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Abstract: Collapse models are one of the most promising attempts to overcome the measurement problem of quanum mechanics: they
within one single framework, both the quantum properties of microscopic systems and the classical properties of macroscopic objects,
particular they explain why measurements always have definite outcomes, distributed according to the Born probability rule. We will discuss
recent developments in this field: i) we will show how it is possible to formulate collapse models in such a way that the mean energy of pt
system does non increse indefinitely, a typical feature of the models first proposed in the literature; ii) we will discuss recent experiments air
testing the validity of the superposition principle, thus of collapse models, at the mesoscopic level.
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OUTLINE

Introduction
- The measurement problem
- The Dynamical Reduction Program

Topic 1
- The experiment of Marshall ef al.
- Implications for Collapse Models

Topic 2
- The energy increase in isolated systems
- A new proposal

- Is It possible to restore the energy conservation principle?
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THE VON NEUMANN MEASUREMENT SCHEME

J. von Neumann: “Mathematical Foundations of Q.ML.” (1932)
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THE VON NEUMANN MEASUREMENT SCHEME

J. von Neumann: “Mathematical Foundations of Q.MNL” (1932)
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THE MEASUREMENT PROBLEM

From Linearity of Schrédinger Equation:
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From Linearity of Schrédinger Equation:
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THE MEASUREMENT PROBLEM

From Linearity of Schrédinger Equation:
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STANDARD SOLUTION

POSTULATE OF WAVEPACKET REDUCTION

“At the end of a measurement process, the wavefunction 1s reduced mto one of
the possible outcomes ...~

[T, ‘up >M Dr ) ‘ dO‘Wl’l)M

“_.. with a probabulity given by the square modulus of the coefficient associated
to that term.”
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STANDARD SOLUTION

POSTULATE OF WAVEPACKET REDUCTION

“At the end of a measurement process, the wavefunction 1s reduced mnto one of
the possible outcomes ...~

[ 1), ]up >M o [N ‘ down)h :

“__. with a probability given by the square modulus of the coefficient associated
to that term.”
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PROBLEMS WITH THE POSTULATE OF
WAVEPACKET REDUCTION
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PROBLEMS WITH THE POSTULATE OF
WAVEPACKET REDUCTION

1~ TWO “FUNDAMENTALLY DIFFERENT” TYPES OF DYNAMICAL
EVOLUTIONS:
A) SCHRODINGER EQUATION: LINEAR, DETERMINISTIC,
REVERSIBLE.
B) WAVEPACKET REDUCTION: NON-LINEAR, STOCHASTIC,
IRREVERSIBLE.
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PROBLEMS WITH THE POSTULATE OF
WAVEPACKET REDUCTION

1-TWO “FUNDAMENTALLY DIFFERENT” TYPES OF DYNAMICAL
EVOLUTIONS:
A) SCHRODINGER EQUATION: LINEAR, DETERMINISTIC,
REVERSIBLE.
B) WAVEPACKET REDUCTION: NON-LINEAR, STOCHASTIC,
IRREVERSIBLE.

2 - WHEN DOES WAVEPACKET REDUCTION APPLY, IN PLACE OF THE
SCHRODINGER EVOLUTION?
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PROBLEMS WITH THE POSTULATE OF
WAVEPACKET REDUCTION

1-TWO “FUNDAMENTALLY DIFFERENT"” TYPES OF DYNAMICAL
EVOLUTIONS:

A) SCHRODINGER EQUATION: LINEAR, DETERMINISTIC,
REVERSIBLE.

B) WAVEPACKET REDUCTION: NON-LINEAR, STOCHASTIC,
IRREVERSIBLE.

2—- WHEN DOES WAVEPACKET REDUCTION APPLY, IN PLACE OF THE
SCHRODINGER EVOLUTION?

- MEASURE ORNMACRO-OBJECTIFICATION PROBLEM
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DYNAMICAL REDUCTION PROGRAM

IDEA: Jommg the Imear and deterministic Schrodmger evolution with
wavepacket reduction process (non-linear and stochastic) m a umque unmversal
dynamics n order to describe both quantum properties of microsystems and
classical properties of macrosystems

Fundamental requests:

1. At the microescopic level there must be no detectable difference with respect
to standard quantum mechanics.

I

At the macroscopic level, one must recover classical mechanics.

rJ_;,

In measurement processes on quantum systems (interaction between a micro
and a macro system) one must get the comrect outcomes, with the comrect
probabilities.
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GRW MODEL

G.C. Ghirardi, A. Rimini, and T. Weber: Phys. Rev. D 34, 470 (1956)

1. Each particle of a system of »# distinguishable particles expeniences, with
a mean rate \;, a sudden spontaneous localization process (hitting):

locaﬁﬂtion L;|¢*} L;E:{ _ (%)3;4 E_% (qi_x}g

L FEAER

2. The probability density for the occuirence of a localization at point x is
assumed to be:
: =  1aiih 12
Pi(x) = |ILx[2]]
3. In the time mterval between two successive spontaneous processes the

system evolves accordmg to the usnal Schrodinger equation
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GRW MODEL

