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§1 Introduction －QM in the universe 

 
QM is an excellent theory to describe the universe quite consistently.  
 
For example,… 
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→planets (Jupiter) 
 

⇒ classical limit 0  is not useful.  
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■crossing the p-p Coulomb barrier by the uncertainty principle. 
 → 85 10 KT = ´  

 
 
 

→stars (Sun) 
 

■For relativistic regime ( , e pv mc m  ), 

(white dwarfs and neutron stars): degenerate fermions  
  

 
 
 

→a neutron star 
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■In case of Bosons: Boson CDM is quantum degenerate if 20eVm £ . 
- This BEC field behaves as a scalar field j  and yields acceleration of 
the universe.  Prog. Theor. Phys. 115 (2006) 1047, Phys.Rev.D80:063520,2009 

 
 
 
 
 
⇒ QM is fully compatible with astrophysics. 
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■ On the other hand, the operational description of QM for the whole 
universe is very difficult.  
- Wave function of the universe? It’s meaning.  
- No reduction of the wave function. No observer in the universe.  
- In the early universe, primordial density fluctuations are claimed to be 
formed from quantum fluctuations.  

basic modes of a scalar field: ( )2 2 22 0Ht
k kv k H e v¢¢ + - =  

Squeezing enlarges the fluctuations: ( )1/2 11 Ht
kv k ik He- -» +  

( ) ( ) ( ) ( )2ˆ ˆ
k

x y k P kf f dj = 
classicalquantum

 

→ How the mode becomes classical at the horizon crossing? 
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◆ Origin of the problems are common with the laboratory QM.   
The problem stems from the dualism of QM theory:  
(`Schrödinger equation` + `projection axiom`) 

 
(System)Ä(Measurement apparatus)  
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Schrödinger equation             Measurement process 

- Many world theory is not useful 
- Decoherence theory is not sufficient 
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§2 Physics for quantum measurement  
     - in laboratory and in universe 
 
■ Our proposals  
- Measurement is a Spontaneous Symmetry Breaking (SSB) process.  
- CPT effective action method describes this process as stochastic 

differential equation. 
- `Mixed state → pure state` (entropy reduction) process is describes 

by the positive feedback from the apparatus to the system  
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◆ CPT effective action yields probabilistic differential eq. for ( )xj : 
【key observation】 
entropy and action    ( )Tr lnentropy BS k r r= -  →maximize 

lnactionS i= - Y    →minimize 
These suggest us that the entropy for a system is expressed as  

( )( )*

CPT effective action

ImB
entropy action action

kS S S
G

æ ö÷ç ÷ç ÷» -ç ÷ç ÷ç ÷çè ø
å




time reversal  

 

Therefore  ImB
entropy

kS » G


  

i.e. [ ]Im jG  represents statistical info. [ ]Re jG  mechanical info. 
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■ The formalism to derive stochastic differential equation:   

 1Im (even in ( )) ( ) ( ) ( ) ...
2

x x B x y yj j jD D DG = = - +òò   

- The kernel ( )B x y-  is positive definite. Within Gaussian app. the 
effective action is written as, using auxiliary field ( )xx ,  

[ ] [ ] [ ]Exp[ Re ]ie d P i ij x x xjG
D= G +ò , 11[ ] Exp[ ]

2
P Bx x x-º - òò  

- On the other hand, effRe SxjDG + º  is real and we can apply the 

least action principle: from eff / ( )S x Jd djD = - , we have 

probabilistic differential eq. 
2( ) ( ) ( )c c

tm V dt dx A x x xj j x¢ ¢ ¢ ¢ ¢+ = - + - +ò ò-¥  
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§3 Quantum theory of measurement – a model 
- Field f  measures a spin S


, through the SSB of f:  

( )
2

2 2 41 (bath)
2 2 4 !

m SL Bm
lf mff f ⋅= ¶ - - + +

 
 where 0m > . 

Progress of Theoretical Physics Vol. 116 No. 4 (2006) pp. 679-698 :  
Quantum Measurement Driven by Spontaneous Symmetry Breaking    Masahiro Morikawa and Akika Nakamichi  

- The simplest non-trivial model of quantum measurement:  
From the method of generalized effective action, ( ˆ ˆf j df= + )  

3
3!

