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Spin temperature : T

ny hv,4

° e e —_— g
Definifion of Ts: s g—;exp (_ kBTS)

n{,Ng. NuMber density of spin 1, O state

Ts depends on the following,
(1) H-H, H-e, H-p collision
(2) CMB photon
(3) Lya photon
(4) Variation of neutral fraction xy;
Xpp = Nyp/ny
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Ts af the reionization

105z <20
X-ray heating

N\

Ts~ Tgas > T,

X-ray heating

Lya(from stars)

_> Brightness temp AT, [1 _ Tl S
nearz~ 10 Ts



21cm line fluctuation §,4
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Redshift space distortion
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Power spectram of 21cm Py, (k, 1)

(621 (R)631 (k) = (2m)38P (kk — k') Py1 (k1)

Py, = (AT2Y) Py,
= (ATI;)bS/fHI)Z{ |xG1Pss — 2%n1Pxs + Px|

+2u? [)EIZ{IP&S — DEHIPXS] + ,114925111)55 }

Pss . Maftter power spectrum

1 Pxs =%iPs.s  : Density-ionization power spectrum

-2 . .
Pix = X{Ps 5, :lonization power spectrum
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¢ Constraints on the neutrino mass

Y. Oyama, K. Kohri, M. Hazumi,
JCAP 1602, no. 02, 008 (2016).
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> Growth of the density fluctuation 6,,

Large scale ( > Free streaming scale)

- - - - o) o - ) - - ) e

All components contribute the growtdgf X a.

Small scale ( < Free streaming scale)

O = Qepy + Qp 1+ £,

Neutrino does not contributes the growth of §,,.

3 p
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Matter power spectrum P(k) = (|6x|?)

Suppression
+~due to the
free
sfreaming

— Im,=leV

— Xm,,=2eV

0.01 0.1

k [h Mpc—1]

Total mass Xm, = m; + m, + ms.
(Here, m; = m, = ms) . Q,,h? is fixed.




€ Analysis methods



Fisher Information matrix F;;

- 0*InL(6]x) L(6|x):Likelihood
af = 00,06, function

0.p:theoretfical parameters  x:data vector

Cramér-Rao bound

Vep(0) = (FYap  Vap(@) : variance of 6

We can estimate minimum variance of 4.
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Fisher matrix of 21 cm line observations

M.McQuinn et. al, Astrophys.J.653:815-830,2006

o z 1 0Pr, (u;) 0Pr, (u;)
af — 2
[5PTb (ui)] 20, 093

i

21cm line power spectra : Pr, (u;) = (6Tp)*Pyq (u;)

22 Tsys>2 1
A, np (U)o

Detector Noise : Pnoise(Uy) = (

5Py, () = (Pr, () + Pyoise(ur )/ (N2

gu—

u = (ug,wy) = (da(@ky, y(2)k;)
4 ds(2) : commoving angular diameter distance

L y(z) = 2;:;(1 + z)/H(2)
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> CMB polarization experiments

¢ POLARBEAR-2 € Simons Array

—

POLARBEAR-2 X 3
95, 150, 220 GHz

KEK CMB group is developing these experiments.

We took account of combinations of S
above 2 experiments and Planck satellite.



S

& 21cm line experiment

http://www.skatelescope.org/

& SKA (Square kilometer Array)

SKA low frequency
(Australia)

Construction of Phasel
will start in 2018.

SKA 1 (& re-baselinet&d SKA 2 (& re-baselined]dDSKA 1D

FTV Ry D7 IBTE EHXREED4 1 (HPDRRY D)
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& Constraints on the neutrino total mass
and effective humber of neutrino species N,

95% C.L. expected
contours
Zm, =0.1eV

Planck +

The neutrino total
mass is detectable
at 95%.C.L.,

o071V by Simons Array
with residual foreground (CMB) + DESI
03 04 05 06 NETNO)EN VWi
sm, [eV] (21cm line). ,




& Dark energy equation of state (EoS)

K. Kohri, Y. Oyama, T. Sekiguchi,
T. Takahashi, arXiv:1608.01601.
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Dark energy

Friedmann A2z

e (d)z _8m
Dark Matter RSRER/S = - = 3 p

)
= ——(p+3p)= ——p(1 + 3w

DESSL Y 68.3%

Equation of stafte (EoS) :w = %
ESA, Planck, hitp://sci.esa.int/planck/

w < —: DB, 0<2ERDIBREAENRRT S
(dark energy)
w = —1 DKF(Ep = constant £7& D cosmological constant
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Dynamical dark energy

Expansion ratio of the Unlverse (Hubble porc:me’rer)

--------------------------------------------

!

1
H? = H; |Qa7 3 + Qra™* + Qpa™? +EQXeXp [3[
a

Contribution of the dark energy

—i%(C (& dark energy®EoS(d  Equation of state (EOS)

BRUKTE S B LS (C, o) = P
IR RATEZ 5NB. px(@)

AKAFTTIE, 7OXSREEMAFEI Ddark energy
(wy # constant)(CXT 9D, 21cmAREDHIDIFREYIR
RUE(C DUV CRNE. 28 /44




&® Energy density of the dark energy

)

3wlz]

Px = Pxo €Xp [3

CPL parametrization

px(2) = pxoll e iz)C ey T, [—

--------------------------------------------------------------------------------------------------------

HM parametrization (Suddenly changing model)

wo + wy (1 + z,)P 3wo-w1)/P
wo(1+2)P +w;(1 + z)P

--------------------------------------------------------------------------------------------------------