G.C. Ghirardi, A. Rimini, and T. Weber: Phys. Rev. D 34, 470 (1986)

1. Each particle of a system of »# distinguishable particles expeniences, with
a mean rate \;, a sudden spontaneous localization process (hitting):

| ) loca.ﬁzgtion L@x“ﬁr}} L’E» - (ﬂ)gff‘i E_% (qi—x)z

' [P = v

[:\\Y x
2. The probability density for the occuirence of a localization at point x is

assumed to be:
: = iy 12
Pi(x) = |ILx[¥]]

3. In the time mterval between two successive spontaneous processes the

system evolves accordmg to the usnal Schrodinger equation
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GRW MODEL

G.C, Ghirardi. A. Rimini, and T. Weber: Phys. Rev. D 34. 470 (1986)

1. Each particle of a system of » distinguishable particles experiences, with
a mean rate A\;, a sudden spontaneous localization process (hitting):

loca.ﬁz_a}.tion L%x“ﬁr-’} L’L _ (g)grf‘4 E_% (qi—x)g

NEZ %) |l = =

K

2. The probability density for the occuirence of a localization at point x is
assumed to be:
: = b2
Pi(x) = |ILx[¥)]]
3. In the time mterval between two successive spontaneous processes the

system evolves accordmg to the usnal Schrodinger equation
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GRW MODEL

G.C, Ghirardi. A. Rimini, and T. Weber: Phys. Rev. D 34. 470 (19386)

1. Each particle of a system of » distinguishable particles experniences, with
a mean rate ;. a sudden spontaneous localization process (hitting):

| ) loca.ﬁzg-tion L%x“ﬁr’} L’E» - (ﬂ)gfj‘i E_% (qi—x)z
* > ™
IEZ le} i N =
2. The probability density for the occuirence of a localization at point x is
assumed to be:
: =  1alrh |12

Pix) = |IL%[2]]

3. In the time mterval between two successive spontaneous processes the

system evolves accordmg to the usnal Schrodinger equation
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GRW MODEL

G.C, Ghirardi. A. Rimini, and T. Weber: Phys. Rev. ) 34. 470 (1956)

1. Each particle of a system of 7 distinguishable particles experniences, with
a mean rate \;, a sudden spontaneous localization process (hitting):

| ) locaﬁz&tion L%x“ﬁr’} L’E» - (Q)B"f‘i E’_% (qi—x)z
' IEZ i} o '

= %

2. The probability density for the occuirence of a localization at point x is
assumed to be:
: = 1l h 12
Pi(x) = |IL%[2]]]

3. In the tuime mterval between two successive spontaneous processes the

system evolves accordmg to the usnal Schrodinger equation

Pirsa: 06020033 Page 20/98



Recent Developmments in Collapse Meodels

Perimeder Instituie, Walerdoo - 20 February 2006

Pirsa: 06020033

12

ad

GRW MODEL

G.C. Ghirardi, A. Rimini, and T. Weber: Phys. Rev. D 34, 470 (1956)

Each particle of a system of »# distinguishable particles experniences, with
a mean rate \;, a sudden spontaneous localization process (hitting):

loca.ﬁz&tion L%x“ﬁr-’} L% _ (g)gff‘i E_% (qi—x)g

| 2} X
L2 x 9T
| EZ ([ ]l 5

The probability density for the occuirence of a localization at point x 1s
assumed to be:

Pi(x) = |IL&]w)ll?

In the time mterval between two successive spontaneous processes the
system evolves accordmg to the usnal Schrodinger equation
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GRW MODEL

G.C, Ghirardi. A. Rimini, and T. Weber: Phys. Rev. D 34. 470 (19586)

1. Each particle of a system of 7 distinguishable particles expeniences, with
a mean rate A\;, a sudden spontaneous localization process (hitting):

| ) locaﬁﬂtion Lﬁx“ﬁr}} L@ - (Q)Bff‘i E_% (qi—x)z
* y 5
IEZ 1<} ]I ’“
2. The probability density for the occuirence of a localization at point x is
assumed to be: s
: - > 1|12

Pix) = |ILZ[2]]]

3. In the tune mterval between two successive spontaneous processes the

system evolves accordmg to the usnal Schrodinger equation
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LOCALIZATION MECHANISM

Let us consider the superposition of two (Gaussian functions. one
centered around position A and the other around position B:

| LA 20 SR i
L*{:‘):#ez e =

A4

(= —H)
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Hitting around A

]_ .II_..I." ‘\: Fix ,...l_l {{ J_ _.-.-". ‘Ill'l,- a
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Hitting around A
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Hitting around A
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Hitting around A
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Hitting around the middle point

a ( A+B ) -
o —r q— e e
. 3/4 ) A et i
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Hitting — /
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Hitting around the middle point
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Hitting around the middle point

