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Key observation for searching Inflation models

r-ns plane Pe X A — PC/PT
BERLEDARILIL BAREEERLE DRIZLL

Planck 2013

Planck TT +lowP
Planck TT,TE ,EE+lowP

Natural inflation

Hilltop quartic mode
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a attractors
- Power-law inflation
Low scale SB SUSY

R~< inflation
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Fig. 12. Marginalized joint 68 % and 95 % CL regions for n; and rg ooy from Planck in combination with other data sets. compared
i~

to the theoretical predictions of selected inflationarv models
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Tensor-to-scalar ratio (rg.002)

PLANCK RESULT ( Feb. 2015 )

ng = 0.9677 + 0.0060 (68 % CL, Planck TT+lowP+lensing),

roooz < 0.11 (95 % CL, Planck TT+lowP+lensing)
BICEP2 result&lEFELTW=A, FALDBST ELTRIRSI -

\

Planck 2013
Planck TT+lowP

| Planck TT,TE,EE+lowP V(¢) — ¢2

Natural inflation
Hilltop quartic model

« attractors D iSfaVO red

- Power-law inflation

Low scale SB SUSY

——  R? inflation
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Primordial tilt (ns)




Constraints on 2D plane in parameter space

ll"m anck + Wi
| +BICEP2

1

0.005 0.010
D)

BB.dust.100

T, L ol * 1
\

Vig) xo \

\\4\'1 :‘—’0/'_’,'\" \, Planck +WP 1

| +BICEP?2

- ’(""‘;
[+353 GHz //
W .//"/

|
;. ’W @) X

V

\
1

|

J

|
|
.

0.98

 PLANCK 353 GHz= Same patch for BICEP2 150 GHz

* (Can exclude quadratic inflation at more than 2 o
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Modified gravity?
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» Massive Gravity
> f(R) gravity
> DGP brane
» Horava gravity
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» YT, arXiv:180407516
[ Gradient expansion formalism for nonlinear

superhorizon perturbations |
» YT and T.Kobayashi(3Z£%), in prep

Gradient expansionz FHLN T, FEOMEREZEZ S
RERESEDIFFERELCETRS—MRME
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Nature 555 67-70(2018) * + . ol
. e S

Bowman, Rogers et al

» 21cm Signal from cosmic dawn

Nature 555 70-74 (2018)
R.Barkana al
(arXiv:1803.06698)

> Also Hint at presence of Dark matter




Cosmic Dawn First light up the Universe (First Star POP 111)

: Now
.8 billion years

Pirst AGN?

Galaxy?
Darkage  , — 25 — 157

z~ 30 —40°7




» 21 cm transition
Hyper fine structure of
Neutral hydrogen HI

Good for cosmic reionization, X-ray/UV history etc

Cosmic Dawn

Light from the first star is so faint
and good way to use 21cm line
signal once stellar

photons via coupling of 2 ~ 20
Wouthuysen-Field effect

21 X (L 4+ 2z)em 1420 x (L +2) 'MH:

Pe ( Oph ) [: (O
5, \ 0.0327 ) \0.307,

Mass fraction of neutral hydrogen Spin temp



Nature 555 67-70(2018)
Bowman team (Arizona state University)

151 = —500 £ 200mK
Peak absorption of 21 cmssignalat v ~ (BM H=z

_ 13.8 bill year : the AGE of
z=17.2 the Universe
13.6 billion years ago (Just 180 million years after Big Bang !)

_ GN-z11: the most far Galaxy
¢=11.1 (13.4 billion years ago)

EDGES(Experiment to Detect the
Global Epoch of Reionization
Signature)

Australia




‘This is the first time we've seen any signal, * AR
from this early in the Universe, aside from '
the afterglow of the Big Bang’

Two years checking ‘After two years, we
passed all of these tests and couldn’t find
any alternative explanation’

The latest onset of the cosmic dawn to 180 million years, but the
second milestone disappeared (X-rays from the deaths of the first
stars around 250 million years after Big Bang)

Primordial star: Important not only for Dawn, but also for
heavier elements (C,0)




151 = —500 £ 200m K Implies excess cooling of the
cosmic gas !

1>1 = —209m K| Standard Astrophysics

e

« More radiation than expected in the
Two possibilities cosmic dawn

__» Gas was Cooler than predicted

R.Barkanaal  Second related paper in Nature
(arXiv:1803.06698)

‘The gas was cooled by something, that is Dark matter’

The signal can potentially yield not only a discovery of the first stars,
but also a direct detection of dark matter if it scatters with baryons

Consider the weak-non-gravitational-interaction

Then baryon becomes cooler and dark matter is also
highly non-relativistic rather cold




Baryon-DM scattering The case of DM millicharged
Via Rutherford/Coulomb scattering

oy —4 T
) = 01 ( : Vary with Temperature and Relative
- | velocity between baryon and DM

l km/s

Cosmic dawn : Unique physical conditions that can probe a
presence of such b-DM scattering

