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Abstract: Ideal measurements are described in quantum mechanics textbooks by two postulates. the collapse of the wave packet and
Born&Atilde;& cent;& Acirc;A€& Acirc;A™s rule for the probabilities of outcomes. The quantum evolution of a system then has two components; a
unitary (Hamiltonian) evolution in between measurements and non-unitary one when a measurement is performed. This situation was considered to
be unsatisfactory by many people, including Einstein, Bohr, de Broglie, von Neumann and Wigner, but has remained unsolved to date.

The quantum measurement problem, that is, understanding why a unique outcome is obtained in each individual run of an experiment, is tackled by
solving a Hamiltonian model within standard quantum statistical mechanics. The model describes the measurement of the z-component of a spin
through interaction with a magnetic memory. The latter apparatus is modeled by a Curie& Atilde;& cent;& Acirc;A€8& Acirc;A“ Weiss magnet having
N &Atilde;& cent;& Acirc;A%.& Acirc;&laguo; 1 spins weakly coupled to a phonon bath.

The Hamiltonian evolution exhibits severa time scales. The reduction, a rapid decay of the off-diagona blocks of the
system& Atilde;& cent;& Acirc;A€& Acirc;A* apparatus density matrix, arises from the many degrees of freedom of the pointer (the magnetization).
The registration occurs due to a phase transition from the initial metastable state to one of the final stable states triggered by the tested system. It
yields a stationary state in which the apparatus and the system are correlated. Under proper conditions the process satisfies all the features of ideal
measurements, including collapse and Born& Atilde;& cent;& Acirc;A€& Acirc;A™srule.

As usual, irreversibility is ensured by the macroscopic size of the apparatus, in particular by the large value of N. Nothing else than the usual
quantum statistical mechanics and Schro &AtildeAE& Acirc;Adinger equation is needed, and the results support a specified version of the
statistical interpretation. The solution of the quantum measurement problem requires a combination of the reduction and the registration, the
properties of which arise from the irreversible dynamics.
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Setup

Statistical interpretation of QM

Text books on measurements

Problems & paradoxes + the big questions
The model: system S + apparatus A

spin-%2 A =M + B = magnet + bath
Selection of collapse basis & fate of Schrodinger cats
Registration of the Q-measurement & classical measurement

Post measurement & the Born rule
The Q measurement problem elucidated
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Statistical interpretation of QM

Density matrix p = Z p: v;) (v, describes ensemble of identically prepared
: systems

Pure state|«') — p = [¢')(v’] is limiling case; same meaning (no special role)

Ensemble can be real (many particles: bundie at LHC
one trapped ion in photon field, repeated excitation)
or virtual (as in classical statistical physics)

QM = tool for calculating averages from density matrix p

(4) = (Y]|A|¢) = tr(pA)

=> QM = about what we can measure. not about what is
epistomology < ontology

Quantum measurement theory describes ensemble of measurements
on ensemble of systems .. ...
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Q-measurements in text books

W) = /T %;ls;) measurement = |g) collapse of the wave function
—— (reduction of wave packet)
-  pure state => mixed state
Pi = |¥i|°  Bom probability

projector on eigenstate i: II; = |s;)(s;!
p——
collapse p — p; = —II,;pll,;
:

Born p; = tr(f[,;.:}

No Schrodinger cats: no terms ILpIl, (i # j) after measurement
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Problems & paradoxes

Einstein, Bohr, de Broglie, von Neumann, Wigner,
Bohm, Bell, Balian, van Kampen ...

Collapse = non-unitary

Small part of apparatus described by QM< why not measurement process?
Preferred basis paradox: on which basis will reduction take place?

When does collapse happen ? How long does it take?

What happens to Schrodinger cats?

