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Universe before inflation? 
Birth of time? 

quantum gravity? string? 
other dims? end of Universe? 
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Topics  and  summary  of  results      

• 1.  Inflation  

• 3.  Large  scale  structure  of  galaxies

• 2.  Quantum  vacuum  physics    -­

constraint  on  the  parameter  ns from  CMB
→ constraint  on  reheating  process

development  of  analytic  theoretical  model  
for  galaxy  bispectrum in  redshift  space

Unruh  effect，a  theoretical  prediction  on  quantum  field  theory,  
can  be  seen  in  radiation  from  a  uniformly  accelerated  d.o.f.  
The  signal  reflects  the  nonlocal  correlation  of  the  vacuum,  
which  has  its  origin  in  the  entanglement  of  the  quantum  field.  

the  cosmological    
constant  problem  ?  



1.  Inflation
constraint  on  inflation  parameter  

→  reheating  process
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Inflation
log[a]

log[length]

Reheating
Big-­bang  

The  pivot  scale  perturbation  is  
generated  when  the  wavelength  of  
perturbation  crosses  the  horizon.

The  pivot  scale  of  ns  
→ the  horizon  scale.

The  e-­folding  of  inflation  Nk
is  determined  if  the  potential  is  known.

Nk

We  assume  the  equation  of  state  wre
and  the  e-­folding  Nre of  reheating.  

Nre

After  the  reheating,  the  universe  
becomes  the  big-­bang  universe.  

Tetragon  is  closed

Horizon  size
at  present  epoch



Inflation
log[a]

log[length]

Reheating
Big-­bang  Nk Nre

constraint  on  
Nre (e-­folding  for  reheating)  

Horizon  size
at  present  epoch

The  pivot  scale  perturbation  is  
generated  when  the  wave-­length  of  
perturbation  crosses  the  horizon.

The  pivot  scale  of  ns  
→ the  horizon  scale.

The  e-­folding  of  inflation  Nk
is  determined  if  the  potential  is  known.

We  assume  the  equation  of  state  wre
and  the  e-­folding  Nre of  reheating.  

After  the  reheating,  the  universe  
becomes  the  big-­bang  universe.  

Tetragon  is  closed



Alpha-­attractor  model
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Constraint  on  the  e-­folding  of  reheating  Nre
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Constraint  on  the  coupling  constant  g
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2.  Quantum  vacuum  physics

cf.  entanglement  in  cosmology

Quantum  nonlocal  correlation  in  cosmology   Maldacena (2016)

Entangled  initial  quantum  state  in  inflations  

Entanglement  in  quantum  fluctuations  
in  de  Sitter  spacetime

Albrecht,  et  al  (2014)
Kanno (2015)

Nambu (2008,  2013)
Kanno,  Jonathan,  Soda  (2015)
Kanno,  Tanaka,  Sasaki  (2017)

Entanglement  in  Unruh  effect  Wald,  Unruh  (1984)
Unruh  effect   Unruh  (1976) N.Oshita R.  TatsukawaS.  Iso

+  S.  Zhang  +  K.  Ueda

signal  of  the  Unruh  effect  
→quantum  radiation  produced  by  the  entanglement  of  quantum  fields
→testing  entanglement  of  quantum  fields  

roles  in  quantum  gravity



• A  observer  in  an  uniformly  accelerated  motion  sees  the
Minkowski vacuum  as  a  thermally  excited  state.  
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Signals  of  the  Unruh  effect  will  be  tiny  ,
but  discussions  of  detecting  the  signal

Unruh  (1976)



Rindler coordinate  for  a  observer  in a  uniformly  accelerating  motion  
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Rindler coordinate
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x

= const.

= const.

R-­region

Right  Rindler coordinate  
covers  only  a quarter  of  
the  Minkowski spacetime.
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Minkowski vacuum  is  expressed  as  the  entangled  state  
between  the  right-­Rindlerstates  and  the  left-­Rindlerstates.
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Entanglement is  an  important  aspect  of  Unruh  effect
possibility  of  detecting  the  Unruh  effect  ?

Chen, Tajima (99)
Schutzhold, et al (06)

electron  acceleration  with  an  intense  laser

electric  field      〜 cm/eV1013=eE
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2πckB
= 7 ×105K eE

1013eV / cm
⎛
⎝⎜

⎞
⎠⎟for  an  electron,

radiation?  radiation  from  a  particle  coupled  to  
the  vacuum  fluctuations  ?

Thermal  random  motions  
produce  quantum  radiation  ?  

