) into Eq. (2.4): subsystem 1, Eq5.49 yields
1 * 1 * _ 2 N N
W) (t) = — f dBg( s, t|V| i, t)g (5.49 Vo) = = f dne 72y, t = VAt Vy| by, t — VL)
V27At) —» N2 J o
1 (> - X (Yot = N7l t = V) (5.79
:4_ dﬂf dnre—ﬂ2/4e—n'2/4<l!j,t _ \“’Eﬂ, |V| It )
TJ -0 —© “ — —
— = f dre "2y, t = NtpVy g, t = \\tm).
- VAty) V21 J
1 * — (5.7b
x——| dBeBUr7)ax (5.4b) _
V2t - In standard quantum theory, the state vector of two dis-
connected systems describes them as evolving separately.
1 This is not the case with energy-driven collapse: the dynam-

f dne"’z’zw,t - v")\tn|v| Ut— \J’ﬂn). ics entangles the systerfthrough the quadratic dependence
- on H in the Gaussian in Eq2.1)]. However, for the en-
(5.49 semble, the density-matrix description has the two systems
. . ) o ) evolving independently(This interesting result is implicit in
Equation(5.40 makes precise the discussion in the intro-he work of Refs.[14,17.) Since EqQ.(5.7b has the same
duction above. Any pulselike behavior 0f)(t) in standard oy as Eq.(5.40, the consequences of E@.49 (smeared
quantum theory is “smeared” over a time interved [with  pylse behavior, unchanging energy spectrum, vanishing of

=
N2

T=(\T)Y2for [t-T|<T]. sufficiently separated off-diagonal elements of the density
If V=F(H) is an arbitrary function of the energy, it fol- matrix in the energy representatjohold for the subsystem
lows from Eq.(5.40 that as well. In particular, for the ensemble, under the secular

1 (> energy narrowing taE = (\t)"*/2, the energy spread allowed
(F(H)(t) = — d,,e—nZIZ to the whole universe is the same energy spread allowed to a
V27 J noninteracting subsystem

X, 0[N () g0y, 0)

= OF(H)14:0), (5.5 Now we wish to consider a single universe, characterized
i.e., the energy distribution of the ensemble of state vectors iby B(t), and an experiment prepared to be performed at time
always equal to its initial energy distribution. ~T. For this to make sense, the state vedtprtf,)B(to) at
However, that is not all there is to say with regard to thesome timet,< T must be compatible with both its function
energy. The density matrix in the energy basis may be writand history.
ten, considering Eq5.40, as It is required that the apparatus, an isolated subsystem of
1 (= ) o _ the universe, properly performs the experiment under the
<E,|p|E>:'=f dne "XE" |t = VAt )bt — VAL7|E) standard quantum theory evolution. Thus we hypothesize
V27 J o that [, to)e(y =|1, o) ¥2,to), Where |¢x,t5) describes the
(5.6a subsystem containing the apparatus a#dt,) describes the
rest of the universe. That a reasonable initial state of the
1 (= o universe,|¢,0), could have evolved to such a direct product
:?J dye™ 7 2e EBWNAE! |y 1)y t|E) is most unlikely, unless energy-driven collapse does indeed
N2 ) - take placdso the huge superposition corresponding to all the
(5.6b  possible universes that, 0) evolves to under standard quan-
tum theory is collapsed under evolution Byt) to one of
— o M(E - B2/ then, so this is entailed by the hypothesis.
€ (E 0GB (5.60 Account must also be taken of the state vector’s evolution
In Eq. (5.60, the pure density matrix of standard quantumsince time Q(so its energy spectrum is appropriately naryow
theory is multiplied by a Gaussian, so th&'|p|E)=0 if One could consider the evolution of the state vector from

B. Individual behavior
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|¢,tO)B(tO) to |, t)g(y) Using Eq(4.1), but that would not make vector describes an apparatus in a superposition of different
explicit the limited spectrum ofy, to)g). Accordingly, we ~ measurement results entangled with the rest of the universe

may employ Eq(4.4) to display the state vectdg,tyg, in  (Which, when the latter is traced over, has the result of can-
terms of |i4,0): actually, we shall utilize the forni5.30 celing the off-diagonal density-matrix elemengs happens

which is equivalent to Eq4.4) (except for the normalization in standard quantum theory. .
facton. q a9 ( P Because of the importance of E&.9) to the argument in