The biggest of them all:

The quantum measurement problem:

QM = statistical theory, but in experiments we see individual outcomes
Solvable within QM ?? => probably not . ..
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Requirements for Q measurement models

simulate as much as possible real experiments
ensure unbiased and robust registration by the macroscopic pointer of A

apparatus initially in a metastable state to amplify the quantum signal
(not in pure state)

include a bath for dumping the free energy released by pointer
be solvable and exhibit the characteristic times

lead to final state devoid of “Schrodinger cats”

satisfy Born's rule and correlations between system & apparatus

solvable and flexible
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Spin-spin interactions in magnet M

Hy = '_) m m
N N
Jo = o e g4 () ~ (1 (re)
e gimigin) _ = O’_;" gt glm) 5(n)
o 2. %0 — g Z S =
= k.l.m,

- J,term: Curie-Weiss magnet
- J,term: allows first order phase transition

- Extreme case of first order transition: J, =0, J,=J
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Curie-Weiss model for quantum measurements

System S: s =spin-'2. For ideal measurement: HH =¥
Apparatus = Magnet + Bath (A=M + B).
M = N spins-%2 o). Magnetization m = ¥ Zﬂ

n=—

B = phonon bath: harmonic oscillators
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Spin-spin interactions in magnet M

= ’]2 _;\1‘ " -]_l: 4\* ~ 4
Ihy = m- m
‘ 4

N N

]} .]
— == E j.“ ' J .].' i } 1 E o~ | }
- ‘i'ﬂ .h” — wiig .‘?1
!)*\ e - l '\ =

m.n—1 El.m.

- J,term: Curie-Weiss magnet
- J,term: allows first order phase transition

- Extreme case of first order transition: J, =0. J,=J
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Bath Hamiltonian

Standard harmonic oscillator bath:  Hg y 7 hnb] ™5™

n=1 *'.:t'

x.y.Z components of the spins of M couple to their own harmonic oscillators

v
Hyg = "’:Z ("B +&"' B + 3‘ ) = V‘*‘T ‘T Fr R

=1 r- -——m-

= { Lim} jiim)
Z Velwp) (B2 + b))
£

Bath characterized by trp | RB 0) B (1) B,” ()| =bnpdas K (t — 1)

Weak M-B coupling: y << 1 allows to work at lowest order in y
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Initial density matrix 7(0) =7(0) ® Ra(0)




Initial density matrix 7(0) =#(0) ® Ra(0)

Tested system S: arbitrary density matrix r(Q) = ( r“‘gg; r“vggg )
i+ r

uncorrelated with A




Initial density matrix 7(0) =7(0) ® Ra(0)

' FM(O) T*+(O) )

Tested system S: arbitrary density matrix r(Q) = ( (0) (0)
ri+ il |

uncorrelated with A

Apparatus A starts in mixed state, _ = _
product of magnet M and bath B RA(0) = Rm(0) @ Rp(0)
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Initial density matrix 7(0) =#(0) ® R5(0)

r++(0) r4(0) )

Tested system S: arbitrary density matrix r(0) = ( (0) (0)
ri+ rij

uncorrelated with A

Apparatus A starts in mixed state. - . : =
product of magnet M and bath B RA(0) = Bu(0) @ Rp(0)

Magnet M: N spins 2. starts as paramagnet (mixed state)

- 1 0
Ru(0) =MLyp™(©). s =}(g 7
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Initial density matrix 7(0) =#(0) @ Ra(0)

r+(0) r4,(0) )

Tested system S: arbitrary density matrix r(0Q) = ( ri2(0) r,(0)

uncorrelated with A

Apparatus A starts in mixed state. - =
product of magnet M and bath B Ra(0) = Rn(0) @ Rp(0)

Magnet M: N spins 2. starts as paramagnet (mixed state)

L1

= 1 0O
Ry (0) = M, (0), p<"3‘(0)=%(0 1)

Bath: Gibbs state (mixed state) Rg(0) = *-f_é.; B=1/T
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Selection of collapse basis

What selects collapse basis? The interaction Hamiitonian !

\
fj-_\_\_ — — {5 Z r‘T:” — —_\-'.r;h:;“
=1
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Selection of collapse basis

What selects collapse basis? The interaction Hamiltonian !