S Blj gj j m x= - + ⋅ +
 

  ( ) ( ) ( )t t t tx x ed¢ ¢= -   

Spin density matrix in an environment:  

( ) ( )[ ] ( )[ ]

( )[ ]

3

3 3

[ , ] , ,

, . .

d i S t a S t S b S t S
dt

c S t S h c

r w r r r
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+ +
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x  triggers SSB  If initially 0S B⋅ >
 

, then the linear bias forces 

j  toward 0j+ > :   
 
 
 
mixed→pure 
from ( ) ( )[ ]/exp t B kTa bmj= - , effective temperature→ ０  ⇒ 

spin becomes pure ↑ state.  
Positive feedback linear bias further develops ⇒ S


 tends to align to 

B


. This positive feedback establishes the firm correlation in spin↑ and 
the order parameterj+.  
- Prediction of the model   relevant time scale of measurement:   
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■ Numerical calculation results: eqs. For r  and j:  

if ( )
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§4 EPR measurement （2 spins 1 2,S S
 

） 

( )
2

2 2 41
2 2 4!

(bath)

m

S

L

B

m

mf

lf f f= ¶ - -

+ +⋅
    

 

－ Spin measurement by local 
apparatus 1 2,f f  with magnetic 
fields 1 2,B B .   
－ causal interaction  
－ initial state of the system:  
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◆ Effective action yields probabilistic differential equation.   
( ) ( ) ( )x S x B x dxmf ⋅ò

 
→ ( )( )Tr S B x dxmj r ⋅ò

 
 

( ) ( )
1 2x x

S B S Bmf mf⋅ ⋅òò
     

→ ( ) ( ) ( ) ( )( ) ( ) ( )2
1 1 1 2 2 2Tri i j ji x B x S x S x B x xm j r jòò

 
 

…relevant factors in the action. Then the Eq. of motion for the order parameter:  

( )
( )

3
1 1 1 1 1 1 1

3
2 2 2 2 2 2 2

Tr
3!

Tr
3!

S B B

S B B

lj gj j m r x

lj gj j m r x

= - + ⋅ + ⋅

= - + ⋅ + ⋅

   


   


   

1 2i jx x  ← 
( ) ( )( )1 2ˆ ˆ
i jTr S Sr  （initially ijd- ）: quantum correlation 

For the state 1 2r r rº Ä , 

( ) ( )[ ] ( )[ ]

( )[ ]
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3 3

[ , ] , ,

, . .

d i S t a S t S b S t S
dt
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+ +
 



 15 

0.0 0.2 0.4 0.6 0.8 1.0
-15
-10
-5

0
5

10
15

t

j
1

detector1

0.0 0.2 0.4 0.6 0.8 1.0
-15
-10
-5

0
5

10
15

t

j
2

detector2

0.0 0.2 0.4 0.6 0.8 1.0
-1.0

-0.5

0.0

0.5

1.0

t
r1

11
,r

1 22

r1spin 

0.0 0.2 0.4 0.6 0.8 1.0
-1.0

-0.5

0.0

0.5

1.0

t

r2
11

,r
2 22

r2 spin 

◆ From the initial condition, ( )1 2 1 2
1
2

y =  Ä  -  Ä  ,  

1 2{ (0,0,1), (0,0,1)}B B= =
 

  
orr 

1 2{ (1,0,0), (1,0,0)}B B= =
 

 
Spins also have complete 
anti-correlation.  
 
Spin state r  and the measurement output signal j are fully consistent 
with each other. 
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■ Bell inequality can be violated in this description:   

( ) ( ) ( )
( )( )1

1 1
0

1 erf / 2
,

2
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P B P t d
d e

j j
¥

+
+

= =ò


 

( ) 1/2
1 1 / , 2B td x g e g-= ⋅ »
 

 yields 

( ) ( )

( ) ( )
1 2

1/2 1/2
1 1 2 2

1
1 2

,

erf erf

C B B P P P P

B B

B B

g x g x

g

++ -- +- -+

- -

-

º + - +

= ⋅ ⋅

» - ⋅

 

   

 
  

where ( ) ( ) ( ) ( )1 2
1 2P B P B P+ - +-=
 

.  

Arranging the magnetic field strength as 1 2B B g=
 

, we have 

( )1 2 12, cosC B B q» -
 

. Therefore we can have the violation:   

( ) ( ) ( ) ( )1 2 1 2 1 2 1 2, , , , 2C B B C B B C B B C B B¢ ¢ ¢ ¢+ + - >
       

.  
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§5 Origin of cosmic density fluctuations - inflation 
 
Inflationary model: 
FRW（ ( )a t tµ ）→ 
de Sitter expansion（ ( ) Hta t eµ ）→ 
reheating → FRW（ ( )a t tµ ）.  
 
scalar field (inflaton) 

 

Fundamental mode for inflaton:  ( )2 2 22 0Ht
k kv k H e v¢¢ + - =  

Squeezing enlarges fluctuations: ( )1/2 11 Ht
kv k ik He- -» +  

（ k kv ajº ） 

t_f
t t 
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■In the standard theory: one adopts ( ) ( ) ( ) 2ˆ ˆ
k

x y kf f dj= 
cvlassicalquantum

 

（ /k kv aj º ） i.e. fluctuation modes become classical when they cross 
over the horizon. Then,  

( ) ( ) ( )23 2

3 / 0
4

22
k

k aH
k v HP
adj

p
pp =  : scale invariant spectrum.  

