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Inconsistencies of the orthodox interpretation

By unitary evolution postulate

By ‘rhe_ collapse postulate (applied to isolated system that
(applied to the system) includes the apparatus)

Indeterministic and Deterministic and

discontinuous evolution continuous evolution

Determinate properties Indeterminate properties
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Responses to the measurement problem

1. Deny universality of quantum dynamics

* Quantum-classical hybrid models
» Collapse models

2. Deny representational completeness of

- i»-ontic hidden variable models (e.g. deBroglie-Bohm)
* y)-epistemic hidden variable models

3. Deny that there is a unique outcome

* Everett's relative state interpretation (many worlds)

4. Deny some aspect of classical logic or classical probability theory
* Quantum logic and quantum Bayesianism

5. Deny some other feature of the realist framework?
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Collapse theories

Posit a new dynamical evolution law:
either nonlinear or indeterministic or both

Recover unitary evolution and the collapse dynamics as special cases

Microscopic systems obey unitary dynamics to good approximation
Macroscopic systems obey collapse dynamics to good approximation
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Collapse theories

Posit a new dynamical evolution law:
either nonlinear or indeterministic or both

Recover unitary evolution and the collapse dynamics as special cases

Microscopic systems obey unitary dynamics to good approximation
Macroscopic systems obey collapse dynamics to good approximation

Motivations:

*Achieves realism

*Maintains representational completeness of v

*No “cut”, i.e. one universal dynamics (unlike a hybrid model)
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Nonlinear deterministic models

| T)["ready™) — [ T)|"up”)
| )[“ready™) — [ ])[“down")

(a| T) + 6] 1))|"“ready”) — al| T)|“up' )| “down™ )

rather (u,’ T) +b| l))‘ “ready”> — | T>| “UD”(LJ)>

or

’ l)l “down” u../)>

Final state depends on details of the initial state

Ignorance of those details implies subjective indeterminism
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Linear indeterministic models

The goal:

2

(a| 1) 40| [))|“ready”) — | 1)|“up”) with probability |a|
— | 1)|"down”) " with probability [b]*

The preferred decomposition issue

Into what states do collapses occur?

The trigger issue

When and how do collapses occur?
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The Ghirardi-Rimini-Weber model

At most times:

3 D . e , :
'fflmf,-"(l'l- o N /) = U(:’(I'l- - N /) Schrodinger's equation
Every 7/N time interval on average

Al

O(ry, .y, t+dt) = W Gq, (rx)¥(ry,...,r N, t) "Collapse”
K

(r'r—q, )? )

'_2le'-,

where Giq, (1) = K exp(—
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The Ghirardi-Rimini-Weber model

At most times:

SNy / S . :
'/-/?‘m(:"(l'l- e IV, /) — U(:’(I'l- e 'V, /) Schrodinger's equation
Every 7/N time interval on average

)

O(ry, .., vy, t+dt) = W Gq, (rx)¥(ry,...,rN, t) "Collapse”
X

(r'y—q, )? )

'_2le'-,

where Giq (1) = K exp(—
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The Ghirardi-Rimini-Weber model
At most times:

"7’%‘."‘(1'1- ., TN, t) = HY(ry,...,rN, 1) Schrodinger's equation

Every 7/N time interval on average

Y(ry, ..., TN, t + di) \/p (’(1; (r1)0(r1, .., T, 1) “Collapse”
where (_:‘qh(r;‘.) — K (\XI)(_(I-""TT:}.&L)

)

p(ag) = [ dry..dry [Gq, (ve)¢(r1, ... v, £)[°

k is chosen uniformly at random

q;. is chosen by sampling from p(q.)

Two new fundamental constants:

r ~ 10'%s ~ 100 million years mean time between collapses for one particle

o~ 10~ "m = size of large molecule Localization width
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The Ghirardi-Rimini-Weber model

AT most times:

¥(t)) Schradinger's equation

-|0(t) = H

Every 7/N time interval on aver'age
+ dt))

b+ d) = ZasVE

where ") (q,) = [dry K (‘Xl)(—ﬁ%gh——[)‘l'g.)<l';‘.‘
plax) = (W(OIEW (qp)[e(1))

k is chosen uniformly at random

n

/)> "Collapse

q;. is chosen by sampling from p(q.)

Two new fundamental constants:
r ~ 10*°s ~ 100 million years mean time between collapses for one particle

I~

o~ 10 "m = size of large molecule Localization width

~
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The Ghirardi-Rimini-Weber model

AT most times:

2[0(t)) = H|(t)) Schraédinger's equation

Every 7/N time interval on aver‘age

(t 4 dt)) \/W VB

where FE'")(q,) = [dry K (‘xl)(—L"r—T—._,(lﬁ')—;)\I';\.)<I';‘.\
play) = (O] E® (q) [0 (1)
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")} "Collapse”
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The Ghirardi-Rimini-Weber model

AT most times:
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where F')(q;) = ] dry K “Xl)(_L}',—;ﬁ‘lﬁi)‘rkMrk‘
play) = (W(OIEM (q)[e (1))

k is chosen uniformly at random

n

/)> "Collapse
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In terms of density operators

ER)(q,)p/EX(Qq,)
Lr(e®(q,)p)

Essentially a POVM measurement of approximate position

/)—>\/
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The Ghirardi-Rimini-Weber model

AT most times:

¥(t)) Schrédinger's equation

-(t) =H

Every 7/N time interval on aver'age
+ dt))

Vit+d) = ZasVE

where ") (q,) = [dry K (‘Xl)(—L;SM)‘I'A.MI';‘.‘
plar) = (L) E™ (q) v (1))

k is chosen uniformly at random

n

")) "Collapse

q;. is chosen by sampling from p(q.)