- = T & q =" W R
Laje = (ﬂ)g-’ Te 2 2 Livy<l/va
= m

Hitting —— /

=P
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Probability of this event 1s  P(z) = HL AtD [ (=) ' ~ 0
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MATHEMATICAL STRUCTURE OF
COLLAPSE MODELS

dih. — [—%H df 1/ (A — 1) dW; — ?—j (JA';'A — Dy A ) dt} (U
? o /

| =

(A+ A")|w,)

W = i

et

H 1s related to the standard quantum Hamiltonian
A 1s the reduction operator on whose eigenmanifolds one wants to reduce
the state vector (usually a function of the position operator ¢).

H-t_. 15 a standard Wiener process defined on a probability space (), F, P)
E[W,] =0 E[WZ2] —dt

The equation is nonlinear but preserves the norm of the state vector
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MATHEMATICAL STRUCTURE OF
COLLAPSE MODELS

! =
dihy = [—EHclth v (A — 7 ) dW; — 5 (A'A— e A e )dt]

HAﬁAHH

|\J|P—'-

H 1s related to the standard quantum Hamiltonian
A 1s the reduction operator on whose eigenmanifolds one wants to reduce
the state vector (usually a function of the position operator ¢).

U-; 15 a standard Wiener process defined on a probability space (), F, P)
EW,]—0 E[WZ2 —dt

The equation is nonlinear but preserves the norm of the state vector
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QMUPL MODEL

L. Diosi: Phys. Rev. A 40, 1165 (19289)

dle) = [ — s Hdl - mle— g ) dW: —F (@ —(a):) dE| i)
H Hamiltonian
q Position Operator
(g = (Ud]g|uy)
n -« §0 s L2 Strength of the collapse mechanism
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TOPIC 1

A PROPOSED EXPERIMENT TO TEST
THE VALIDITY OF COLLAPSE MODELS
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Marshall ef al. Experiment Proposal

W. Marshall, C. Simon. R. Penrose. and D. Bouwmeester: Phys. Rev. Lett 91, 130401 (2003)

__/j‘;':'“‘ﬂ Tirey blmor
-'\q‘
- L 1s the Equilibrium cavity Length
PBS 14 ﬁk/
Jtd—t—age
oo BS (50:50)

‘ M 15 the “Quntum™ Tiny Mirror Mass

!
N TN

H—hwaayt+an.) + bbb — hGa'a (b4 b))

e

Q PR o — «f i
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Marshall ef al. Experiment Proposal

W. Marshall, C. Simoen. R. Penrose. and D. Bouwmeester: Phys. Rev. Lett 91, 130401 (2003)

L 1s the Equilibrium cavity Length

2
¥ ¥
aNy:
— &
o)
g o>
glw
&

1 M 1s the “Quntum™ Tiny Mirror Mass

s DI

e ;

H = ﬁ.q;c(aila.A £ ajéa.B) == ﬁ.w*m_b_i-b [Ig_ H.G'a.la.{(b = b')

C ¥ __ e g = / L
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EVOLUTION OF THE STATE

Initial State:

o) = % 10)al)B + [1)4]0)B] [0)m

State attime ¢

Mirror at rest m its equilibrium position

|'OI m
|aue Y eai Mirror oscillating between 0 and 4ro ~ 10 em = sg> %
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Marshall ef al. Experiment Proposal

W. Marshall, C. Simon. R. Penrose. and D. Bouwwmeester: Phys. Rev. Lett 91, 130401 (2003)

I——/j";l:‘ "~ Tirey Mirror

- L 1s the Equilibrium cavity Length
PBS 4 5
<} i I & - 2
o ' BS {50:50}
g M 1s the “Quntum™ Tiny Mirror Mass
|
ot DA

py ﬁwc(ﬁj@a‘i& I gj'Bg.B) A hw b — H.Gala.&(b L5

-3

(] — O o=l
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Marshall ef al. Experiment Proposal

W. Marshall, C. Simen. R. Penrose, and D. Bouwmeester: Phys. Rev. Lett 91, 130401 (2003)

_/j‘;"':\' ~ Tiry Miror

L 1s the Equilibrium cavity Length

=
i
g
Tk
ﬂ\%} o
g

: g M 15 the “Quntum™ Tiny Mirror Mass

.

