Probing dark energy and
inflation with 21cm line
observations
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Plan of talk

e |ntroduction: 21cm line signals from IGM and minihalos

e Applications:

» Primordial perturbations

» Dark energy




Introduction

ionization Era?
of the Cosmic History
< The Big Bang

~ 300 thousand

v neutral hydrogen

Galaxes and Quasars
begin to form

~ 500 million s The Reionization starts — redsh Ifted 2 1 Cm Ilne

. ® - tracer of matter fluctuations

The Cosmic Renaissance

The Dark Ages end = tomography —> 3D mapplng

~ 1 billion <-Reionization complete,
the Universe becomes

transparent again

4 Galaxies evolve

~ 9 billion
: The Solar System forms

~ 13 billion 3P0 3 Today: Astronomers
‘. : figure it all out!

S.G. Djorgovski et al. & Digital Media Center, Caltech




Redshifted 21cm line

u rv Tha Squane Kilanetre A~y (S<4) vall be the word's largest radio trdeseape, rewliticrisng
cur urckestandng of the Unneeese. Tha SKA vall 92 built in two phases - SKA 1 and SKAZ -
startng in 2018, with SKA1 reprasantirg a rastien of tre full 5CA, SKAT Wil nelude un

instrurranss - AT MU and SKAT LW - aasang the Linersa 2t different frequercies.
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Fruouency FEnge:

50 MHz .. | 130,000
350 MHZ a"fmgﬁ:osnman :.mv&m

SKA1 LOW - the SKASs low-frequency instrument

e Ongoing
LOFAR, MWA, ...

Location: Australia ‘

e Near future

Total
collecting
area:

» Square Kilometer Array (SKA-low)
Mai distance
b:;:vrz;rrlnstéastiogzz

65km

(c) www.skatelescople.org

- 21cm line from 3<z<27; R

- phase1 will start by 2023

» Hydrogen Epoch Reionization Array (HERA)



http://www.skatelescople.org

What do 21cm surveys observe?

e Spin temperature

> Ratio of triplets to singlet Ao/ Mgingier = 3 €XP [~ Eyj e/ T




What do 21cm surveys observe?

e Spin temperature

> Ratio of triplets to singlet Ao/ Mgingier = 3 €XP [~ Eyj e/ T

neutral hydrogen

>

' >

l+z,=14GHz/v  Zz

e Brightness temperature

Emission if Ts>Tcue

Absorption if Ts< Tcms



Sources of 21cm line




2l cm fluctuation from IGM

e Differential brightness temperature
TS - T
AT, =T}, — Temp ~ = Satem
14z

At high redshifts z>20
(prior to formation of first objects), TS < TCMB .

absorption

® Fluctuations in 21 cm brightness temperature

TCMB ’fldﬁb/dr MZZAC-TAL
0 ] = ) Oy | —
e [Ts - TCMB( % Town) T nHJ { H 7 : line-of-sight
depends on Op depends only on 9, ellfclelilely

isotropic o

21 cm can probe 0, separately from 0n,.



IGM 21cm power spectrum

e Tomographic power spectrum (0T (k)oTy(K')) = (2m)33(ky + ko) P(Ky, k1)
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CDM/baryon isocurvature perturbation can be distinguished by 21cm.




Distinguishing CDM and baryon
Isocurvature

: : : Kawasaki, TS, Takahashi 2011
* Fisher matrix analysis

rc1 = Poi(ko)/ Padi(ko), mB1 = Psi(ko)/Paai(ko) ky=0.002Mpc~!

2d constraints

CMBpol alone

CMBpol+FFTT
@ z=30, 40, 50

0.02 0.04 006 0.08 0.1 0.12 0 0.02 0.04 006 0.08 0.1 0.12 0.14
rCI rCI

Future 21 cm surveys can distinguish CI/BI if Niso 2 2 .




Dark energy

Parameterized EoS

a’ + af wy (for a > a,)

w(zZ) = wow ~
X 1w1aP + woal wy (for a < ay)

Planck|+ BAO + SNe + H 0

" e|21W0 = '0.9, w 1 = '0.8, MOE|2:WO = '0.9, w 1 = ‘0.8,

Redshifted 21cm line fluctuations can constrain early-type dark energy
better than CMB.