 
All the modes evolve 
analogously in de Sitter space 
⇒ scale free spectrum 

l_0 

1/H 

t 

t_1 t_2 

k_1 k_2 
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■However actually, the cosmic process is similar to EPR  
 
    
  
  
 
        De Sitter expansion 
  
 Horizon size (causal limit) 
 
Squeezed state:  (in the complete measurement)  
If we measure  at  1x , then we measure  at 2x  . Orr 

  

If we measure at  1x , then we measure    at 2x . 

1x 2x
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■ Interaction of the fluctuations f̂  at reheating era imprints the 
quantum correlation pattern on the classical order parameter j  of SSB.  

   
 
 
  
 Spin case 
 

 
interaction 4lf 、 0f j dj= +   

from ( )2
0 kj dj      ( )2
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( ) ( ) ( )
3 3

3
20

sin[ ]
34

Re 0 kzdk O k
z

z h h
h hp

f f
¥ éæ ö ù¢ - ÷çê ú= +÷ç ÷ç ¢ê úè øë ûò

 

   ．．．IR ( 0k  ) finite      → retG  describes dynamics 
 

( ) ( )
( )
2

20 2

1 1
si ]m 2I n[0
4
kz kd
z

z k
O k

h h
hhh h

p
f f

¥
¢é ùæ ö- ÷ç- +ê ú÷ç ÷ç ¢¢ è øê ú= ê ú

ê ú+ë û
ò

 

．．．IR ( 0k  ) divergent  → cG  statistical mechanics 
 

This yields scale free fluctuations.  
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Applying the least action pr. on ReG , (but not on ImG :entropy), we 

have ( ) ( )( ) ( ) ( ) ( )ret
xt

x V x dyG x y y xj j j x
-¥

¢= - + - +ò  

  where ( ) ( ) ( ) ( ) ( )22 2c 0 0x y G x y x yx x l j j= -  
This is the statistical fluctuation with IR-divergence.  

Since the relevant part is k kj x» , we have  

( ) ( ) ( ) ( )23 42 2
03 / 1

4
22 k k aH

k HP tdj
p j l j

pp ==  D  

（scale free spectrum but the amplitude is generally depends） 
In the present 4lf  case, ( )0 0 0/ , 0t Vj j jD » »  yield 

( )( )21
2
HP Odj p

=  

- chaotic model (small field 0 0j » ) yields very small fluctuations.  
- The amplitude generally depends on the interaction at reheating. 
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§6 Summary  
１． Quantum measurement process is physical. Actually we constructed 

a simple measurement model.  
- Phase transition (SSB), procoherence, positive feedback.  
- Quantum measurement process is described by autonomously.  
- EPR measurement process is similarly described. Bell 

inequality is violated.  
２． Origin of the cosmic density fluctuations  

- `apparatus`j , as classical degrees of freedom, determines the 
cosmic structure.  

- The amplitude of the density fluctuations strongly depend on 
the interaction and the potential. (scale invariance is robust) 
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== supplementary sheets == 
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 2012/03/10-16 Moriond@LaThuile 

Universe and Quamtum mechanics  
― Micro-macro intersection ― 

 

 
Masahiro Morikawa  (Ochanomizu University) 

Universe and quantum mechanics:  

Is QM microscopic? 

Was the early universe microscopic? 

Is the present universe macroscopic? 
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§7 Introduction －QM in the universe 

◆ QM is an excellent theory to describe the universe quite consistently.  
 
If No QM works,… 
-Stars do not shine, do not evolve. (No tunneling nor nuclear fusion） 

No galaxies.  
-No elements produced in a star (nuclear reaction) 
-No atom (uncertainty principle of QM) 
-No method to detect what the universe is made of. (spectrum analysis) 
-No white dwarf nor neutron stars (electron, neutron degenerate) 
-No cosmic map (SDSS). (lines, Doppler effect) 
-Universe and QM are fully consistent with each other.  
(also on Earth, cell-phones, nuclear plants, computers,…) 
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■
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■cross the p-p Coulomb barrier by the uncertainty principle. 
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■ For relativistic regime ( , e pv mc m  ), 

(white dwarfs and neutron stars): degenerate fermions  
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→a neutron star 
 

⇒ classical limit 0  is not a useful regime.  
 