= ﬁq;c(g_jia.ijl 1. aJ'BaB) - ﬁ.gJ?le-i-b — HG’{.{.;@{(?) 4 b')

=4
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|
EVOLUTION OF THE STATE
Initial State:
vo — & A B - A B m
\ 1 [10)alL)5 + 11)al0)5] [0
State at time t:
|2) = —mem ! DO.}A‘l?B'O_}-rn St TR ‘J-:"_—i’o.}B'Qtfm}
|O — Mirror at rest m its equilibrium position
|axe ) Mirror oscillating between 0 and 4ro ~ 10 Yem = &
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MAXIMUM INTERFERENCE VISIBILITY v

Full Density Matrix of Photon + Mirror: P = |’1T.-"f;,.‘-'t> <L"f

Reduced Density Matrix: By — d 5 [,O}
Analyvtic Expression Standard Quantum Result

v =2 |4(15{0|pp1})8|0)a p(t) = o—#(1—cos w.t)

1

Interference Visibility
o
tn

o
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MAXIMUM INTERFERENCE VISIBILITY v

Full Density Matrix of Photon + Mirror: P = |Q£ﬁ-‘-{:} <L"f
Reduced Density Matrix: Pp — Tr m [,O}
Analyvtic Expression Standard Quantum Result

v=2-14(1B{0|pp|1)B|0)4 p(t) = e—"" (1—coswint)

£

=

%’i

:

&

=

-
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EVOLUTION OF THE STATE

Initial State:
vo) = =5 [|0)all)s + [1)4|0)5] [0)m

State attime ¢

1 —gar-f 14 *in{L.: t—sinw..1 :
i) — e [0} ]1) 0} + ™ TmEs) | 1) 4 J0) v
|O':j:- e Mirror at rest m its equilibrium position
lace = Mirror oscillating between 0 and 4ro ~ 10 "em = r>
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MAXIMUM INTERFERENCE VISIBILITY v

Full Density Matrix of Photon + Mirror: P = |?.+"{’t> {L"f

Reduced Density Matrix: Ba— T m [,O}
Analvtic Expression Standard Quantum Result

v =2 |4(1|(0lp,l1)8l0)4 p(E) = = (1—coswmt)

=

0 0.04 624 6.28

Interference Visibility
o
tn

o
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I
CHOICE OF COLLAPSE MODEL

We have chosen Diosi model for two main reasons:

1. This model allows to get an exact formula for
visibility.
2. QMUPL corresponds to the leading term in the

small-displacement Taylor expansion of more

significant models like GRW or CSL.
%
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I
CHOICE OF COLLAPSE MODEL

We have chosen Diosi model for two main reasons;

1. This model allows to get an exact formula for
visibility.
2. QMUPL corresponds to the leading term in the

small-displacement Taylor expansion of more

significant models like GRW or CSL.
s
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QMUPL MODEL

L. Diosi: Phys. Rev, A 40, 1165 (1989)

dlv) = [ — L H At + /(g — (@)e) AWz — 2 (g — (g)e)2de| |[we)

Pirsa: 06020033

H = E-wc(a;aﬁ—l—agag) 4 Nty b'h — fiGal{;z.A(b—l—b'i'_)

g=oc(b+b") Mirror C.o.M. Position Operator
n >0 Strength of the Collapse NMechanism
qr = (Velg|us)
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DENSITY MATRIX EQUATION FOR QMUPL

From the stochastic differential equation:

d|ve) = { —+ Hdt + /(g — (@) dW: — 3 (g — (@):) dt | |1:)
Using Ito calculus the evolution of density matrix p = |¥¢)(U4] 1s
dp = —£[H, pldt — \/7lp, [p, ql]dW: + 3nlq, [q, pl]dt

Since to observe interference fringes requires passing to an ensemble of identl-
cally prepared photons, the relevant density matrix is the ensemble expectation
p = E[p], which obeys

dp 3 1 Z | (A A
= :__Hg e 5 & T H—? S _b blq_ b blpa 3/98
. —LH, p] = 5nla: g, pll = =2 [H, p] = Sno”[o+ 6", [b+b'wpd
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DENSITY MATRIX EQUATION FOR QMUPL

From the stochastic differential equation:

Using Ito calculus the evolution of density matrix p = |1 ) (U] is
dp = —HH. Aldt = lp. [, ] AWe + dla, g, pllde

Since to observe interference fringes requires passing to an ensemble of identi-
cally prepared photons, the relevant density matrix is the ensemble expectation
p = E[p], which obeys

dp i 1 i 1
Pirsa: 06020033 ~ o, —— 3 H.. = » |4 = H; e b bl b L IPa 9/98
- —LH, p] = 51l g, ol —[H. p] ~ 2?}6 b+ b7, [b+ bl
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TWO METHODS OF RESOLUTIONS

1. Stochastic Unravellings Method
One uses the following linear stochastic equation to calculate 1:
dlre) = { - %H dt + i /nqdW; — 3 qzclt} [ ee |

which has the same evolution equation for p as the QMUPL model.