HE-\ — _f]“‘*- Z r%’:"' — —‘\f}\_}'fi
[ —d
Trace out Apparatus (Magnet+Bath) in von Neumann egn
F Tha Th
d & T T — 4
ihdD = (A, D] D ( D D! )

The 4 sectors decouple; only interaction Hg, remains
TraceoutA=M +B
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Selection of collapse basis

What selects collapse basis? The interaction Hamiltonian !

H?-:‘».--'& = —g85. Z g, =—Ngs,m
L —
Trace out Apparatus (Magnet+Bath) in von Neumann egn

DM D+! .
d A gk = - o
\h5;D = [H, D] D ( Dyy Ty )

e

The 4 sectors decoupie; only interaction He, remains
TraceoutA=M +B

d d

& = g trpm 8 Djj = —gN(si — s;)tryy glm. Dyl

= 1id s; = .‘}J'
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Selection of collapse basis

What selects collapse basis? The interaction Hamiitornian !

N
Hsy = —gs. E o, =—Ngs.m

"~ —

Trace out Apparatus (Magnet+Bath) in von Neumann egn

o — ~n_ [ P Dy
ihsD = [H,D] D= ( D,» D, )
The 4 sectors decouple; only interaction Hg, remains
TraceoutA=M +B

d a ; n,
= — try gDy = —gN(s; — s;)try glm, D]

at 9 T at
= 0 iff s; = s
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Selection of collapse basis

What selects collapse basis? The interaction Hamiltonian !

N
Hspy = —gs. E a."' = —Ngs.m

=1

Trace out Apparatus (Magnet+Bath) in von Neumann egn
' Day Ds
d.A = A — | I+
ihgD = [H.D] = ( Dy Dy )

The 4 sectors decouple; only interaction Hg, remains
TraceoutA=M +B

d d : = —
i = trpm g Djj = —gN(s; — s;)try glm. Dyl

= 0 iff S!'=Sj'

Diagonal terms of r(t) conserved ->=r.(t) =r.(0): Born probabilities

Off-diagonal terms evolve => disappearence of Schrodinger cats
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Fate of Schrodinger cat terms

Short times: spin-spin couplings in magnet are irrelevant
X.y components of spins of M rotate in magnetic field gof spin S
() b
pr(E) = adiag{ €

2igt/h —2igt/hy —g 3Kt

= €

Larmor procession damping by zero-point flucts of bath

“) . .
L ..-E}t \- \_ —_h'i_'l
- ’ r+i{t) = r- (0 cos — € - g7
Schrodinger cat: : | A
_;.': =t Taer )

=1 (e ¥/ =2} ¢

dephasing decoherence (zpf of bath)
as in NMR comes in later

Recurrences eliminated by: decoherence by zero point flucts of bath
orevenbyaspreadings

Creation of multi-particle correlations: weak. dying out

« K

- o " B - = K : ¥ i ; l
(50 —is " (£))e ~ ({52 — i5y) (0))i"t e/ T=2)" < ( —,)
(VN

Sehlwedinger cat terms die out quickly Page 24165




Registration of the measurement
Solve Q-dynamics of diagonal elements to second order in the coupling to bath
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Registration of the measurement
Solve Q-dynamics of diagonal elements to second order in the coupling to bath

N sector with s, =1: analogy to classical measurement of classical Ising spin s, =1
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Registration of the measurement
Solve Q-dynamics of diagonal elements to second order in the coupling to bath

1 sector with s, =1: analogy to classical measurement of classical Ising spin s, =1

Aagnetization m involves only eigenvalues ¢, — *=1 . as in classical statistical physics

Aeasure a spin s, — =1 with a “classical” apparatus of magnet and a bath
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Registration of the measurement
Solve Q-dynamics of diagonal elements to second order in the coupling to bath

1 sector with s, =1: analogy to classical measurement of classical Ising spin s, =1

Aagnetization m involves only eigenvalues ¢, — =1 | as in classical statistical physics