Now, although the integral oven in Eq. (5.39 ranges Sec. VI, we shall obtain it another way. Wri¢,)g(t) in Eq.

over (—»,=) so that the state vectdi,t)g is formally a  (5-8) in the form

superposition of state vectofs,t’) for all t’, because of the

weighting factor exg—#?/4) in practice the contribution of (Vpg(t) ~ f dE,AE;dE, (B, )| X g, tIELES V4 |Ey)
|, t') for t' <t-k7 andt’ >t+k7 is negligible [wherek is

chosen so that exp-k?/4)~0 to the accuracy one wishes X(E |y, tye (HADIBWO = AL(E, + EpP?

With the above assumption of the unentangled nature of the

subsystem, the state vector of the universe in standard quan-
tum theory may be written dg,,t")|4,t’) over the interval

T-k7=<t'<T+k7. It then follows from putting the state
vector expression, E@5.30), into Eq. (2.3 that

x @ (LAD[B(D) - 2M(Ep + El)]Z’ (5.10

which is obtained by expressing the state vectors in(E®)
in the energy basis, extracting thg dependence using
(E| ¢, t—V\ty)=expiEVAt(E| ,t) and performing the in-

1 ) " tegrals overs, 7. Since|,,t) describes the univergeni-
<V1>B(t):—fdne‘”’4j dy'e 74 nus the small subsystem),lwe may take/(E,|y»,t)|? in
Amg(iitliitle Eqg. (5.10 to be approximately constant over the ranges of
X g BOG 7Nyt — Nty [Vy| iy, t = VN ) E;, E;, E; where the Gaussian exponents are small. Then
— — the integral ovelE, results in
X (ot = VAU |4, t = VA7), (5.9
The universe is a very big place, with lots going on. Ac- (Vpg(t) ~ f dE dEy (¢, t|ED(E| V4 |Ed)
cordingly, we expect thaij,,t) is orthogonal tdys,,t’) for t’
just slightly different fromt (we assume thaf is large X<El|wl,t>e_(7\ﬂz)(E;/l_El)z_ (5.11)

enough so that the time scale for the universe to change in _ )
standard quantum theory is much shorter tfanThat is, it~ Note thatB(t) has disappeared from E¢5.11). Putting
is an excellent approximation to tak@l,,t—VAtn'|is,t

! 1 Yy !
—\\tg)=c(t)8(n-17'). Then Eq.(5.8) becomes e M2E B \2m e 2t NS
\2m
1 i — — . . N
Vg(t) = _f dme 712 = NtV |t = Nt into Eq.(5.11) and choosing the normalization factor so that
Vile V21 J - me Vil 7 (1)g(t)=1 results in Eq(5.9).
(5.9 Since Eq.(5.9) has the same form as E¢.40, the con-

sequences of E@5.4¢ (smeared pulse behavior, unchanging
using{1)g(t)=1 [which follows from Eq.(2.3)] to select the energy spectrum, approximate vanishing of sufficiently sepa-
overall normalization factor. rated off-diagonal elements of the density matrix in the en-

Although this is a single universe, we have arrived at the€rgy representatiorhold in this case as well.

density-matrix description of E5.9) because the evolution ~ Lastly, we note that E¢(5.9) also describes the situation
has entangled the subsystem with the rest of the universghere the initial state vector can be written ag,0)
which is traced over. When the apparatus is included in th&|#1,0)|¢,,0) where subsystem 1, under standard quantum
state vector description, if proper collapse occurs, just one gheory, does not interact with the rest of the universe and
the macroscopically distinguishable outcomes of the experidescribes the apparatus set to turn on at fimk: is reassur-
ment should be described by the state vector. However, béng to see that, under energy-driven collapse, whether the
cause one does not know the state of the rest of the univerg@pparatus somehow miraculously appears at the start of the
(which may have a decisive influence on the experiment'd/niverse or is constructed at a later time, it has the same
outcomg, one must use the density-matrix description. Thendescription(which, of course, is a property of standard quan-
the density matrix should be diagonal in the basis describingum theory.
the different outcomes of the experiment, and the probabili-
ties associated with these diagonal states should be inter-
preted as giving the statistics of these actualized outcomes.
If, however, the diagonal states of the density matrix turn out We now analyze two different microscopic phenomena
to be inappropriate for the theo¢gs occurs for the examples under energy-driven collapse, the precession of a spin 1/2
in Sec. VI, where each state has more energy spread than particle in a magnetic field, and excitation of a bound state
allowed in the universe at timg), one is forced to the alter- followed by its decay. Each is considered to be an isolated
native explanation. It is that proper collapse does not occursystem in a single universe, so K§.9) applies. The energy
the diagonal density matrix form is there because the statspectrum in standard quantum theory in the former case con-