2. Direct Solution Method

Itis possible to get the result by doing the calculation through the master equation:

% = —%lH,pl — 3nla,la,pl] = — %[H, p] — 31076+ b, [b+ ", p]

dt
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DETAILS OF CALCULATION (II)

Visibility can then rewrite as:
v(t) =2 ‘ g (62 (2)* 61 ()] d.;r.‘+

If we reverse the two operations of computing the statistical average [ |- |
and of taking the partial trace Tr, | ]. the integration over x gives:

(b?*+btl:)2 O 1
f_x G’E{JFJ @%{ﬂi‘)d,r — ¢ Boqg +e; Je€;

The final step is to take the average with respect to the noise.
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INTERFERENCE VISIBILITY FOR QMUPL

A. Bassi. E. Ippeliti, and S.L. Adler: Phys. Rev. Lett. 24, 030401 (20035)

.'} -

= \ 3 2 2 4 siny wiggy T siTy Zoryypy it

Dy Gwin

Maximum Interference Visibility is the product of two parts:

1. A “deterministic” part (the blue one) which does
not depend on the noise and that coincides with

the result derived from standard quantum
evolution.

2. A “stochastic” part (the red one) which is the
result of the noise terms and that corresponds to
A the correction to standard result.
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EXPERIMENTAL MEASURE

ool

Interference Visibility
O
&

o

3] 0.02 0.04 6.24 526 6.28
Time
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EXPERIMENTAL MEASURE

s

Interference Visibility
O
&

i

Tima
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P[ Recent Developmments in Collapse Meodels

EXTIMATES OF 17 FOR VARIOUS
COLLAPSE MODELS

QMUPL

7~ 10135 1m 2

%
GRW CSL
i~ 10 o2 A 161 o ~ 109%cm—2 v o= 109 tem
Nucleon density
mﬁ?:iiﬁz?wlems v - 1014 of the mirror: D~ 10 cm2
' * Side length of

the mirror: S = 10—3cm

_ | el 1 |
Prpjoscesess %NQ:)\ ~ 1035 1m—2 n=7vS"D?(2)? ~ 10%hsm'm™
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EXPERIMENTAL MEASURE

s

Interference Visibility
O
&

i)
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EXTIMATES OF M FOR VARIOUS
COLLAPSE MODELS
OMUPL

i~ 105 L2

GRW CSL

v~ 108 o2 X~ 10161 a ~ 109%cm—2 v~ 109 temn
| Nucleon density _ _
ﬁ??:%ﬁl?}ldemﬁ v - 1014 of the mirror: D~ 10 cm—3
' : Side length of |
the mirror: S =10"3cm

" ) i l 1
i %N&)\ ~ 1035 1m—2 n=~vS"D*(2)% ~ 10%smlm ™
' ' T
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EXTIMATES OF 1) FOR VARIOUS
COLLAPSE MODELS

QMUPL

)~ 101357 Im—2

GRW CSL
o~ 100em—2 X~ 10 teg 1 a ~ 101%cm—2 A 1039 tom
Nucleon density
mtfﬁn: ii,ﬁg?.’“l sieons N . 1014 of the mirror: D~ 10#cm3
| * Side length of |
the mirror: S = 10—%cm

| 1 .
poseses: %N&)\ — 10ty 2 n=~S"D>(2)? ~ 10%hsmm—
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MOTIVATIONS
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DETAILS OF CALCULATION (II)

Visibility can then rewrite as:
vit) =2 }ffj‘E (67 (2)* 61 ()] di

If we reverse the two operations of computing the statistical average [E | |
and of taking the partial trace Tr,,| | the integration over x gives:

(b2 +b2)”
O e Aw alE :
f_x @s(x) @t{i)dif — g 8o

O 1
+€, ¢,

The final step is to take the average with respect to the noise.
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TWO METHODS OF RESOLUTIONS

1. Stochastic Unravellings Method
One uses the following linear stochastic equation to calculate »:
dlve) = { - %H dt + i /nqdWs— 3 qzclf} [ e |

which has the same evolution equation for p as the QMUPL model.

2. Direct Solution Method

Itis possible to get the result by doing the calculation through the master equation:

d : - ' i 7 . ;
& = —5lH.pl - 31la,la, pll = —5[H,p] — 5n0°[6 + ", [0+ b, p]]
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QOMUPL MODEL

L. Diosi: Phys. Rev, A 40, 1165 (1989)

djis) = [ —LHdt+ n(q — (@¢) AW — L (g — {g)+)>dt]| [e)

H = hwe(aya, +agag) + Awmb'b — hiGa'ya ,(b+b7)

g=ocl(b+b") Mirror C.o.M. Position Operator

=0 Strength of the Collapse Mechanism

q T — I_Uf ‘ {I' Ly Page 62/98
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QMUPL MODEL

L. Diosi: Phys. Rev, A 40, 1165 (1989)

dlvy) = [ — L HAt+ /7 (g — (@)e) dW: — 8§ (g — (g)«)2de| )

H = hwe(ahaytagap) + hombib — hGalya,(b+b))

g=oc(b+b") Mirror C.o.M. Position Operator
n >0 Strength of the Collapse Mechanism
Pirsa: 06020033 Iqt = Ut‘qil‘t /
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P[ Recent Developments in Collapse Models