Aeasure aspin s, — =1 with a “classical” apparatus of magnet and a bath

— r JN__4 — 1 «—N
Hciassical = —gNs:m— z I, m = TEH=1 Tzn
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Registration of the measurement
Solve Q-dynamics of diagonal elements to second order in the coupling to bath

1 sector with s, =1: analogy to classical measurement of classical Ising spin s, =1

fagnetization m involves only eigenvalues 0. — *=1 . as in classical statistical physics

Aeasure a spin s, — =1 with a “classical” apparatus of magnet and a bath
== : JN_ 4 _ kN
Hcjassicat = —gN Szii—zm , m =y En=1 Tz.n
_ - m 1
Dynamics m = vh(l — ), h=gs. +Jm
tanh 3h
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Registration of the measurement
Solve Q-dynamics of diagonal elements to second order in the coupling to bath

1 sector with s, =1: analogy to classical measurement of classical Ising spin s, =1

Aagnetization m involves only eigenvalues ¢, = =1 | as in classical statistical physics

Aeasure a spin s, — =1 with a “classical” apparatus of magnet and a bath

— r i —= N
Hassicat = —gNs:m——Fm", m = ?En=1 &

Dynamics m = vh(l — h =gs. + Jm?

tanh 3h )
Free energy F=U-TS: minima are stable states of free energy

2 t 1—m In 2 ]
1+m ' 2 1-m
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Atg:ﬂ- = F;: T=0.45J, g=0

u R L

N

g
1

High T: paramagnet is stable

Pirsa: 11040106

"8 |

Low T:

paramagnetic initial state;
stable ferromagnetic states

can act as measuring apparatus

Page 31/65




I

)
()]

ﬁ.-*-.
. i

.'—fl'_l'l"--"."ﬂ

o s

il
m

S WP T W Ee—

- | i

Page 32/65

Pirsa: 11040106



_ —_— - e - — - -
- = “ i — - I —
- - o, e — - - — i Nl o— i S
- = e -
- - -
= A S
- - o
F
i
- ’
-
e |
- - =
- s .
- = - - — - = -

Bath is needed to dump the free energy
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During measurement: turn on coupling - field h=gs,

- — - £ I — P — H
. & EB=m b =« % il — - —— e
= - L ke
-
- — E -
o e e b
] I =
= P .
T . . -
i =% . AN
- . 4
- | -
§ R B 1
» - -
- o il
. E
- - ¥ 4
= L - -
-
- —
- - — = — =
- 1 - - - - = § = i
— = - - - - — - - o - .

Bath is needed to dump the free energy

Procedure:
Turn off coupling g after minimum is reached
Magnet goes to ferromagnetic minimum at g=0. Stays there a time exp{(N)

(Result is stable and may be read off, or not)
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= — - — Fie— - et - i e
During measurement: tum on coupling ) field h=g s,
-0 . 2%

m m

Bath is needed to dump the free energy
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F _ F Jm* 1+m 2 1—m 2
N = —gs:m— T[S~ Info+-5"In=7]

At g=0: o F: T=0.45J, g=0 o F: T=0.3J, g=(

|
B n"n i
= T |
4 s
d N N

n

Low T:
High T: paramagnet is stable paramagnetic initial state:

stable ferromagnetic states
can act as measuring apparatus
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During measurement: turn on coupling m) field h=g s,

|
|
[
|
&
1]
il
(S
I
1
]
i

|
I
I
n K N =

Fa
wE
L
il

4
= al 1 /
s B L
i i
. = 3
. ¢ g
= =l
; -0 . 2%
_0. 3} ,
—an= -0.3
—FI.'F-‘-"'-F 1 - -

—
-

un

N

m m
Bath is needed to dump the free energy

Procedure:
Turn off coupling g after minimum is reached
Magnet goes to ferromagnetic minimum at g=0. Stays there a time exp(N)

