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From Murayama-san’s talk

from view point of fundamental theory
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Topics and summary of results

- 1. Inflation
constraint on the parameter n, from CMB

— constraint on reheating process
the cosmological

- 2. Quantum vacuum physiCs - . cant problem 2
Unruh effect, atheoretical 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.

- 3. Large scale structure of galaxies

development of analytic theoretical model
for galaxy bispectrum in redshift space



1. Inflation

constraint on inflation parameter
— reheating process

Planck Collaboration (2016)
(K)2 + 2M? (V") (TT, TE, EE+lowP+lensing+ext)
pl pl
v n, = 0.9967 & 0.0040

(K/>2 r < 0.11



1. Inflation

constraint on inflation parameter #
— reheating process Y Ueno
V(9) oscillation of inflaton field
lighter particles

big-bang universe

]

Planck Collaboration (2016)
7\ 2 17 :
ns —1=—3M3 (%) +2M2 (VV) (TT, TE, EE+lowP+lensing+ext)
ns = 0.9967 = 0.0040

(K/Y r < 0.11




The pivot scale of ng
— the horizon scale.

The pivot scale perturbation is
length] Horizon size generated when the wavelength of

I
Og¢ at present epoch perturbation crosses the horizon.

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

We assume the equation of state w,,
and the e-folding N, of reheating.

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

Nk N, Big-bang Tetragon is closed
Inflation Reheating
log|al]




The pivot scale of ng
— the horizon scale.

The pivot scale perturbation is
length] Horizon size generated when the wave-length of

I
Ogﬁ at present epoch perturbation crosses the horizon.

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

We assume the equation of state w,,
and the e-folding N, of reheating.

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

— _
Nk N Big-bang  Tetragonis closed

Inflation Reheating 1
Og [CL] constrainton

N, (e-folding for reheating)




Galante, Kallosh, Linde (2015)

Alpha-attractor model Carrasco, Kallosh, Linde (2015)
E-model , T-model
_ A4 (1 B/ My V = A*tanh®" ( ¢ ) :
V A (]_ (& 3 ) /6041\/[131

a, n (parameter)

V(o) r» V(o)

Ve ¢

Equation of state parameter during reheating
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V(¢) x ¢ Virial equilibrium ~ Wre =
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n-+1




Constraint on the e-folding of reheating N,

E-model n = 1 T-model n =1
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Constraint on the coupling constant g

A
— 10°
=10 (1015(}6\/) GeV me = 10 GeV

E-model
17N Nre <0

“w~_ N._.<0

12 12
10 ¢ 10 ¢
Q 87 imode Q 8

6 7 Econstraint 6 7 .

4’ 4’ B ég?l(sifraint
21 21

) = 1 | N 1 |
—4—3—2—10123 —4—3—2—10123

Log Log,,a

a=1 a=1

103GeV < g < 10'°GeV 10°°GeV < g < 10 GeV

more stringent constraintin future A =10%GeV



2. Quantum vacuum physics g

Unruh effect Unruh (1976) S.Iso N.Oshita R. Tatsukawa
Entanglementin Unruh effect Wald, Unruh (1984)" 5 £hang* K. Ueda

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

cf. entanglement in cosmology

Quantum nonlocal correlation in cosmology Maldacena (2016)

Entangled initial quantum state in inflations Albrecht, etal (2014)

Kanno (2015)
Entanglementin quantum fluctuations Nambu (2008,2013)
in de Sitter spacetime Kanno, Jonathan, Soda (2015)

Kanno, Tanaka, Sasaki (2017)
roles in quantum gravity
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Unruh (1976)
Unruh effect

- A observer in an uniformly accelerated motion sees the
Minkowski vacuum as a thermally excited state.

A . . e ° .

acceleration . . e
S a * e

§oo
Unruh Temperature TU:ﬂ:4X10_zoK( a j

2T 90.8m/s”

Signals of the Unruh effect will be tiny
but discussions of detecting the signal




Rindler coordinate for a observer in a uniformly accelerating motion

trajectory of the observer At _,
v
N =%
t = - sinh at T = const.
1
xr = —coshar

a

A observer in a uniformly accelerating motion
has a stick of the length p and the clock T




Rindler coordinate e €

t=—sinhar « = — coshar
T\t _ Qa a
F-regio
ds® = e (dr? — d¢?) — dx>
T= const.
> massless scalar field
L-regio R-region |
s =5 [ dev=g(g™0,00.0)
£ = const.
§=0 quantization

r(TR) / dw/d2 Aka ka(QISR)—I—hC)

sinh 7w /a ke
wa_($R) \/ At e ZWTsz/a( . )67' J_XJ_,

right Rindler vacuum state al, [0,I) =0 forany w,k

excited state |n;,1) = ! (4, )™10,1) j=(w, k)

\/’I’Lj!



4 Right Rindler coordinate

F-region/ covers only a quarter of
the Minkowski spacetime.

T = const.