QMUPL MODEL

L. Diosi: Phys. Rev. A 40, 1165 (1989)

djis) = [ £HAt+ /(g — (g)e) dWs — 3 (g — {g)o)?dt| [t)

H = hw,(aya s +apag) + Romb'b — iGalya 4 (b+b7)

g=oc(b+b") Mirror C.o.M. Position Operator

7 = 0 Strength of the Collapse Mechanism

Qt = Ut‘{II?__i':{: ) Page 64/98
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EXTIMATES OF 1) FOR VARIOUS
COLLAPSE MODELS

OMUPL
N ~ 1013 12

GRW CSL

a ~ 10%m—2 s v~ 10— LYem

a ~ 10 em—2 X~ 10161
Nucleon density |
:;11[{[[1”: i:"i;r':l_l,l sieons N . 1014 of the mirror: D ~ 10 e 3
| * Side length of _
the mirror: S — 10——3cm

_ 1 |
e I NaX -~ 105s Ly 2 n=~vS"D"(2)% - 10%kemlm
) TT
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DAMPING FACTOR OF THE VISIBILITY

The CSL model gives an extimate of 77 larger than that N !
of QMUPL and GRW models by a factor of 10°, so we - 7~ 0.6 % 107 st
will take this more conservative value for our analysis

The mirror excursion 40 is to be at least equal to its

center-of-mass wave packet spread o in order to - K =, %
create a spatially separated superposition states |0 .
and |az) m

If dynamical reductions happen, the mirror maximum interference visibility after one
oscillation period 27 /w,, =2 « 10~3s is damped by a factor e\ with:

7l — 31;5252{271-{;%;.;”) O 1.0 1 I

Pirsa: 06020033

Coherence is maintained to an accuracy of better than one partin 105"
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DAMPING FACTOR OF THE VISIBILITY

The CSL model gives an extimate of 7 larger than that !
of QMUPL and GRW models by a factor of 10°, so we - 17~ 0.6 % 10 st
will take this more conservative value for our analysis

The mirror excursion 4+ o is to be at least equal to its

center-of-mass wave packet spread o in order to - K 2, %
create a spatially separated superposition states |0 .

and |az)m

If dynamical reductions happen, the mirror maximum interference visibility after one
oscillation period 27 /w,, =2 « 1073 is damped by a factor e~ with:

A — 3-w;figo'2(2?r;’u;m) o I %0 TS

Pirsa: 06020033

Coherence is maintained to an accuracy of better than one partin 10%°°"
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EXPERIMENTAL BOUNDS

If the Marshall et al experiment were to observe maintenance of coherence to 0.2 percent
accuracy, a realistic value in present-day laboratories, it would set only the weak bound

¥ = -
v < 10~2emss—!

on the CSL model stochasticity parameter. This would be considerably better than the
bound set by fullerene diffraction experiments, the better one up to now:

3

= 10 Pem’s—1

butis still six orders of magnitude away from a decisive test of the CSL model
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EXTIMATES OF 1) FOR VARIOUS
COLLAPSE MODELS

QMUPL

n ~ 10135 1m 2

GRW CSL
o 10 o2 X~ 10161 o ~ 109%em—2 5~ 109 Yo
Nucleon density
ﬁﬂ?:i:ﬁ;?}ldemﬁ v - 1014 of the mirror: D ~ 10%cm 3
' * Side length of |
the mirror: S — 10 %cm

_ 1 1
P %Nc};)\ ~ O tay 2 n=~5"D*(2)2 - 10%hgmtm—
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DAMPING FACTOR OF THE VISIBILITY

The CSL model gives an extimate of 7 larger than that !
of QMUPL and GRW models by a factor of 10°, so we - 1~ 0.6 % 107 st
will take this more conservative value for our analysis

The mirror excursion 4o is to be at least equal to its

center-of-mass wave packet spread o in order to - K 2, %
create a spatially separated superposition states |0
and |az) m

If dynamical reductions happen, the mirror maximum interference visibility after one
oscillation period 27 /w,, =2 « 1073 is damped by a factor e~ with:

7 — 3?;&{20'2(2?;;’_-;.;”) e NP 0 TOTO

Pirsa: 06020033

Coherence is maintained to an accuracy of better than one partin 10%°"™"
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EXPERIMENTAL BOUNDS

If the Marshall et af experiment were 1o observe maintenance of coherence to 0.2 percent
accuracy, a realistic value in present-day laboratories, it would set only the weak bound

< 10—2Hem3st

on the CSL model stochasticity parameter. This would be considerably better than the
bound set by fullerene diffraction experiments, the better one up to now:

v < 107 ¥em®s 1
butis still six orders of magnitude away from a decisive test of the CSL model
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TOPIC 2

A SPACE-COLLAPSE MODEL WITHOUT
INFINITE ENERGY INCREASE
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THE “PROBLEM” OF THE ENERGY