Two new fundamental constants:
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In terms of density operators
VE®(qQ,)py/E®(q,,)
Lr(B®(q,)p)
Essentially a POVM measurement of approximate position

p —

If k and q, are unknown, then the effective evolution is

p—= > [da VE® (qy) p VE®) (qp)
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Single particle in 1D
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Single particle in 1D Two particles in 1D
V3 1

V3 ) (21, 22) = “==0a(x1)Xa(x2) + 506 (21) Xp(22)

e

t-":‘!(;r) = 7(_,-"‘)(,(;1') & Q(fjb(:l') A . \
M .«

Gy(z) = Kexp(— _,,_‘H)'(T‘{) )

I

X

A 4

—
1
1
|
1
1
1
1
|
||

s N

v
—

Pirsa: 13010083 Page 21/38



Single particle in 1D Two particles in 1D
3 [
\/q 1 (g, x0) g(f)”("'l)\u('rf) } ;(-)b("'l)\h(-l'g)

V() = 70‘».(;1') + chm(;r) A . ‘
/\/\_, T

Gq(x) = Kexp(— T_(;{T)—)

I

X

A 4

—
1
1
|
1
1
1
1
|
l!

7N

A 4
—

J\ V' (@1, %2) & Pa(21)Xa(22)
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up down

V= @a(r1)Xa(r2,...,rar) + B Op(r1) xn(re, ....rar)

Pirsa: 13010083 Page 23/38



g\% Dy up down
~ - , < *
P e ]

V=« (,:")(,(1'1 )/\”(I'g._ I'M) + [ (;-")g)(l'l)/\ b(ra, ..., I'J.-u)
Suppose Xa (. Theo) X (. Tk...) = 0 for macroscopic # of components
One particle is hit = wavefn' is localized in all coordinates
i,.-"‘, - (;"'5r,.(1'1 )/\:!_(1'2. . ,-u) with probability |w|9‘
' = ¢p(ry)x;(ra,....Trr)  with probability |3]°
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up down
c < *
> | \ @

'r';1 = (& Qq (I'l ),\u (1'2-. I';“\[) + 0 (s";)I)(I'l )/\ IU(I".Z- rf"\[)
Suppose Xa (oo Theo) X (o Thenn) =0 for macroscopic # of components

One particle is hit = wavefn' is localized in all coordinates

! =

Ga(r1)X, (T, ... Tas)  with probability |a|?
0" = ¢p(r1)Xy(ra, ... Tar)  with probability |3|°

For M ~ 10%" particles

This happens every 10*°s 10—5

1020 ~ S
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Constraints on parameters

rtoobig >  persistence of coherence of macro objects
7 too small >  loss of coherence of micro objects
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Constraints on parameters

rtoobig >  persistence of coherence of macro objects
7 too small >  loss of coherence of micro objects

o toobig > delocalized macro objects
o too small >  excitation and heating

Experimental status

Difficult to distinguish fundamental collapse from decoherence
Difficult to detect anomolous heating
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Continuous Spontaneous localization

Philip Pearle

Collapse is a continuous process governed by a randomly fluctuating field
“gambler’s ruin”
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Criticisms

What is the ontology in space-time? The “tails” problem.
Bell's "flashes"” ontology

Failure of energy conservation
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Pirsa: 13010083 Page 31/38



Criticisms

What is the ontology in space-time? The “tails” problem.
Bell's "flashes"” ontology

Failure of energy conservation

Unclear whether one can maintain Lorentz invariance for
relativistic models

Any anomolous decoherence is also consistent with unitary coupling
to novel degrees of freedom

Pirsa: 13010083 Page 32/38



Criticisms

What is the ontology in space-time? The "tails” problem.
Bell's "flashes"” ontology

Failure of energy conservation

Unclear whether one can maintain Lorentz invariance for
relativistic models

Any anomolous decoherence is also consistent with unitary coupling
to novel degrees of freedom

Pirsa: 13010083 Page 33/38



An alternative way of accounting for any "anomolous decoherence”

The map corresponding to the "anomolous decoherence” is

p— > [da VE® (qy) p VE®) (qp)

This is a trace-preserving completely positive linear map

p—T(p) =2, AupAl,

where the Ay are linear operators satisfying 2y /\L/\p. =1
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Church of the larger Hilbert space

O
© - Do D @@
Trace-preserving
completely positive Positive operator-valued
Density operator linear map (CP map) measure (POVM)
P T { lf"‘k}
: a H ‘ m(“)\,n (”)[j
, {/'M} ' @ =) )_H X )@ o] ] ”. N
plsa)) i) (1
N S —I r M -I r D
© ° L ﬂ@ ’ | L ©)
Purification Stinespring dilation Naimark extension
lw(sn)) |(/)((L)>1 U(su,) |X(“)>v {ﬂ(-""”—)}
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Church of the larger Hilbert space

O
6 - Do D @@
Trace-preserving
completely positive Positive operator-valued
Density operator linear map (CP map) measure (POVM)
P T { ,f"‘k}
: a H ( m(“)\,n (”)[j
, {/'M} ' @ =) )_[I X )@ o] ] [ A N
|plse)) ) (I,
N S —I r B -I r D
Purification Stinespring dilation Naimark extension
lw(.%‘)) |(/)((I‘)>, [_](.s'u,) |X(”)> {ﬂ("’”)}
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GRW and CSL:
# of fundamental constituentsin an object = rate of collapse

Other ideas for what induces dynamical collapse in macroscopic
systems but not microscopic systems:

gravity

Complexity/entanglement
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