Iso et  al    (2011)
Oshita,  KY,  Zhang  (2016)  

Our  research  → answer of  this  question



Unruh  de  Witt detector  in  a  uniformly  accelerating  motion
(  Harmonic  Oscillator  )

radiation  ?
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Two  point  function  of  the  field
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Origin  of  the  quantum  radiation?  
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Separating  the  left  moving  mode  (I)  from  the  rigth-­moving  mode  (II)
in  the  Kasnerexpanding  universe
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Entanglement  of  the  states  between  F-­region  and  R-­region
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are  in  the  entangled  state， their  correlation  →  Term  A
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are  note  entangled,  their  correlation  →    Term  B
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Origin  of  the  quantum  radiation  is  the  entanglement  
between  the  right-­moving  Kasner mode and  the  Rindler mode.  



3.  Large  scale  structure  of  galaxies
development  of  an  analytic  theoretical  model  

for  galaxy  bispectrum in  redshift  space

Prime  focus  -­ spectrograph

http://pfs.ipmu.jp

Bispectrum
→  3-­point  statistics  in  Fourier  space  

test  of  general  relativity
constraints  on  primordial  non-­Gaussianity

Non-­Gaussian,
Nonlinear  properties

behaviors  of  galaxy  bispectrum in  an  analytic  way,
application  to  the  PFS  galaxy  redshift  survey  data  analysis  

Realistic  model  in  redshift  space

Y.  Nan C.  Hikage



Halo  approach  
Every DM and galaxy reside in dark matter halos, their distribution is described 
on the basis of the halo density profile with mass M and halo’s correlation.

M

Central galaxy

Satellite galaxy
(moving in a halo 
with random velocity)

located in the center of a halo, 
and the random velocity is negligible. 

Halo occupation distribution (HOD)
satellite

Ncen

central

Nsat

galaxy number in a halo with mass M

Satellite galaxy ramdom velocity
Virial random velocity dispersion

Finger of God effect

�2
v,off

=
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2rvir



Bispectrum of  galaxies  in  halo  approach

3-­halo  term 2-­halo  term
3  galaxies  in  
2  different  halos  

１-­halo  term
3  galaxies  in  one  halo  

3  -­ halo  term,  dominant  contribution  on  the  large  scales

2 -­ halo  term,   dominant  contribution  on  the  small  scales
1  -­ halo  term,   Finger  of  God  effect  from  satellite  galaxies  

→  redshift-­space  distortion  on  the  small  scale

=  1  halo  term  +  2  halo  term  +  3  halo  term
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Theoretical  formula  of  the  bispectrum in  halo  approach
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Scoccimarro et  al  (1999)



total 

three halo 
two halo 

 one halo  

LOWZ sample

Monopole  (reduced)  bispectrum
Total  
3  halo  term
2 halo  term
1 halo  term

Contribution  from  
2  halo  term  at  
k1 =  0.1  hMpc-­1
k2 =  0.2  hMpc-­1

Q0,0
3h > Q0,0

2h > Q0,0
1h



LOWZ sample

Quadrupole bispectrum
LOWZ sample

Hexadecapole bispectrum

significant  contribution  from  2  halo  term  and  1  halo  term  
on  the  scale  k  >  0.1  hMpc-­1 to  the  higher  multipoles bispectrum

Q2,0(✓) Q4,0(✓)

⇠

Total  
3  halo  term
2 halo  term

1 halo  term



×5 ×5

σv,off 
σv,off  σv,off 

σv,off 

(simulation)(analytic)

Comparison  with  mock  catalogue  from  N-­body  simulation  

LOWZ  sample  HOD

Our  model
→ the  behaviors  of  the
numerical  simulations
at  a  qualitative  level.  



development  of  analytic  model  for  galaxy  bispectrum
in  redshift-­space    
significant  contribution  from  the  two  term
to  especially  higher  multipole bispectrum,  k  >  0.1  hMpc-­1.
qualitative  understanding  in  an  analytic  way,  e.g.,  
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satellite  fraction
galaxy  number  density  

1  halo  term
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satellite  velocity  dispersion  

⇠

Summary:  bispectrum research

→  complicated  behavior  of  the  bispectrum



measurement  of  the  multipole bispectrum from  galaxy  samples  

new  multipoles bispectrum coefficient  in  the  expansion    Y`m(!,�)

test  of  general  relativity,  and  galaxy  clustering

• new  finding  about  the  quantum  vacuum  physics  

Summary,  conclusions,  and  future  works

non-­vanishing  quantum  radiation  due  to  Unruh  effect    
→ its  origin  in  the  entanglement  of  the  quantum  fields

• analytic  model  of  galaxy  bispectrum in  redshift  space

• constraint  on  reheating  process  from  the  constraint  of  ns

future  works



Thank  you  