Sources of 21cm line

l lliev+ '02;

‘ ‘ ‘ ‘ Furlanetto & Loeb 02




Minihalos

Halos too small to host galaxies
* No star formation: Tg4as<104K (inefficient radiative cooling)

— dense neutral hydrogen inside; resistant to ionization
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e Mass: 1O4Msun <M< 1O8Msun
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* Abundant, even at high-z wave number k[h/Mpc]




21cm line signal from minihalos

lliev+ '02;
Furlanetto & Loeb 02

“21cm forest” in CMB

* Minihalos create emission/absorption CMB
features in CMB spectrum at radio

frequency v=1.4GHz/(1+z) —— ‘ITb
spectrum
\Y




Simulations

Semi—Analytical
Treatment of
Simulation Halos

N-body+hydro simulations Shapiro+ ‘06 e\ sSemi-analytic
simulation

Minihalos can exceed the IGM
around the epoch of reionization

Semi-analytical description
agrees with simulations




21cm angular power spectrum from
minihalos (1)
lliev+'02; TS, Takahashi, Tashiro & Yokoyama 17

Tomographic anisotropy (w/o redshift space distortion)

Fb(M7Z)
et N

Mmax .
0Ty(N, V) = / dM TS89 (M 2,)

dN (M, z,) ﬁ :
M — Tyl 2y
dM SN %)




21cm angular power spectrum from
minihalos (2)
lliev+'02; TS, Takahashi, Tashiro & Yokoyama 17

Redshift-space distortion (Kaiser effect)

0Ty (R, v) =Th(2) [B(2) + f(2)u’] 6(Z, 2) with o = k - 72

aN
dM

mean signal: T(z) = /dM F(M,z) = /dM T8 (M, 2)—— (M, 2)




21cm angular power spectrum from
minihalos (3)
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Appl icati()n (1 ) : TS, Takahashi, Tashiro & Yokoyama [arXiv:1705.00405]
Primordial spectral |
runnings

Spectrum of primordial fluctuations

P(k) oc ke~ 1tbes In(k/ko)+8 8 0% (k/ka) .

0955 096 0.97 0.98

- Many models degenerate in the ns-r plane

- However, they can be distinguished from _ R2.inflation "\
the scale dependence of ns \ e

inverse-monomial
spectator

Spectral runnings: a key observable : /"
for discriminating inflation models
\brane-inﬂation

-1.5 -1 -0.5

natural
spectator




Application (1):
Primordial spectral runnings (cont’d)

Parameter response

- Lower order spectral parameters
(e.g. ns or as) — spectral shapes
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 Higher order parameters (e.g. [3s)
— overall amplitudes
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degeneracy
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- Radial scale-dependence also
enhances the discrimination
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Application (1):
Primordial spectral runnings (cont’d)

COrE

Forecasted constraints

SKA

Combination of CMB and 21cm is FFTT - - - -

PSRN Planck+SKA
Tal $ " VL TN .
beneficial due to lever-arm effect. y \\ PlanckeFFTT
\ ASSR I ‘ COrE+SKA — - — -
‘ et COrE+FFTT - - - -

Aas=103, ABs=10-

Zmin=0

Constraints are dependent on zmin
only mildly.

v .
~“Iin

8! 1.4 1.4 0.40

]
Planck+SKA 6 L7 2.0 0.63

2.3 3.0 0.85
3.6 4.7 1.2
0.85 0.96 0.24
0.95 1.1 0.28
1.0 1.2 0.31
1.1 1.3 0.33

COrE+FFTT




Application (2):
Primordial non-Gaussianity

TS, Takahashi, Tashiro & Yokoyama, in prep.

Local type non-Gaussianity:

- Small in single field inflation: fn.~0O(0.01), gne<O(10-3)

» Large in multi-field models (e.g. curvaton, modulated reheating, etc.)

- — . K —— - —— e jumne




Application (2):
Primordial non-Gaussianity (cont’d)

Effects of local-type non-Gaussianity on (mini)halos

» Correlation between large and small scale fluctuations

n;alo () is modulated by large-scale fluctuations

 relative halo # count

— scale-dependent halo bias bpalal+ '08; Siosar+ 08

Gaussian non-Gaussian
halos
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Application (2):
Primordial non-Gaussianity (cont’d)

Effects on minihalo power spectrum

Bias iIs more enhanced at
f
larger scales oL (fiducial10°?

2
AB(k, z) ~ {Bf(z)fNL + 59(Z)QNL} 38, Hj

2k2T(k)D(2)

— 21cm line surveys are
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comparable to CMB 10

multipole [

v cross-correlation of different
redshifts



Application (2):
Primordial non-Gaussianity (cont’d)

Forecasted constraints

Planck

Planck+SKA
Planck+FFTT
COreE+SKA -«
COrE+FFTT

* Minihalos can improve the current (CMB) bound by orders of magnitude
Agn =~ O(10%), Aty ~ O(10)  (for SKA)

e Suyama-Yamaguchi inequality can be tested



Application to dark energy

Constant EoS

S KA: A Planck+SKA
. : ~ - o Planck+FFTT

1 Aw ~0.05 COrE+SKA - - -
COrE+FFTT

* FFTT: Aw=0.02

« Cf. Planck: Aw=0.08

Both CMB and 21cm suffers
from the degeneracy
between w and the Hubble
parameter.

Incorporation of direct We will pursue our analysis with

Hubble measurements may early-type DE in the future.
be useful.



Summary

e High redshifted 21cm line fluctuations are a novel probe of the
cosmological structure. There are largely two types of sources: smooth
IGM and minihalos.

e Exploiting the tomographic nature of redshifted 21cm line fluctuations,
we can constrain a variety of cosmological models.
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