VI. TWO EXPERIMENTS
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sists of two values, in the latter it is spread over a continuumplex constants]a?+|bj?>=1, we obtain a wave function
In both cases the energy spre@tharacteristic timgis cho-  satisfying the correct initial conditions:

sen>#A/T (<7) so that the behavior expected from standard

quantum theory is appreciably altered. Under energy-driven _ 1 - 2

collapse, the spin 1/2 particle does not precess, while the (@lyr,t)= (27702)1/46 e ’4"2[(a| +)+b[-)0(-0q)
excitation/decay products do not have an exponential time ie2)q (20

distribution and have a characteristic tirfie +(ae [ +) +be!“?=))0(q)]. (6.4

If an apparatus were to properly_ interact with th_e micro- According to Eq(6.4) the spin does not precess ®«0,
scopic system, it ought to record this altered pehawor. Howyyhile the photon packet travels toward the switclyaD0. If
ever, when we apply Eq(5.9) to the combined system e packet is sufficiently narrowre< 1 (which we assume
+apparatus, we find that the density matrix describes the aRithough the~®(q) terms in Eq(6.4) are spatially, not tem-
paratus as recording precession in the first case and recordir&rany dependent, it nonetheless follows from E&j4) that
exponential decay in the second case. the spin precesses once the photon passes the switch, since
then

A. Spin precession

) L _ L ~(0 - 9240 ti(el2)q = 5=(q — 92402 i (€l2)(q-9) ki (/2)s
Since application of Eq5.9) to an experimental situation € enei=e e e

has to respect the terms under which it was obtained, we ~ e (0= 9%40?gti(el2)s.

need to arrange that the experiment commences in the neigh-

borhood of timeT. Therefore, in our model, the state vector Using Eq.(6.4) we calculate

|¢,,1) describes gone-dimensional‘photon” (spatial coor-

dinate Q, momentumP) which, at timeT, switches on a s 5
“magnetic field,” i.e., gives a spindescribed by the Pauli (¢, to| iy, ) = (a*b+ab*)c1><— —) +g o2
matriceso) the energy e/ 2)a3. (A similar experimental situ- e

ation was discussed by Finkelsteig3] in the context of e s .

criticizing an energy-collapsing density-matrix model pro- x{a be Sd’(;“e‘f)

posed by Milburn[22]. His criticism is similar to the one

given here) + ab*e“fstb(E - iea)] (6.539
g

1. Standard quantum theory treatment

We first discuss this model in standard quantum theory s S
[once we have obtainelg,,t), we shall use it in Eq(5.9) zZab{CI)(— _> + COE{GS)CD(‘)]v
and see what happens under energy-driven collapse

The Hamiltonian is (6.5b

H=P+0(Q)(el2)0s. (6.1)  where, for simplicity, we have choos@nandb to be real in
Eqg.(6.5h), so that the spin is initially in the-z plane, and we
have utilizedoe<1). ®(x)=(27) 2> dyexp—(y?/2) is
the so-called normal distribution function, sort of a gradual
step function, making its transition from O to 1 over the
range, say, ofx| <2 [since®(-2) =0.02,®(2) =~ 0.98).