(Result is stable and may be read off. or not)
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Afg:ﬂ.’ - F;: T=0.45J, g=0 F; T=0.3J, g=0

m m
_ _ Low T:
High T: paramagnet is stable paramagnetic initial state;

stable ferromagnetic states
can act as measuring apparatus
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Bath is needed to dump the free energy
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During measurement: turn on coupling - field h=g s,

L
{
54

' I
) I i
1 ' " I |
1 i i
NN N e
T
) L4
i

I
i
I
N

m m
Bath is needed to dump the free energy

Procedure:
Turn off coupling g after minimum is reached
Magnet goes to ferromagnetic minimum at g=0. Stays there a time exp(N)

(Result is stable and may be read off, or not)
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Real solution: QM widens the distribution P(m:t)

B
IéE :'.'fq —

12

4 i -
06 -'
: ! | . lI
WINSCE
! : " . : L e —_—— ) o
-10 035 05 10

- Finally: sharp peak at m=+m¢in sector s,=+1
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Post-measurement state

Magnet ends up in up/down ferromagnetic state
Sign of magnetization maximally correlated with sign spin S
Probabilities satisfy Born rule

No Schrodinger cat terms
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Post-measurement state

D(ts) = re+(0)[1) (1] @ Ras(te) + 7, (0)[1) (L] @ Ra(tf)

Magnet ends up in up/down ferromagnetic state
Sign of magnetization maximally correlated with sign spin S
Probabilities satisfy Born rule

No Schrodinger cat terms
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On the Quantum Measurement Problem

The macroscopic magnet itself is well understood.

Initial paramagnet relaxes to stable 4 or ¥ ferromagnet

Ensemble describes breaking of ergodicity

Individual 4 and ¥ ferromaget is stable, Poincare time is very large

In Q measurement this transition is triggered by the tested spin S
Long life time of FM state ensures uniqueness of outcome for m=+m,
and for the measured spin s, = + 1 that is fully correlated with it

No survival of Schrodinger cat terms, that could spoail this view.

One may select individual outcomes with magnetization 4

(possible because ferromagnetic A4+ state longlived)
This unambiguous subensembile is a pure ensembie of spins A of S
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Summary: the measurement problem elucidated

Collapse basis determined by interaction Hamiltonian

Measurement in two steps: catsdie & registration of the result
very fast is slower

small multi-particle correlations

Registration : some classical features (< Bohr) _ _
macroscopic pointer: irreversible dynamics, entropy increase

Born rule results from the dynamics

Observation of pointer is irrelevant for cutcomes (& Wigner)
(but resuits may be read off, or processed automatically)

Statistical interpretation of QM

Individual outcomes due to irreversible phase transition in magnet
long lived pointer indication, no cat terms
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Measurement in two steps: cais die & regisiration of the result
very fast

is slower

Obsenvation of pointer is irrelevant for autcomes (€ Wigner)
(but results may be read off, or processed auiomaticaily)




= Measurement intwo steps: catsdie & regisiration of the result
very fast

is slower

- Observation of pointer is irrelevant for outcomes (€ Wigner)
{but results mav be read off, or processed automatically)




Measurement in two steps: catsdie & registrafion of the resuit
very fast

is siower

Observation of pointer is irrelevant for autcomes (€ Wigner)
(but results may be read off, or processed automaticaily)




Measurement intwo steps: caisdie & registrafion of the result
very fast

is slower

Observation of pointer is irrelevant for cutcomes (€ Wigner)
{(but resuits mav be read off, or processed automaficaily)

B T romaiview
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Text books on measurements

mam-.-mtigm

spin-1% A=M + B = magnet + bath
Selection of collapse basis & fate of Schrodinger cats

Registration of the Q-measurement & classical measurement

e




Statistical interpretation of QM
Density matrix o — Zp,gt;-.}{r.] describes ensemble of identically prepared
: systems
Pure statejv) — p = o) (v is limiting case; same meaning (no special role}
Ensemble can be real (many particies: bundle at LHC
one trapped ion in photon fieid, repeated excitation)
or virtual (as in classical statistical physics)

QM = iool for caiculating averages from density mairix o
(4) = (¥|Aly) — tr(pA)

= OM = about what we can measure qﬂm.ﬂut‘n
. Click 1o add notes
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Problems & paradoxes
Einstein, Bohr, de Broglie, von Neumann, Wigner,

Collapse = non-unitary

Small part of apparatus described by QM<> why not measurement process?
Preferred basis paradox: on which basis will reduction take place?