Wetterich parameirization (Early dark energy model)

px(2) = pxo(1 + 2)3(1+wo) [

px(2) = pxo(1 + Z)S(H“X(Z)), ay(z) = T Gl )
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+ Parametrization of EoS [Hannestad, Mortsell 2004]

1+2z\?

al +a’ 1+(1+ZS)
wx(z) = wowy e = WoWy 1+ z\P
e Wi+ wo (757)

S

wy suddenly changes at a transition redshift z, = = gl
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& Energy density of the dark energy

px(z) 8nG

Perit(2) i %T(Z)ZPX (z)

VA=
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Alcock-Paczynski test (#R:a[H—~X-1, 21cm/line)

RAREIE 5[]
x1,x% =dy(z,)0%,d,(z,)0°

AAZiEEEd, (z,) TRED
HIREE SO

x(z) : Comoving coordinate at z

3_jz dz’ ~(Z—Z*)
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€ Expected constraint of HM parametrization

95% C.L. Contour Transition :

a; = 0.1 (z, = 9)
p =100

+5KA2 —— (fransitionDiiE)

+ Omniscope

Planck + DESI + JDEM + Hy

BAO, SNe la DY —~Xo
EFHIN CTransitionhV4E
Udfesh, eENSICKD
THSKApanse 2 IR EEIA

— +Omniscope

\
ﬂ?SKA phase

—J3.,~ L high 2B
ERITH D21 cmiR(d,
Wl(L_ rb\@é
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€ Constraining the light gravitino mass

Y. Oyama, M. Kawasaki,
arXiv:1605.09191.
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¢ Motivations

Light gravitino : ms,, <01 -10) eV

The scenarios can be consistent with many
of baryogenesis/leptogenesis scenarios.

Since light gravitinos behave as warm dark
matter in late epochs, we can obtain their
signature from matter fluctuations.

CMB lensing : K.Ichikawa et.al., 20009.
Cosmic Shear: A.Kamada et.al., 2014.
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Effects of light gravitino on
the growth of density fluctuations

1.

ncreasing radiation

Light gravitinos conftribute
the energy density of radiation
at the early Universe.

2. Free streaming effect

(Main signature)

Fluctuations of matter are
suppressed in small scales
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Temperature of light gravitino: T;/,

At the early Universe,
Light gravitinos are relativistic particles.

Effective number of neutrino species

4/3
P3/2 (713/2)4 ( 9y > /
N3/2 = = =
Pv T, 9+3/2

p, . Energy density of one generation of neutrino
T, :Temperature of neutrino

g« + The effeclive degree of freedom
at decoupling of neutrinos (= 10.75)

g:3/2 + The effective degree of freedom
at decoupling of light gravitinos
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Free streaming effect of light gravitino

Matter power spectrum P(k) = (|6,|%) (Linear, z=0)

I Suppression
light gravitino:m; , =1eV — |

light gravitino: my , = 10 eV | due TO The free

massivev: Zm,=1eV

- | streaming effect
[ of light gravitino

L Z=0
N3/ = 0.059
: Q. h? is fixed

s, The free streaming
.1 scale is about

| 0.1hMpc~?! S k.

0.0




Cosmological parameter set

Fiducial parameters

2 2
(Qmh?, Qph%, Qp, 05, A, T, V)
= (0.1417,0.0223 0.6911 0.9667 2.142%x107°,0.066,0.25)

Parameters related to light gravitino

p
Ny = =22 =0.059 (guzj2 = 90)
Pv
()
forn = Q3/2 = 0.01071 (m3,, =1eV)

DM
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Constraints on f3, (f3,2 = 0.01071)

lo error of f3,5 (N3, =0.059 s fixed.)
Planck + Simons Array + DESI (BAO) + H,
o(f3/2) = 0.00346 - o(m3,;) = 0.33 eV

+SKA 1 o(f32) =0.00263 > g(m3/;) =0.25 eV

+SKA2 o(fs32) =0.00165 - a(m3,;) =0.16 eV

+ Omniscope
o(f3/2) =0.00071 - o(m3,;) =0.067 eV
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Constraints on f3, and N3,
95% C.L. Contours

Planck + SA + DESI + Hy

+SKA 2 ——

Planck + + Omniscope

0.06 - Simons Array
(SA)+DESI+HO

+SKA 1

m3,=1eV, Zm, is fixed.

+SKA 2

~— +Omniscope

Planck
+Simons Array +
DESI + HO + SKA2

The combination
can detect
nonzero N ;.

(DESI is a future
observation of BAO.)
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Constraints on f3, and m,,

95% C.L. Contours in f3,, —Xm,, plane

Planck + SA + DESI + Hy

+ SKA 2 =—
+ Omniscope

0.06 Iplanck +
Simons Array
(SA)+DESI+HO

+SKA 1

+SKA 2

0.1 0.2 0.3
+Omniscope M,

Planck
+Simons Array +
DESI + HO + SKAT

They can discriminate
the signature of

light gravitinos

from that of neutrinos .
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Summary

B We studied sensitivities of
21cm line + CMB observations
to several cosmological parameters

B Planck + Simons Array + SKA phasel
can detect the neutrino total mass at 2o

(if Tm,~0.1eV.)

B For the suddenly transition dark energy model,
21 cm observations can significantly improve the
constraints on the EoS parameters.

B We found that SKA 1 and 2 can strongly improve
constraints of the mass of light gravitino m; ;.
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