⇒ A macroscopic structure is based on QM as well as microscopic 

structures.  
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( ) ( )

( )
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In case of Bosons: Boson CDM is quantum degenerate if 20eVm £ . 

◆ This BEC field behaves as a 
scalar field.  

◆ If V is unstable, BEC 
suddenly decays  
◆  V ¢ and degenerate force 
G stably balance w.e.o. ⇒ a 
constant nowL (accelerated expansion) Prog. Theor. Phys. 115 (2006) 1047 
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■ On the other hand, the operational description of QM for the whole 
universe is quite difficult. This problem stems from the dualism nature 
of QM (Schrödinger equation and the measurement process) 
― Meaning of the wave function of the universe. How to assign initial 

and boundary conditions?  
― No reduction of the wave function for no observer in the universe. 

What is the measurement in the universe?  
―  Universe is historical without repetition. This conflicts with 

necessary many measurements in QM to be useful.  
― A star begun to shine at the moment when someone on the Earth 

initiates the telescope measurement??? 
― In the early universe, primordial fluctuations are from  

basic modes of a scalar field: ( )2 2 22 0Ht
k kv k H e v¢¢ + - =  



 31 

Squeezing enlarges the fluctuations: ( )1/2 11 Ht
kv k ik He- -» +  

( ) ( ) ( ) ( )2ˆ ˆ
k

x y k P kf f dj = 
classicalquantum

 

Classicalization beyond the horizon?? 
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◆ Origin of the problems  
Dualism in QM (hybrid structure of different hierarchy)  

( )

entangled

0A A Aa b a b 

Y

 +    + 

2

2

A
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



ì ïïïïïï íï ïïïïïî

measure

　orr

　

 

 
「system」 ― 「measurement apparatus」 ― 「observer」   

 S-eq.       POVM-------projection measurement  
 
Dualism (standard collapse of y):   

Wave function instantaneously jumps to an eigenstate. This is 
recorded by the apparatus. (One of the axioms of QM)  
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◆ Standard QM  
Appropriate for the operational experiment mainly in the laboratory. 

  However,  
Inappropriate for the system which forms its structure autonomously 
(mainly in the universe).  

 
◆ If QM can physically describe the measurement process, QM in the 

universe becomes consistent.  
 
The conclusion:   

In the sequence of “System ― Apparatus ― Observer”  
Universe: 「system」 does not exist. 「observer」 is irrelevant.  

Only 「apparatus」 does exist. 
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§8 Many worlds  
◆ Non deterministic property (one to many correspondence) at the 
measurement process would be avoided by making the domain set 
enlarge (one to one map).  
 
i.e. a correlated pair of system and apparatus branches off. i.e. branching 

of the pair without state reduction.  
 
 
 
 
 
 
Evallet Wheeler Hartle Gelmann… 
 

( ) 0A A Aa b a b  +    + 

Aa 

Ab 

World １ 

World 2 
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◆ Problems in the many world interpretation: 
 
1  The branching is not unique.  

( ) ( )entangled
1 1
2 2

Y =   -   = ¬  -  ¬   

Special base must be selected （Zurek）. 
 
2  When and how the branching takes place? 
3  What determines the decoherence?  
4  How to check the branching by experiment? 
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◆ Consistent history – a qualitative description of many worlds  
(decoherence) 

( ) ( )
( )[ ] ( )[ ]{ }( ) ( )0 0

,

exp / ,

f fD q q q q

i S q S q q q
a a

a a d d d

t t r
¢

¢ ¢ ¢= -

¢ ¢´ -
ò ò


 

where ( ),q x Q= .  
Integrate out Q and concentrate on the variable x (coarse graining). 
If ( ), 0,D a a a a¢ ¢= ¹ , then the two histories ,a a¢  are decohered 

and definite probability for each history can be assigned consistently. 
M Gell-Mann, JB Hartle - Physical Review D, 1993 - APS 

Actually this is the Feynman-Vernon influence functional method or the 
Caldeira-Legett formalism.  

R. P. Feynman and F. L. Vernon, Ann. Phys. (N. Y.) 24, 118 (1963)       A. Caldeira and A. J. Leggett, Phys. Rev. Lett., vol. 46, p. 211, 1981  
→ Worlds in MW theory may not be so special.  