In Eqg. (6.2), for simplicity, we have set the energy of the
photon to beP rather than|P|: then, from the Heisenberg
equation,dQ/dt=1, the photon packet can only move to the
right. We shall suppose that the part of the apparédnch
we do not modeglwhich produces the photon makes its ini- : :
tial state a narrowly localized packet. The step function Equat|0n_(6.5) ShOW.S that the spin does not precess for
®(Q) acts like a switch, giving the spin-up/-down states theIarge negatives/ o, that it does precess for large posits/er,

energy differencee (chosen large enough so thes#/T) and indicates that the transition takes place over, say,
9y 9 ug , |s| < 20. For|s|> 20, the density matrix corresponding to the
after the photon packet passes the origin at tiale

The energy eigenstates are result(6.5b), readily obtained from Eq6.4), is that of pure

precession:
(qlEL) = €X[O(- q)" @9+ B0 (g)]| + ), (6.2)

| | - Trgp=[ae’ Y +)+ be|-)J[ad "%+ | +be X~ ].
with energy eigenvalueg, =k+e/2, so the general solution

of Schrodinger’s equation is the superpositi@nriting s=t (6.6)
-, An apparatus which verifies the precession could consist
' of a clock with time resolution better thdii e which triggers
gty = >, J dkélkn(€2(as) a device to “instantaneouslyt.e., over a period better than
n=t the clock’s resolutio)) nondestructively, and repeatedly mea-

<[O(=q) + O(e ™2 qf (K)n). (6.3 sure the spin state at those times predicted by(&§) when

O @ lafo(Km. (6.3 it comes around to point in a particular directi@he device
By choosing f,=a(27/o?) Yexp-{k+(e/2)]?°s? and f_  axis). Then, each time it is measured, the spin will always be
=b(273/ 6% Vexp-{k—(e/2)]?0?, wherea andb are com-  seen parallel to the device axis. Moreover suppose that, if the
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device sees the spin parallel to its axis for a preset number giosition has printed out & Thus the density matrix at a
spin revolutions, the apparatus automatically prints @  large enough timé eventually describes that ais printed
indicate that the spin precesses. out with certainty.

So, we have a paradox. Analysis of the microscopic be-
havior indicates that there is no precession. Analysis of the
We now put Eqg.(6.59 into Eq. (5.9), to see how the microscopic system in interaction with the apparatus indi-

2. Energy-driven collapse treatment

precession fares under energy-driven collapse: cates that there is precession. In both cases, we have cor-
rectly applied Eq(5.9) to the relevant situation.
(o)p(t) = @b+ ab*)<I><— L) To see what has gone wrong, consider the standard quan-
Vo< + um theory state vectqe),,t— #7), which contributes to the
P+ T tum th tat tdey, ,t— 77, which contributes to th

. density-matrix integral in Eq(5.9) (for # of the order of a
+ @ €+ P)2 a*béescD(M) small integey. This state vector is the direct product of the

Vo2 +T? apparatus stat@vhich has recorded a certain number of spin
< i60(0+7)):| detections parallel to its axisncluding the clock which

+abeisd 6.7 reads timet— %7, and the narrow photon packethich had
( Vo? + T2 (©78

earlier triggered the precessjoat that time, and the spin
state at that time. Since the clock is so precise, and the pho-
s , s ton packet is so narrow, these states are orthogonal for fairly
zZab{d)(— —) +e°€ 7Q’Zcos(es)db(—” close values of, each state describing a different clock time
and a different photon packet locatigas well as a different
(6.7  spin orientation which, however, is not responsible for the
orthogonality. As a result, the integral if6.9) gives a den-
sity matrix with the various distinguishablé ,t— 77)(i/,t
- 77| along the diagonaland negligible off-diagonal ele-
menty. Then, as discussed following E¢p.9), if collapse
occurs properly, a diagonal state should be interpreted as a
ossible outcome of the experiment in the single universe.
However, such a state contains the localized photon packet
of energy spread>7"! (also, for the clock, a similar state-
ment obtaing more energy spread than is allowed in the
whole universe. Therefore, the density-matrix’s diagonal

Again, as in Eq(6.5b), in Eq. (6.7b we have takera andb
to be real and we have utilizede<1 as well aso<7.
Equation (6.7b, compared to Eq(6.5h, shows that the
“switch over” takes a longer time, i.elg| <27 instead of
|s|<20. This is because the photon packet is widened: th
narrowed energy spectrum can no longer sustain a rapid tra
sition.