When does collapse happen ? How long does it take?

What happens to Schrodinger cats?

The biggest of them all:




Einstein, Bohr, de Brogiie, von Neumann, Wigner,

Collapse = non-unitary
Smail part of apparatus described by QM<> why not measurement process?
Preferred basis paradox: on which basis will reduction take place?

When does collapse happen ? How long does it take?

What happens to Schrodinger cats?

The biggest of them all:
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Requirements for Q measurement models = jl
simulate as much as possidle real experiments |
ensure unbiased and robust registration by the macroscopic pointer of A

apparatus initially in a metastable state to amplify the quantum signal
(not in pure state)

include a bath for dumping the free energy released by pointer

— — i SN AT ral R

lead to final state devoid of “Schridinger cats”
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Requirements for Q measurement model
ensure unbiased and robust regisiration by the macroscopic poinier of A

apparatus initially in a metasiable state to amplify the qu , Slide 6 Requirements for Q measu__
(not in pure state)

include a bath for dumping the free energy released by pointer

lead to final state devoid of “Schrodinger cats™

4T G “hﬂmumtm
TEs
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apparatus initially in 2 metastable state to amplify the quantum signal
{not in pure state)

include a bath for dumping the free energy released by pointer
be solvable and exhibit the characteristic times

lead fo final state devoid of “Schrodinger cats”

satisfy Born's rule and correlations between system & apparatus

solvable and flexibie




H:ﬁqﬂu—?&dﬂ Magnetization ' = Za""
8 = phonon bath: harmonic oscillators g

&=ifg+ff53+ﬁ3
N
ﬁﬁ =0 Hsa= —gﬁ’:z&i" = ~Ngs.m

n=1
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x.y.z components of the spins of M couple to their own harmonic oscillators

fm = Y (PR A s o) Y T S

=i amers

O I8 S AL A

Bath characterized by tra |Ra (0) B (8) B (£)] = upbas K (6~ 0)

&
Weak M-8 couling: v << 1 allows to work at lowest order in ¥




md:;“::mm? R (0) = Ry(0) @ Rpl0)

Magnet M: N spins %, siarts as paramagnet (mixed state)
Ra(0) =M o), ™) =} ( - “‘)

g 1

Bath: Gibbs state (mixed state) Rg(0) = E:;g.':".
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Trace out Apparatus (Magnet+8ath) in von Neumann egn

: D
iR D = 1. D} D= ( DE g:i )

TraceoutA=M+8

d _ d
L

ar g T8 Dy = —aN(s; — 5,)tru gln. Dyl




Trace out Apparatus (Magnet+Bath) in von Neumann egn

wtommm o=(3 3)

TraceoutA=M+8

ad a

-~ 3 = ;H’uﬂ"=—jﬂtﬁalj}tfu_ﬂiﬂfm
= 0 iffs, =3 '

¥
r"i

Mmﬁﬁw-ﬁ;@ug@: Born probabifies
mmm-nmumm




-{n:{r’ = _] : :tfz;qun Ilgizrﬁ) —g -fﬁt*

Larmor procession  camping by zero-paint flucts of bath
2 ) E =yl
Schrodinger cat: ryi= "ufﬂ.lim&%}*e“"f"*m
=7y (G)e T i) o~ (8 Timc )
gepnasing  decoherance {7f of bath)
asinNMR comes in iaer

Recurrences eiminated by: decnherence by zero point fucts of bath
orevenbyaspreading’s

e — S ;.
(5 = i)™ () ~ {(Gs —idy) (Oitee = = (7—“)

om0

Ciick to 20d notes
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