: : = L.

left Rindler coordinate /‘ X xcons
L-region / \ R-region
|n.77 II>~ {= const. ‘n], I>

& = const,

' Minkowski vacuum is expressed as the entangled state ~ YVald, Unruh, |

. between the nght-Rmd/erstates and the left-Rindler states. (1984) i
i |07M> — H N Z anwj/a‘njan ® |n3711> = (W, kJ_) :
! i | n=0 | N; = /1 — e-2mws/a !

(™

léR _ TrL(|O,M)<O,M|) _ H[ Z e_%”wj/a|nj,l><nj,fl] thermal State Wlth
i n,=0 Unruh temperature



Entanglement is an important aspect of Unruh effect
possibility of detecting the Unruh effect ?

—————————————————————————————————————————————————————————————————————————————————————————————————————————

. electron acceleration with an intense laser Chen, Tajima (99)

o e Schutzhold, et al (06)
electricfield ~ eE=10"¢eV/cm .

h E
for an electron, T, = L =7x 105K( 3 - )
2 107eV /cm

_________________________________________________________________________________________________________

radiation? radiation from a particle coupled to
A .
the vacuum fluctuations ?
‘\ /

Thermal random motions
> produce quantum radiation ?

Isoetal (2011)
Oshita, KY, Zhang (2016)

Our research — answer of this question



Unruh de Witt detector in a uniformly accelerating motion

( Harmonic Oscillator)
A

/ radiation ?

{ Unruh-deWitt detector +Massless scalar field + Coupling term

—> m
\ si@.6) =3 [ dar (107 - 9@ ) + 5 [ d20"6()0,0() + Sil. 9

7
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Energy equi-partition relation




Two point function of the field
¢(x) = ¢n(2) + Pinn (@)

(@(@)P(y)) = (n(®)Pn(y)) + (Pn(2)Pinn(Y)) + (Pinh (€)1 (Y)) + (Pinn () Pinn (¥))
vacuum fluctuation + interference + inhomogeneous
term term

A+B - B
cancelation!

(D0 () Dinh (¥)) + (Dinn(T)On(y)) + (Dinn(T)Pinn (y)) =A

Energy flux can be derived from the two point function
7o = tim (DY _ gy 00 serom))

y—z\ 029 Oyt | yow 020 Oyt

dE. | _aX & pon-vanishing radiation fl
N . - g radiation flux
dt  4wm 2mQ) consistent with Lin and Hu (2006)




Angular distribution of the energy flux
o [Od()Od(y)\ . 0 D
7oy = Jim ( 000Dy 0 (s(arotn) )

al? no=

! zz: 0 (4m)2mr? sin* @ () = sing (t T 2a12 )

Q Polar plot of the radiation
a 0.01 flux emitted at , 7 = 0
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. . F-region
?
OAr/gln of the quantum radiation: T

(Pn () Pinn(y))
dun(@) =X [ Q)G — 2(7)
(55 + 21 +92) Q) = 2on(=() _region
(Pn(z)on(2(7))) Key quantity

Correlation between F region and R region

T= const.

> U

R-region

= const.

Quantum field theory in the F-region (Kasner expanding universe)

ds® = e**(dn* — d¢?) — dx*
+oo
F(zp) / dw/d2 (G54, v ka(a:F)—l—hc)

’Uk k| (xF)

4/ asinh( 7r|w|/a)
&w,kJ_|O,F> — O



Separating the left moving mode (l) from the rigth-moving mode (ll)
in the Kasner expanding universe

+0o0
xF / dw/dsz— WkJ_ wa_(xF)—l_a’wa_UFw kJ_('/I;F)—I_hC)7

right-moving wave left-moving wave
Kasner mode Kasner mode

I 11
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right
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correct two point function




Entanglement of the states between F-region and R-region
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j TLjIO

Minkowski vacuum = Entangled stateof I and 1I

Right-moving wave Kasner mode and the Rindler mode
are in the entangled state, theircorrelation — Term A

left-moving wave Kasner mode and the Rindler mode
are note entangled, their correlation - Term B

i erw/a L . 1

(Pr(zr)or(2(7))) = /+OO dwe™ T ( e - e“”—)

_87T2p0(513) e e2rw/a _ 1 e2rw/a _ 1

8

X

nonvanishing

quantum radiation
Origin of the quantum radiation is the entanglement
between the right-moving Kasner mode and the Rindler mode.

cancel out




3. Large scale structure of galaxies Y- Nan e

development of an analytic theoretical model
for galaxy bispectrum in redshift space

Bispectrum Prime focus - spectrograph

— 3-point statistics in Fourier space

Non-Gaussian,
Nonlinear properties

test of general relativity

constraints on primordial non-Gaussianity

Realistic model in redshift space

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



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.
(moving in a halo

‘- Central galaxy -~ with random velocity)

located in the center of a halo,

and the random velocity is negligible.
100 g+

Satellite galaxy

Halo occupation distribution (HOD) - wo Ny,
galaxy number in a halo with mass M O
: : g 1L
Z
Satellite galaxy ramdom velocity
i Virial random velocity dispersion 01k cen-
: 02 .= GM central
! RCEA T 0.01 Lol sl

Y 1012 iO‘a 1014 1015IMI;;)16
Finger of God effect M, [My/h]