For|s| > 27, the density matrix corresponding to the result
(6.7b may be written as

~ ~ETI2\[ 52 2 states cannot be interpreted in this way. Instead, as discussed
Trgp=(1-¢€ as| + )+ |+ b - )X~ : , : i ’
o= & +)+| ==1 they arise from a state vector which, as in standard quantum
+ e‘fzﬁ’z[ae‘ifs’ﬂ +)+be?-)] theory, describes a superposition of macroscopically differ-
; . ent apparatus states entangled with the rest of the universe.
X[ad2(+ | + be '~ ], 6.9 o o

The apparatus state does not measure the microscopic behav-
a mixture of spin up, spin down, and spin precessing. Howior and the state vector, which gives the standard quantum
ever, the precession part of the mixture becomes negligibljheory result, does not collapse properly.

small if we take the energy separaties-7/7.

Therefore, in this case, if the apparatus we have discussed
should function as described when it encounters the spin
behavior given by Eq(6.8), the repeated measurements Next, we consider gone-dimensionalphoton which at
should produce the result that the spin is sometimes paralléime =T excites a bound statgocated atxy) which subse-
and sometimes antiparallel to the device axis, and the app&uently decays. The Hamiltonian is a modification of a well-
ratus will not print a,. known model of a two-state atofi24]:

One might, however, surmise that one could not come up
with an apparatus governed by a clock whose resolution is *
better thael%/e in a universe which suffers energy-driven H=eb'b+ f_x dkkaKTak+gJ_
collapse. But, if the clock’s resolution 1§ or worse, the
conclusion is the same.

Now, let us consider what happens according to energy- + _ +
driven collapse when the apparatus is included in the statg€reb’ creates the excited state of e”fr‘\ﬂ/b’b ]=1) and
vector |i,t) and Eq.(5.9) is applied. Equation5.9) gives @ creates a photon of momentdaf[ay, ay,]= s(k-k')). The
the density matrix at timé as a superposition of pure states coupling constang= (I'/27)Y/2, wherel turns out to be the
|y, t= 9Ty ,t— 57|, each of which describes the standardbound-state lifetime. As in the preceding section, for sim-
quantum evolution at a certain instant of time, in=aZ  plicity, we choose the photon energy to beather thank|,
neighborhood ot. Since, under the standard quantum evo-so that the photon only moves to the right but, also, the
lution, there is precession which is measured by the appar&onsequent unbounded energy spectrum allows the decay to

tus, fort—T sufficiently large, every apparatus in the super-be precisely exponentig25].

B. Excitation of a bound state and its decay

©

dk[akeikxob‘r + ale—ikxob] )

(6.9
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1. Standard quantum theory treatment

First, the analysis in standard quantum theory. The state

vector has the form

o

dkay(30),  (6.10

0.0 = BObTIO) + f

where|0) is the no-photon state and the ground state of th
bound state. The Schrédinger equation implies

iday/dt= gBe 0 + kay, idB/dt=ef+g J dkey g0,

(6.11)

For insight, it is worth checking out the solution of Eq.
(6.12) for decay without excitatiofjeven though its initial
conditionsB(T)=1, o(T)=0 are inappropriate for use in Eq.
(5.9 if I''<7, since then the initial state will have more
energy spread than is allowed to the universe at tiFhe
Settings=t-T, the result fors>0 is

— (T2 +iels 4 griks

k-e+i(l/2) '

o (t) = ge o (6.123

B(t) — e—[(F/2)+ie]s. (6.120

From Egs.(6.12), the expectation value of the photon num-

ber density and the expectation value of the particle being i

the excited state are

27l
(k= e+ (I'/2)?
X[1+eTs- 22505 (k- €)s],
(6.133

(ptlafady.ty =

(t|bTblyty = €S, (6.13b

According to Eq.(6.13b, the decay is exponential. Accord-
ing to Eq.(6.139, the photon distribution is Lorentzian for
larges. From Eqgs(6.10) and(6.129, the photon wave func-
tion in the position representatiofx)=(2) Y[ dkexp (
-ikx)af|0) is found:

<X| lﬂ,t) — iFl/ze—ie[s—(x—xo)]e—(rlz)[s—(x—xo)]