One of the characteristic features of the models that reduce in
position Is the violation of Principle of Energy Conservation for
Isolated systems. Such a vioclation is determined by the stochastic
process responsible for the localization mechanism:

Space localization
mechanism

Fluctuations in the
momentum space

Increase of
the energy

Pirsa: 06020033 Page 73/98



Recent Developmments in Collapse Meodels

Perimeder Instituie, Walerloo - 20 Februwary 2006

Pirsa: 06020033

THE “PROBLEM” OF THE ENERGY

One of the characteristic features of the models that reduce in
position is the violation of Principle of Energy Conservation for
Isolated systems. Such a viclation is determined by the stochastic
process responsible for the localization mechanism:

Increase of
the energy

Fluctuations in the
momentum space

Space localization
mechanism

Is that a problem? For typical values of the parameters such an
increase is very small and undetectable with present-day technology:
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I
THE “PROBLEM” OF THE ENERGY

One of the characteristic features of the models that reduce in
position is the violation of Principle of Energy Conservation for
Isolated systems. Such a violation Is determined by the stochastic
process responsible for the localization mechanism:

Space localization
mechanism

Fluctuations in the
momentum space

Increase of
the energy

Is that a problem? For typical values of the parameters such an
increase is very small and undetectable with present-day technology:

o / t~10%eV s’ fora nucleon
For example in the GRW model:

(5T/t 21[]_15 K }'_l for an ideal

monoatomic gas
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MOTIVATIONS
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MOTIVATIONS

@ |s the problem of energy “intrinsic” to
localization mechanism and therefore
unavoidable, or this energy growth is just an
additional feature of space-collapse models
analysed in the literature up to now?
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MOTIVATIONS

@ |s the problem of energy “intrinsic” to
localization mechanism and therefore
unavoidable, or this energy growth is just an
additional feature of space-collapse models
analysed in the literature up to now?

@ Any relativistic generalization of such
models devised so far shows divergences
for energy density originating from similar
reasons
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OUR PROPOSAL

Perimeder Instituie, Walerloo - ‘20 February 2006

A. Bassi, E. Ippeliti. and B. Vacchini: J. Phys. A 38, 3017 (2005)

7
' gat
=

/m(A—r1

) dWWs — 2 (ATA— 2 A4 r2)dt]

A

NN
+ 171—p
q ﬁf

i —

Heg -+

f?I'

{q,p}
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OUR PROPOSAL

A. Bassi, E. Ippoliti. and B. Vacchini: J. Phys. A 38, 3017 (2005)

diy = [—i Hdi+ /n (A — 7.} dW,: — ?—j (;—l*ﬂ e rf) df] Uy

h p
A o E e .-
R =g e P H = Hg - a8
h -
_ - (B
m M0 o = _lO ; 8111 - =
e mo 10 T = o 70 g — I m
me — 100 Kg
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OUR PROPOSAL

A. Bassi, E. Ippoliti. and B. Vacchini: J. Phys. A 38, 5017 (2005)

diby = [—i Hdt+ /np (A —71:)dW,: — ?—j (fl';' A—2r:A+ f‘f ) Elf} Ut

h
o T e . -
A=gqg+ticp H = Hy +——{g,7}
| 102 =2 _—1
17 ety o o lG 18111 X g
= —m T=_-m ry — 10 % m?
mg — 107 Kg

In the following we will focus our attention to the case of a free particle:
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ENERGY MEAN VALUE

The equation for the mean value [E[{Hj}:] of the energy is:

d nh>
—E[(Hg)s] = _ 4nTE[(Hy)
(HIEZ[ Hg ).l -~ dnTE|(Hg),]

??ﬁ

whose solution is:

. ' EE % 8 ﬁ?
]E[H[]t] = (EU_ )E ‘ﬂﬁ-t_i_

ST SmT

E[{Hy}:| is notconserved but it does not diverge in time:

?—2 EE
lim E[ Hg':] = il =

t—=—+oo SmT SMmgTo

Pirsa: 06020033
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ENERGY MEAN VALUE

The equation for the mean value [E[{Hj}+| of the energy is:

d nh> .
—E| H — - _‘MpElilds)
dt | (Ho )] om ITE[(Hp)4]
whose solution is:
/ A2 52
E[H[}t] — (E[] = W—) E_ri}g_t S
ST SmT
| N
IE[{Hp,+| is notconserved but it does not diverge in time:
?—2 EE
lim E[ Hg':] = _12 =
t——+too ST SMgTo
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A USEFUL COMPARISON

The equation for the statistical operator p: = E[|vy)(w:|] for our model is:

L2

d 7

) nT T : -
= = i H— 5 i - 5 T & f L] f 5 r i la-‘l e l
dr Pt % [Ho. p+] = la, g, ptl] 572 [, [P, o] 5 g, 1. p1 1]

8|t

Pirsa: 06020033
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A USEFUL COMPARISON