 37 

§9 Physics for quantum measurement 
 

( )

entangled

0A A Aa b a b 

Y

 +    + 

2

2

A

A

a

b





ì ïïïïïï íï ïïïïïî

or

measure

　

　

 

 
 
３－1．One to many（non-deterministic evolution） 
３－2．Mixed state - pure state switchover  
３－3．Coexistence of quantum and classical quantities 
３－4．Emergence of classical valuable in quantum mechanics 
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３－１．One to many  
 
The map would become one to one if one enlarges the domain.  
However, we have to describe the non-deterministic branching after all.  
 
A typical physics would be the spontaneous symmetry breaking (within 
our world) 
 
More generally, a phase transitions. 
 
This is essentially infinite degrees of freedom.  
 
Therefore the theory is not in QM but Fields theory is needed.  
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
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
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３－２．Mixed state ⇔ pure state switchover   
 
Within one measurement process,  
 

Pure state ⇒   mixed state   ⇒  pure state again 

entangled

0

0

A
A A

A

a
a b

b


 
Y

æ ö ÷ç ÷ç +   ÷ç ÷ç  ÷çè ø

2

2

A

A

a

b





ì ïïïïïïíï ïïïïïî

orr　

　

 

Is there any system in which pure and mixed states switchover?  
 
 
For example,… 
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◆ spin (1/2) in an environment: the switchover is observed 

( ) ( )[ ] ( )[ ]

( )[ ]

3

3 3

[ , ] , ,

, . .

d i S t a S t S b S t S
dt

c S t S h c

r w r r r

r

+ - - += - + +

+ +
  

- If  spin temperature<environmental temperature r : pure ⇒ mixed 

  This process is well studied as damping, decoherence problems.  
On the other hand,  

- If  spin temperature>environmental temperature r :mixed⇒ pure 

Actually , 1a n b n= = +  with ( )[ ]int /exp Ea bkTl= -   

threfore 0, 0Tl >   yields u  

   0, 0Tl <   yields d  

  This is pro-coherence 

0

0t

b
a b

a
a b

r
¥

æ ö÷ç ÷ç + ÷ç ÷ ç ÷ç ÷ç ÷ç ÷÷çè ø+
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( )xj
[ ]jG



( )xj

( )xj

( )xj

３－３．Coexistence of quantum and classical  
Partition function in QFT makes relation between quantum and classical 

quantities: 
 
[ ] ˆ, exp ,f f i iZ J t T i J tfé ù= Y Yê úë ûò  

 
its Legendre transformation (effective 
action) [ ]jG  …this represents the 
whole body of fluctuations:  
 

( ) ( ) ( ) ( ) ( )
ˆˆ ˆ, ,f f i ix dxdydt zx A y z tfj jfY Yò 

classical classicquantum al

ｚ  

( )J x
[ ]Z J

( )J x

( )J x

( )J x
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３ － ４ ． Emergence and evolution of classical 
objects in quantum theory  
Since we need one to many map, the evolution should be 
non-deterministic.   ( )0 xj

time evolution
 

classical statistical quantity is needed.  
◆ CPT effective action yields probabilistic differential eq. for ( )xj : 

entropy and action    ( )Tr lnentropy BS k r r= -  →maximize 

lnactionS i= - Y    →minimize 
This fact suggests us that the entropy for a system is expressed as  

( )( )*

CPT effective action

ImB
entropy action action

kS S S
G

æ ö÷ç ÷ç ÷» -ç ÷ç ÷ç ÷çè ø
å




time reversal  
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ImB
entropy

kS » G


 PTP 93 (1995) 685 

i.e. [ ]Im jG  represents statistical info. [ ]Re jG  mechanical info. 

- We have 1Im (even in ( )) ( ) ( ) ( ) ...
2

x x B x y yj j jD D DG = = - +òò   

- The kernel ( )B x y-  is positive definite. Within Gaussian app. the 
effective action is written as, using auxiliary field ( )xx ,  

[ ] [ ] [ ]Exp[ Re ]ie d P i ij x x xjG
D= G +ò , 11[ ] Exp[ ]

2
P Bx x x-º - òò  

- On the other hand, effRe SxjDG + º  is real and we can apply the 

least action principle: from eff / ( )S x Jd djD = - , we have 

probabilistic differential eq. 
2( ) ( ) ( )c c

tm V dt dx A x x xj j x¢ ¢ ¢ ¢ ¢+ = - + - +ò ò-¥  
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３－５． Above problems 1,2,3,4 have same origin? 
 