X[O(x=% =95~ 0O(x-x)]. (6.19

Thus the photon packet emerging from the decay has

[(x| ,1)]? taking on the valud™ at its leading edge&=x,+s,
exponentially falling to the valu€'exp-I's at its sourcex
=Xg, and vanishing elsewherén this, and all the rest of
the examples discussed, it can readily be checked th
probability is conservedl.
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B(S) - _ i(]‘*)l/Ze—[(I‘/Z)He]SfS ds/f(sl)e[(FIZ)He]Sr,

(6.15h

wheref(z) describes the incident wave packet.
In what follows, we shall take the width of the incident

Jvave packetr to be much less than any time in the model,

So oe<1, oI'<1, ando7T'<1 can all be neglected com-
pared to 1. In that case, we can also ték® to be approxi-
mately the “square root of &function,” f(s) = a/24(s) (e.g.,

the square root of a normalized narrow Gaussian is a narrow
unnormalized GaussianThen, the probabilities given by
Egs.(6.15 may be written as

[(X D7 = [f[s = (x = x0)]]* = T 0O (x = X) (S = (X = Xp))
+T200 (X~ X)) O (s = (X = Xo)) & IS0,
(6.163

B> =TaB(s)es. (6.160

According to Eq(6.16b, |3(s)|?=0 for negatives, jumps
to I'o at s=0, and thereafter exponentially decays with life-
time I'. According to Eq.(6.169, the squared photon wave
function consists of the initial wave packet, an interference
term between it and the leading edge of the decaying packet
nd the decay product whose square vanishesxfox,
jumps atx=x, (when s>0) to I'>eexp-I's, exponentially
rises asx increases tol'?c at x=xy+s and vanishes for
X>Xp+S.

Suppose an accelerator produces a localized burst of
many such photons and they hit many such bound states,
spread out in a thin film of thickness so that, in the stan-
dard quantum theory description, the bound states are excited
essentially simultaneously. Suppose a detector, with an accu-
rate clock(of time resolution much better thdiv') measures
the time distribution of arrival of the resulting outgoing par-
ticles. (For use at the end of the following section, we shall
assume the measurement is reasonably nondisturbing, so a
detected particle is allowed to proceed beyond the detgctor.
Moreover, suppose the apparatus is designed to print out, at
its leisure, the time spread of the decay products and whether
the decay shape is exponentfdl£S) or not (NO). Then, a
properly operating detector encountering many photons, each
described by Eq(6.163, should print out’™* and Y£S.

2. Energy-driven collapse treatment

Now lets see what happens under energy-driven collapse.
Using Egs.(5.9) and (6.15, we calculate the expectation

yglue of the photon position probability distribution and the

expectation value of the occupation number of the excited

In the case of interest, excitation of the bound state fol Stat€:

lowed by decay, the initial conditions agt) =0 for s<0,
and an initial photon wave packet which reackgat s=0.
The solution of Eqs(6.11) is then