The equation for the statistical operator p: = E[|v:)(w|] for our model is:

d T2 T

< pe = —1 [Hopd = L la.la ol = 2oy [p. ool = 2

{_lf ﬁ, [g~ *l_.p& J‘OT_H

The master-equation for the quantum Brownian motion is:

d 3 20~ =

—5 Ho.pd — 5 10, la, pel] - 8‘\[ ] = = la.Ap. p+]]
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A USEFUL COMPARISON

The equation for the statistical operator p: = E[|w ) (w:|] for our model is:

d z | ]
E’Dt — —% [H[}.,df] E [I [ff-r‘)f”

I.xl.'

bl —F

Aoy g
- = g, {p, p+}]

The master-equation for the quantum Brownian motion is:

d 2 EJI 8

= Y e

Il = 2 g pped]

81[

¥ = B = g o 10 0s
They are the same if: 5

dmz _ dmgre ., 102 J-1 (T ~ 10 1K)
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It is easy to prove that the dynamics of the

HO = F9 is
FOT cm + Hpgy, == two types of degrees of freedom decouples

So we have for the dynamics of the center of mass:

i _ _ _ ; / _
dwgdR) = {—FI Hepe df + 0am (Ao — Tapes 1T — FG—M '.__—-Lﬂgm—*icm — romadan + T%M,t- __u-':h‘] vy R

Howm = Hgm 2 2 w {QP}

ey = & (Gg|[Aln - Aoyl Mo = (.jj;) 10
Ace == QF#EP e — ( ?le?) 0
W = YW

that is the same equation for the case of a single particle except for the
value of the mass which is A/
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MICROSCOPIC LEVEL

Microscopic systems can be observed only by resorting to
suitable measurement procedures

All physical predictions have the form Ep|{v:|O|v; )] = Tr|Op4]

The testable effects of the stochastic process on the wavefunction
are similar to the effects induced by quantum environment on the
particle, when both friction and diffusion are taken into account

With our choice of the parameters 17 e rthe measurable effects of
stochastic process are of the same order of magnitude of those
induced by the interaction of the system with particles and radiation of
intergalactic space: such effects are very small and masked by most
other source of decoherence, so that they cannot be tested by present-
day technology
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A USEFUL COMPARISON

The equation for the statistical operator p: = E[|v)(w:|] for our model is:
d Z | LT y
—pr = —= [Ho.pdl = 7 la.la. pell = 2= [p. [ pell = = [a.{p. e}

!
—
lu

The master-equation for the quantum Brownian motion is:

d ) 2M~
— —— | Hg. pel ———— 16516,
TR 5 [Ho, pr] Bh2 9.1, pe]] —

21

I = 2 la. 4. oo}

81[

5 nT ToTo ~~ 10~20g1
They are the same If: L . _ :
3 dmz — 2o o 10F T (T -0 107K

Pirsa: 06020033
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ENERGY MEAN VALUE

The equation for the mean value [E[{Hj}:| of the energy is:

d nh> .
— E| Hg):| = — — 4dntE| Hp)
dt |(Hog )] v nTE[(Ho) 4]

7 hﬂ 8 ﬁ?
E[(Hg):] = LEH_ )E‘ Ot

DIMT SmT

E[{Hg}t] IS not conserved but it does not diverge in time:

_ 72 A2
lim E[ Hg ¢ = = —
t—>+tco OMmT S TH
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A USEFUL COMPARISON

The equation for the statistical operator p: = E[|w; ) w+|] for our model is:

d ) B 2]
&t TR

T T

(9.9, pell = 5oz [ [22pel] — —

1 : s
> [Qr *{_IL Ptﬂ
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A USEFUL COMPARISON

The equation for the statistical operator p: = E[|w; ) w:|] for our model is:

d 2 n T T :
—pe = —— [Hg,pt] — = lg.]q. pe]l] — —= [p. [p. p£]] — g, 1p, pt |
T Pt 5 [ 0 ff] 5 [I.[Q !’fH 572 [19 [P‘ ;‘f“ 5 [f.u Ptj]

The master-equation for the quantum Brownian motion is:

b lp.pel] = = la, {2 e}

d i 20 3

— P = Hea. 06l ——— g, =
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A USEFUL COMPARISON

The equation for the statistical operator p: = E[|v; ) w:|| for our model is:

d - 2 n T T = ;

Ty [Ho, p+] 5 2, [q. pt]] = [, [P, pt]] > lg; 1P, pt }]

The master-equation for the quantum Brownian motion is:

d i 2M~ 2 5

= —— |Hg,pt] — — — —— @1 D P

ar Pt 5 [Hg, pe] Bh2 9, [a, pel] — 8'\[ ] B lg, {p, p+ ]
¥ = mnFr = mgip o~ 10s !

They are the same If: ST, " _ :
a 4’;" — 4”;;%“’ ~102J 1t (T ~ 1071K)
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