 
  
 
 
 
 
 
 
 
 

→irreversibility 

Order parameter exists 

and is specified 

Phase transition 

(Spontaneous Symmetry 

Breaking) exists 

Physical description of 

measurement process 

Classical quamtum 

objects can be 

distinguished  

② 

① ④

③
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§10 Quantum theory of measurement 
- We now construct a physical model of quantum measurement based on 
SSB.  
【basic principle】 

Physical processes are the interaction of fields.   
 System, apparatus are all quantum fields.  

Information obtained by measurement is a pattern on the fields.  
【a simple model】 
 

Field f  measures a spin S


:  

( )
2

2 2 41 (bath)
2 2 4 !

m SL Bm
lf mff f ⋅= ¶ - - + +

 
 where 0m > . 

Progress of Theoretical Physics Vol. 116 No. 4 (2006) pp. 679-698 :  
Quantum Measurement Driven by Spontaneous Symmetry Breaking    Masahiro Morikawa and Akika Nakamichi  
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The simplest non-trivial model of quantum measurement:  
 

From the method of generalized effective action, ( ˆ ˆf j df= + )  

3
3!

S Blj gj j m x= - + ⋅ +
 

  ( ) ( ) ( )t t t th h ed¢ ¢= -   

Spin density matrix in an environment:  

( ) ( )[ ] ( )[ ]

( )[ ]

3

3 3

[ , ] , ,

, . .

d i S t a S t S b S t S
dt

c S t S h c

r w r r r

r

+ - - += - + +

+ +
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x  triggers SSB  If initially 0S B⋅ >
 

, then the linear bias forces 

j  toward 0j+ > :   
 
 
 
 
mixed→pure 
from ( ) ( )[ ]/exp t B kTa bmj= - , effective temperature→ ０  ⇒ 

spin becomes pure ↑ state.  
 
Positive feedback linear bias further develops ⇒ S


 tends to align to 

B


. This positive feedback establishes the firm correlation in spin↑ and 
the order parameterj+.  

-4 -2 0 2 4
j

-2
-1

0
1
2
3

V
j



j+j-
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On the other hand, if initially 0S B⋅ <
 

, then ↓ and j-. 

◆ Numerical calculation results: eqs. For r  and j:  

if ( )
1 0

0
0 0

r
æ ö÷ç ÷= ç ÷ç ÷çè ø

 then… 

if ( )
0 0

0
0 1

r
æ ö÷ç ÷= ç ÷ç ÷çè ø

 then… 

Further 

if ( )
0.4 0.49

0
0.49 0.6

r
æ ö÷ç ÷= ç ÷ç ÷çè ø

,   

after the calibration,            

0.00.20.40.60.81.0

-5
0
5

t

j

order parameter

0.00.20.40.60.81.0
0.0
0.2
0.4
0.6
0.8
1.0

t

r 1
1,
r 2

2

rspin 

0.00.20.40.60.81.0
0.0
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t

Trr2
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0
5

t

j

order parameter

0.00.20.40.60.81.0
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t

r 1
1,
r 2

2

rspin 

0.00.20.40.60.81.0
0.0
0.2
0.4
0.6
0.8
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t

Trr2

0.00.20.40.60.81.0
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5

t

j

order parameter

0.00.20.40.60.81.0
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t

r 1
1,
r 2

2

rspin 

0.00.20.40.60.81.0
0.0
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t

Trr2

0.00.20.40.60.81.0

-5
0
5

t

j

order parameter

0.00.20.40.60.81.0
0.0
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0.4
0.6
0.8
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t

r 1
1,
r 2

2

rspin 

0.00.20.40.60.81.0
0.0
0.2
0.4
0.6
0.8
1.0

t

Trr2

( ) ( ) ( )2Trt t tj r r
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comments 
1.  「world branching」(many world)→「SSB」(within our world) 
2.  If initially a b +  , then ( ),P tj  responds nonlinearly 

depending on the initial bias ( )/ S Bd m g= ⋅
 

.  

Appropriate calibration is necessary for 
effective measurement. Optimization of the 
measurement is possible.  
3.  relevant time scale: ＳＳＢ completion  

1
2

0
1 ln
2

gt e d
g g g

-é æ öù÷ç= +ê ú÷ç ÷è øê úë û
 

   
4.  Applications for various measurement processes.  
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§11 EPR measurement （2 spins 1 2,S S
 

） 

( )
2

2 2 41
2 2 4!