ity = fls= (x=x0) ] = iF20 (x = x0) B(s = (X~ Xp)),
(6.153

(X

Poxhe) = m 2| dne oy, T T

=(2m72) V2 W2P)s~ X~ X011 — Tr®(X - Xo)]
+ 200 (X = X0) P[{s~ (X~ X0)/T} - T'T]
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x g TIs-(x-x0) | g(1/2/('7) (6.173 cident particle by making the decay go essentially only to the
’ ¢ particle: choosey~TI'"2 small enough(I"'>7) and g’
% , ~T"Y2|arge enoughl’ 1< 7), so the state becomes excited
(b'byg(t) = (Zw)‘l’zf dne™ 72| B(t - Tn)[? by the incidenia particle, but decays to theparticle. Then,
- under energy-driven collapse, the large square bracket term
- —T'sa(1/2)(T'7)2 _ in Eq. (6.18a will describe thec-particle decay product.
=loee U -17]. (6.17D Now, consider the experiment already discussed: in this
First consider the small case, i.e., 7T'<1. From Eq. case, a properly operating detector encountering many pho-
(6.17b, the bound-state excitation onset, governed bytons, each described by E@.1839, should print outZ and
~®[s/ 7], takes place ovef, because the incident photon NO. Should the detector be incapable of responding with a
wave-packet width is broadened fromto 7. The decay is time resolution not much better than as one might suspect
exponential with time constardt™ . From Eq.(6.179, the  for a detector in a universe suffering energy-driven collapse,
interference termthe term ~T'a®(x—-X%y)] at the leading the printout will be the same.
edge of the outgoing packet has likewise been broadened to Next, suppose the detector is included in the state vector.
a Gaussian of widtlf. In other words, the outgoing packet’s In the standard quantum description, the detector sees the
behavior is similar to that of the standard quantum theoryesults described in Eq¢6.16) and will, at its leisure, print
(6.16b, except that its onset takes place oZer out I' and YES. To see what happens under energy-driven
Of greatest interest is the largEcase,7T'>1. Utilizing  collapse, we apply Eq5.9). The density matrix is a super-
the largex behavior ®[-x]— (27) Y2 lexp—(x2/2), Eqs.  Position of pure statesy,t—7x){y,t—T7|, each of which
(6.17) becomes satisfies the standard quantum description. Thereforet for
) 5 large enough, the density matrix describes with certainty that
((X)g(t) = (273 M2 WD Ts ~ X =x0)] the apparatus prints olit and VES.
Thus, as in the preceding section we have a paradox.
x{[l—rg®(x—x0)]+ro®(x—xo) There is a conflict between the result for the microscopic
system alone, and the result for the apparatus interacting
{ S— (X~ Xo) ” with the microscopic system, both correctly calculated using
X[1+——=— |, (6.188  Eg.(5.9.
I'T To see what has gone wrong, consider the nature of the
density matrix at some timeduring the measurement, cal-
(b'b)g(t) = o(2m72) V2gW2P)s (6.18D  culated according to E@5.9). Standard quantum theory does

. not produce collapse, so the state vector in standard quantum
From Eq.(6.18b, the decay of the bound state is no b b q

| tial Itis G ) ith ch teristic tifm theory at timet—7% is a superposition of states, each de-
onger exponential. 1t IS Laussian with charactenstic time scribing an apparatus which has recorded a particular photon

Yetection sequence in a direct product with the photons
which have been nondestructively detected. Although the

broad Gaussian incident wave packet, of widitand a rela conclusion from each sequence is the same and leads to the
P ' same summarizing printout, since all sequences are different

i i -1 < i . . . .
tively rapid decayI"™*<7). Although the exponential decay these are macroscopically distinguishable states. Under the

is faster thar?, it does not appear in any eq.ua'gion since thetime-smearing construction of E¢6.9), these states appear
decay is masked by th@ behavior of the incident wave g herosed in the resulting density matrix. If the density ma-
packet. Thus there is no violation of the stricture againsyiy js not diagonal in these states then, obviously, the super-
fast” pulse behavior. . . position of such states which occurs in standard quantum
From Eq.(6.189, the interference terrtseconq term in theory has carried over to the energy-driven collapse theory,
the small square brackeand most of the outgoing packet ,,q collapse is not working. Suppose, then, that the density

(first term in the large square brackeancel, so that what auiy is diagonal in these states. These are states for which

remains has the shape of the incident packet _plus_ a littlg,o photons, resolved to better thER!, have more energy
blip” (second term in the large square bragkaihich is @ gpr0a4 than is allowed in the univerggso, for the clock, a

ltlrtgi?inlgrgs;eat the leading edge and a little smaller at thegjyjar statement obtaipsThus again, as discussed follow-

ing Eq.(5.9) and in the last section, the density matrix could
While, in this model, the incident photon and the photon 9Eq.5.9 y

not be the result of proper collapse.
decay product cannot be separafaddI” completely disap- prop P
pears from Eqs(6.18], if one wishes one can alter the
model by adding to the Hamiltoniai6.9) another coupling C. Numerical values
term:

because the decay is Gaussian: E§sl8 behave just like
the standard quantum theory description, E§sl5, with a