Bispectrum of galaxies in halo approach

= 1 halo term + 2 halo term + 3 halo term

Y 2-halo term
1-halo term / 3 galaxiesin

3 galaxies in one halo 2 different halos

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



Theoretical formula of the bispectrum in halo approach
By (t,ki,ko, ks) = By 1n(t, ki, ko, ks) + By on(t, ki, ko, k3) + By 3n(t, ki, ko, k)

| dn(M)

nglh(t,kl,k27k3) = n3 dM

[(Nc) (Ng(Ng — 1)) (u(ky, M)u(ks, M) + 2 cyclic terms)
(.. = )N, = 2) s, M)l M, )

dn (M)
dM,

By on(t, k1, ko, ks) = 73 /dM1 [<N0> (Ns) (u(ky, My) + u(ke, M7)) + (Ng(Ns — 1)>ﬂ(k1,M1)17(k2,M1)]

X /dM2 d/’:lg\;,wz) (<NC> + <NC> <Ns> ’lj(k;g, Mz)) Pgh(t,kg,, Ml, Mz) + 2 CyCHC terms
2

dn (M, -
By an(t, ki, ko, k3) = /H [dM ) Ne) (14 (Ng)u(k;, M;)) | Psp(t, ki, ko, ks, My, My, Ms)

Pan(t, ks, My, Ma) = (b(My) + p3 f)(b(Ma) + p3 f)P,, (¢, ks)

P3h(t7 klv k2a k37 Mla M27 M3) - 2Pm(t7 kl)Pm(ta kZ)(b(Ml) + f/J’%)(b<M2) + f:u%)Z2(k17 k27 M3)
b

M.
2(2 D RN

g fmabia {2 (008) + ) + K2 (000) + 1)

Zy(k1, ko, M3) = b(M3)Fa(ky, ko) +

pi2 = (ki + ko) -v/ki2 ko = |ky + ko py =k -v/k;



Multipoles of bispectrum

7 line of sight
direction
= "y
G
Hinof . X | Legendre
multipole expansion volynomial
27 +1
BY%(ky, ko, 0) = %/ dqb/ dcoswByg(ki, k2, 0,w, d)Li(cosw)
T Jo —1
_ Scoccimarroetal (1999
reduced bispectrum ( )

_ Be,o(kly k27 9)
Pg(lﬂ)Pg(kz) + Pg(k2>Pg(/€3) + Pgo(k3)Pg(/€1)

Qe’o (kl ) k?) 0)



Monopole (reduced) bispectrum
Total

5 LOWZ sample / 3 halo term
| I |/ |

T T T T | T T T T
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Hexadecapole bispectrum

Q*°(8)

Q=°(0)

Quadrupole bispectrum
0

0.2

0.1

LOWZ sample

T T T T ‘ T T
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N\

T
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0 0.5
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4.0
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1
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2]

0 0.5
0/ m

significant contribution from 2 halo term and 1 halo term

on the scale k > 0.1 hMpc' to the higher multipoles bispectrum




Comparison with mock catalogue from N-body simulation

k,=0.05 k,=0.1 k,=0.2 k,=0.3
2 CT T T T I L O B B ¢ T T T T T T 11 I
C— 0, %0 T T0,,%x0 T T 1 LOWZ sample HOD
1.5 =-06,,=0—"7 " O™ Y = —r e /Ié:
8 - (aﬁalytic) —;:\ (simulation) 7= . = == 7
S 1 = 1 1 — =
& Xg;fi T = - Our model
. ES + T 3 — thebehaviorsofthe
B 2 1 T T T m [ [ [l
0 FHt e humerical simulations
B T T - at a qualitative level.
. 02 ££§§%§E?2#2>3 juc S -
= - _w:\II ‘=
S - 4+ A N =N
S 0r . =
02 5 .—'
—~ 0.1 &
N
« 0t
_O.]- :_ITlllllll IIII|IIII IIII|IIII IIII|IIII

0 0.5 0 0.5 0 0.5 0 0.5 1
0/ 0/ m 0/ m 0/ m



Summary: bispectrum research

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.
gualitative understanding in an analytic way, e.g.,

— complicated behavior of the bispectrum
1 halo term ,
BYO (ky, ks, ) ~ f {3 4 (kT + k3 + kikacos0) A2 g

2
B (K, ko, 0) ~ —1—5% (4k3 + k3 (1 + 3 cos26) + 4ki ks cos 0) A2 g
2
By (1, k2, 0) = (f (KX, off)2)
2 haloterm

B2k 0) ~ (22} (0P ) + PLka) + P = 0P, (8202 o)

72
. . 2 o O y,off
fs satellite fraction Moot = 5o ()

7 galaxy number density satellite velocity dispersion




Summary, conclusions, and future works

- constraint on reheating process from the constraint of n,

- new finding about the quantum vacuum physics

/ hon-vanishing quantum radiation due to Unruh effect
— its origin in the entanglement of the quantum fields

- analytic model of galaxy bispectrum in redshift space

~/ hew multipoles bispectrum coefficient in the expansion Yy, (w, ¢)

/ measurement of the multipole bispectrum from galaxy samples

future works—— test of general relativity, and galaxy clustering
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