(bath)

m

S

L

B

m

mf

lf f f= ¶ - -

+ +⋅
    

 

－ Spin measurement by local 
apparatus 1 2,f f  with magnetic 
fields 1 2,B B .   
－ causal interaction  
－ initial state of the system:  

( )1 2 1 2
1
2

y =  Ä  -  Ä   
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1j j+
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2j j-

2x vt= - 1x vt=

1S

1j2j

2S


t

x

1B2B
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◆ Effective action yields probabilistic differential equation.   
( ) ( ) ( )x S x B x dxmf ⋅ò

 
→ ( )( )Tr S B x dxmj r ⋅ò

 
 

( ) ( )
1 2x x

S B S Bmf mf⋅ ⋅òò
     

→ ( ) ( ) ( ) ( )( ) ( ) ( )2
1 1 1 2 2 2Tri i j ji x B x S x S x B x xm j r jòò

 
 

…relevant factors in the action. Then the Eq. of motion for the order parameter:  

( )
( )

3
1 1 1 1 1 1 1

3
2 2 2 2 2 2 2

Tr
3!

Tr
3!

S B B

S B B

lj gj j m r x

lj gj j m r x

= - + ⋅ + ⋅

= - + ⋅ + ⋅

   


   


   

1 2i jx x  ← 
( ) ( )( )1 2ˆ ˆ
i jTr S Sr  （initially ijd- ）: quantum correlation 

For the state 1 2r r rº Ä , 

( ) ( )[ ] ( )[ ]

( )[ ]

3

3 3

[ , ] , ,

, . .

d i S t a S t S b S t S
dt

c S t S h c

r w r r r

r

+ - - += - + +

+ +
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detector2
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t
r1

11
,r

1 22

r1spin 
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11

,r
2 22

r2 spin 

◆ From the initial condition, ( )1 2 1 2
1
2

y =  Ä  -  Ä  ,  

1 2{ (0,0,1), (0,0,1)}B B= =
 

  
orr 

1 2{ (1,0,0), (1,0,0)}B B= =
 

 
Spins also have complete 
anti-correlation.  
 
Spin state r  and the measurement output signal j are fully consistent 
with each other. 
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◆ Does this violate the Bell inequality?  
 
- In the probability ( ) ( )1 2 1 1 2 2( , ) , ,final finalP B B B B dj l j l r l= ò .  

r  does depend on 1 1 2 2, , ,B Bj j .  

Therefore this is not the「hidden variable theory」 

- 1 2i jx x  ← 
( ) ( )( )1 2ˆ ˆ
i jTr S Sr  all the quantum information.  

 
- We have evolution equation for the classical variable j  as well as 

r . (Positive feedback is relevant.)  
 
Actually,  
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( ) ( ) ( )
( )( )1

1 1
0

1 erf / 2
,

2
t

P B P t d
d e

j j
¥

+
+

= =ò


 

( ) 1/2
1 1 / , 2B td x g e g-= ⋅ »
 

 yields 

( ) ( )

( ) ( )
1 2

1/2 1/2
1 1 2 2

1
1 2

,

erf erf

C B B P P P P

B B

B B

g x g x

g

++ -- +- -+

- -

-

º + - +

= ⋅ ⋅

» - ⋅

 

   

 
  

where ( ) ( ) ( ) ( )1 2
1 2P B P B P+ - +-=
 

.  

Arranging the magnetic field strength as 1 2B B g=
 

, we have 

( )1 2 12, cosC B B q» -
 

. Therefore we can have the violation:   

( ) ( ) ( ) ( )1 2 1 2 1 2 1 2, , , , 2C B B C B B C B B C B B¢ ¢ ¢ ¢+ + - >
       

.  
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§ 12  Origin of cosmic density fluctuations - 
inflation 

 
Inflationary model: 
FRW（ ( )a t tµ ）→ 
de Sitter expansion（ ( ) Hta t eµ ）→ 
FRW（ ( )a t tµ ）.  
 
scalar field (inflaton) 

 

Fundamental mode for inflaton:  ( )2 2 22 0Ht
k kv k H e v¢¢ + - =  

Squeezing enlarges fluctuations: ( )1/2 11 Ht
kv k ik He- -» +  

t_f
t t 

スケール 

t_f t_now t_i 
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（ k kv ajº ） 
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Robust inflationary model? 
If we allow negative region 
for the inflaton potential, 
then 2 23H m j= -   and we 
always have stagflation  

( 0Hf fr r= = =  but j  ¥).  

here the uniform mode 0j  becomes 
unstable and decays→FR universe 

 ⇒ auto adjusted L Phys.Rev.D80:063520,2009 
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In the standard theory: one adopts ( ) ( ) ( ) 2ˆ ˆ
k

x y kf f dj= 
cvlassicalquantum

 

（ /k kv aj º ） i.e. fluctuation modes become classical when they cross 
over the horizon. Then,  

( ) ( ) ( )23 2

3 / 0
4

22
k

k aH
k v HP
adj

p
pp =  : scale invariant spectrum.  