Baryon - d:irk matter velocity_ Excess cooler
-500mK

[N

- = S NN
S

Star formation
only in halo
Atomic cooling

N
['s'wi] Apoorep

lengths comoving) on a side. We consider z = 17 (v = 78.9 MHz) at which this model (with
a1 = 8 x 107" cm* and DM particle mass m, = 0.3 GeV) reaches its maximum global 21-cm

Relative b-DM velocity affect 21 cm intensity (Looks Cooler)



100 . FIG2 Global 21cm signal in
s models with b-DM scattering

v < 33MHz
Unlikely to be observed in the
near future observation

v~ 5H50MH=z

Purely cosmological signal
would disappear after the dark

ages

Standard estimate
Cosmic Cosmic (Xray,Lymana,ionized photo)

dawn reionization

| Lya :10 times higher
v [MHz] (More Radiation)

8 % 107% c¢m? and DM particle mass m, = 0.3 GeV

5 GV Xray :4 times higher
f. = 0.5%. star formation occurs in halos
molecular cooling,

Can explain the strong absorption feature
measured by the EDGES as -500 mK




‘ FI1G3: Constraints on DM properties using cosmic dawn

' 6% % 3.4 CERN has been
motivated for Weakly
interacting DM particles
in the MeV-GeV mass
range

o>3.6x 10 “tem?
andm < 3.5GeV

Unlikely to resolve the
degeneracies among
DM parameters and
astrophysical
parameters

&
-
o
o
=0
ot

o
-
ot
-

.
....
------
B T T e L L A

m ~ 3keV
Current limit on warm
m_[GeV] dark matter

: - ; v~ LOkm/.
Lighter than a few-Ge\,_much lighter than
expected for WIMP, No lower limit

Cf) Ultralight scalar (Pulsar timing & GW) m = 10 %%V
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| @ | SUMMARY | Two papersas

{ sequence in Nature

g
The 21cm signal from Lya shows a first discovery from the
first star born at Cosmic Dawn 13.6 G years ago
The strongest absorption -500 mK @ v=78 MHz

Excess cooler tells us to explore the b-DM scattering
Accelerators motivated DM mass greater than GeV

Cross section © , 5 3.6 x 10 <*cm?andm < 3.5GeV

DM is Highly non-relativistic and rather cold with v=1km/s

Other global 21cm experiments: and provide
upcoming 21cm fluctuation at Cosmic Dawn

SKA(Square Kilometer Array) and HERA (Hydrogen Epoch of
Reionization Array) corresponding 21cm power spectrum : that
provides far more information about the b-DM relative velocity
Future: Bullet clusterCOERIAIERIZ L HEWNEIRFEL =LY
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Massive Gravity

Graviton(ENWF)ICEEZHF-E5
(Za—Kk/ICERBEAH>EFIHIC)

Fierz, Pauli(1939) #&#GR Pk IREl

De Rham Gabadadze, Tolley (2011)

N I
) dx* |——m*(h, h*" — h?)

(T p—
mass.L = 16mn6G* 4

LA LEEZNSKLTEGRIC=FLLZLEELHY . JEfET
IHDEA
O—XFDRIRELE .. .Ghost free massive gravity



Horava-Lifshitz gravity (2009)

[Cn]= -2 Inmassunits  EHoEBFLOESE | _
Graviton @ propagator l UVTOHO R

[X]=-1 [t]: k2 — G k2 z =3
[G\]=7-(D-1) | 4RFTTYIHATHE
N (power counting)

GR®MD(3+1) 7 f&

gravitonDESHIR
IR: z=1 (GR) UV: z=3 (2F1k)
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€ Three stages for generating nonlinearity

Aln L g — L:Z
! Classical - -
Quantum : onlinear 6 : Classical gravity effect
ronlinear effec:t; E Before horizon crossing
s | B sipererizon
N L evolution 5
. | (3) At the end of or after
| , : inflation
: : :
I : ' —
Inflation : Hot FRW Ina
|

DYPFH CTERSNSELS (BE ETRARERBEICA
=S DFRIREILZRAD




n¥ (normal)

@® ADM decomposition

Lapse Shift ny = (—«,0,0,0)
ds® = (—a® + Bkﬁk)dtQ + 28;dx’dt + g;;dz’ dx’

[/

Gauge degree of freedom
EOM: Two constraint equations (DHamiltonian & Momentum constraint eqgs

EOM for 9gij - dynamical equations
In order to express as a set of first-order diff egs,

Introduce the extrinsic curvature @ Evolution eqs for Kij, 95
1
K;j = 2—(31597;;,' — ViBj — V;iB;)
Q
Further decompose, @ Four Evolution egs

O Spatial metric SRRSO det(q:;) = 1
; SO ; i) =

\—'

O Extrinsic
curvature

I‘L_: '

ij = =a 'f" ; ("ﬂ JP% Traceless part