We deliberately have not put numbers into these discus-

e ot o ik sions of experiments. The point we are making, that proper

9| dKoeob +ceb], collapse does not occur when the apparatus is included in the
” state vector, is a point of principle, not a conflict with experi-
so that the excited state can decay toparticle as well as an ment. However, it is worthwhile trying to find examples of

a particle. The decay product can be separated from the iraltered phenomena predicted by the energy-driven collapse
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model, when the apparatus is not included in the state vectolifetime of =0.1 fs, time dilated in the laboratory, te5 fs
which might be subject to an experimental test. (the pions had energy 7.1 Gg\has been measured by what
Hughston has made the interesting choice  may be thought of as a time-of-flight experimefi7].
=(G/h%c®)Y2=(Planck time/#2 for which, with T=13.7 18 GeV protons bombarded platinum foils of various thick-
X 10° yr, one obtainsT= (\T)¥?~1.5x 10713 sec. Because nesses, uniformly creating pions in a foil. If a moving pion
timers, counters, oscilloscopes, printers, etc., do not operateas a short enough lifetime so that it decays to gigowhile
at 103 sec, it is hard to come up with an experiment actu-it is still in the foil, there is a certain probabilitjargest
ally performed or even presently performable, for which thewhen they's still have a lot of foil to travel throughthat ay
slight smearing over I8° sec has a practical detectable ef- will create an electron-positron pair by colliding with an
fect. atom in the foil. The positrons are detected, and the number
For example, there has been much work with light pulseof positrons produced in foils of various thicknesses can be
of =1 to 100 fs (1 fs=10'°seg which can be obtained related to the pion lifetime. Under energy-driven collapse,
from a mode-locked Ti:sappphire laser. In one such experithe observed results would be no different, since it is effec-
ment, the cross correlation of the intensities of two sucHively distances that are measured. All energy-driven collapse
pulses is measurd@6]. A 27 fs pulse(centered at 800 nm  requires is that the:® and decay product wave functions rise
is split into two pulses. One pulse is reshaped, the otheand fall over time=7: there is no effect on the size of the
delayed, and the two are recombined in a frequency-doublindistancetraveled before decay or pair creation.
crystal. The output intensity, filtered at twice the input fre- However, with regard to the spin precession discussion in
guency, is proportional to the intensity cross correlation ofSec. VI A, it is presently just possible to obtain a magnetic
the two pulses at the delay time, and is measured by a phdield strong enough to observe an experimental discrepancy.
tomultiplier tube. In one case, graphs of intensity cross corAn electron spin in a magnetic field precesses at
relation versus delay time show54 fs structure. Nonethe- 2.8 MHz/G. The largest pulsed magnetic fields at present,
less, the description under energy-driven collapse whictproduced by machines in high magnetic-field laboratories
causes a 150 fs “smearing” gives no different result thararound the world, are=70 T, corresponding to a frequency
standard quantum theory because both pulses are similarfyf =2 X 10'? Hz. But, a magnetic field of 850 T, correspond-
affected. The averaging 0fi,,t—-T7){yy,t—T7| in Eq.(5.9  ing to a precession frequency 2 x 103 Hz has been pro-
just means that the signal proportional to the cross correladuced in a one-shot “self-destructive” magnet. Suppose a
tion coming out of the frequency-doubling crystal will be slug of matter were to be placed between the poles of such a
spread over=150 fs instead 0k 54 fs. The photomultiplier magnet during its few milliseconds of operation, and the far
measures its input intensity independent of the input pulsénfrared magnetic dipole radiation expected to be produced
width, so the measurement result will be the same. Otheby the precessing electron spins were to be observed. The
experiments, such as those involving time-domain terahertdiminished radiation predicted by energy-driven collapse due
spectroscopy, are similarly configured, and thus similarly unto the diminished precession, compared to standard quantum
affected. theory’s prediction of the precession, could be tested.
A direct measurement of pulse width, showing that a
pulse less thaff in width can be observedwould certainly
be adequate to produce a discrepancy between the energy-1 would especially like to thank Steve Adler for his hos-
driven collapse prediction and experiment. The fastest compitality at the Institute for Advanced Study at Princeton
mercial oscilloscope of which | am aware, the Tektronixwhere this work was conceived, and for his many helpful
TDS 6604, operates at 6 GHz, with a 20 gigasample/secomments on this paper. | would also like to thank Todd
rate, so if7~101° sec, a discrepancy would be observed. Brun, Brian Collett, Jerry Finkelstein, Larry Horwitz, Lane
A similar situation prevails with regard to decay experi- Hughston, Gordon Jones, Jim Ring, Ann Silversmith, and
ments such as discussed in Sec. VI B. For examplerftee  Don Stewart for useful remarks.
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