 
All the modes evolve 
analogously in de Sitter space 
⇒ scale free spectrum 

l_0 

1/H 

t 

t_1 t_2 

k_1 k_2 
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Quantum fluctuations → Classical fluctuations   - analogy to EPR  
 
    
  
  
 
        De Sitter expansion 
  
 Horizon size (causal limit) 
 
Squeezed state:  (in the complete measurement)  
If we measure  at  1x , then we measure  at 2x  . Orr 

  

If we measure at  1x , then we measure    at 2x . 

1x 2x
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Interaction of the fluctuations at reheating era.  
   
 
 
 Spin case 
 
 

 
interaction 4lf 、 0f j dj= +   

from ( )2
0 kj dj      ( )2

0 kj dj   
 

( ) ( ) ( ) ( )2 2
0 0 0 k dkx yk fl fj dj lj jG = G + -ò        
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( ) ( ) ( )
3 3

3
20

sin[ ]
34

Re 0 kzdk O k
z

z h h
h hp

f f
¥ éæ ö ù¢ - ÷çê ú= +÷ç ÷ç ¢ê úè øë ûò

 

   ．．．IR ( 0k  ) finite      → retG  describes dynamics 
 

( ) ( )
( )
2

20 2

1 1
si ]m 2I n[0
4
kz kd
z

z k
O k

h h
hhh h

p
f f

¥
¢é ùæ ö- ÷ç- +ê ú÷ç ÷ç ¢¢ è øê ú= ê ú

ê ú+ë û
ò

 

．．．IR ( 0k  ) divergent  → cG  statistical mechanics 
 

yields scale free fluctuations 
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Applying the least action pr. on ReG , (but not on ImG :entropy), we 

have ( ) ( )( ) ( ) ( ) ( )ret
xt

x V x dyG x y y xj j j x
-¥

¢= - + - +ò  

  where ( ) ( ) ( ) ( ) ( )22 2c 0 0x y G x y x yx x l j j= -  
This is the statistical fluctuation with IR-divergence.  

Since the relevant part is k kj x» , we have  

( ) ( ) ( ) ( )23 42 2
03 / 1

4
22 k k aH

k HP tdj
p j l j

pp ==  D  

（scale free spectrum but the amplitude is generally depends） 
In the present case, ( )0 0 0/ , 0t Vj j jD » »  yields 

( )( )21
2
HP Odj p

=  

- chaotic 4lf  model ( 0 0j » ) yields very small fluctuations.  
- The amplitude generally depends on the interaction. 
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◆ quantum mechanics during inflation  
- Quantum correlation in the system ( )ˆ xf  is written in the huge 
measurement apparatus ( ),t xj  . Later, this pattern ( ),t xj   determines 
the cosmic structure. The original quantum system ( )ˆ xf  does not 
appear in front. → Only the measurement apparatus dominates the 
universe.   
 
- IR divergence: Re Im,G G are factorized?  

[ ] ( ) ( )e ImR1exp exp
2

Z J i L J G G J
i J
d
d

é ù é ù= +ê ú ê úë ûë ûò ò  

 
- Variety of reheating mechanism yields various amplitudes for cosmic 
density fluctuations.  
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◆ We can extend our measurement model to  
 
- Particle position measurement. Photon phase measurement, weak 

measurement, QZ effects, continues measurement, relativity and 
measurement,… 

 
- S$ model: a system spin S is measured by a set of spins $ which 

globally couples with each other.  
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§13 Summary  
３． Quantum measurement process is physical. Therefore we 

constructed a simple measurement model.  
- Phase transition (SSB), de-&pro-coherence, positive feedback.  
- Measurement process is a quantum condensation process of 

fields and this process is partially deterministic ( V ¢- ) and 
partially non-deterministic ( ( ),t xx  ).  

- EPR measurement process is similarly described. Bell 
inequality.  

４． Origin of the cosmic density fluctuations  
- 「apparatus」, as classical degrees of freedom, determines the 

cosmic structure.  
- The amplitude of the density fluctuations depend on the 

interaction and the potential. (Spectrum is robust) 


