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<> Introduction
Parameters of neutrino

- Known parameters

2
Am%l, |Am31 |, 623' 012' 013

- Unknown parameters

- Absolute mass

1 Dirac CP phase: 6, Majorana CP phase: «a,f

Sign of Am%,: mass hierarchy



> Current neutrino mass bound

Tritium beta decay

(Troitsk, Maintz)

m, = (Zierilzmiz)E < 2.05 - 2.3eV (95%CL)

C. Kraus, et al., Eur. Phys. J. C 40 (2005) 447.
V.M. Lobashev, Nucl. Phys. A 719 (2003) 153.
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> Effects of neutrinos on the growth of
the density fluctuations

When neutrinos are
relativistic m,c* < kgT,

neutrinos run up to
the horizon scale
(Free-streaming)

This effect erases their own
fluctuations within such scales. :




& Growth of the density fluctuation §,, = pmp_ﬁm

Large scale ( > Free streaming scale)

.Q. _|‘Q'CDM +Qb +.Q.v: Qm

Pm 3G
Pcrit 3 3ChH 2 Lo

All components contribute the growth of 8, < a.

Small scale ( < Free streaming scale)

.Q. _l‘Q‘CDM_I_Qb'_I_Q

Neutrino does not contributes the growth of §,,.

=Py
1-=f =



Matter power spectrum P(k) = (|5,|?)

Suppression
1- due to the
free streaming

— Zm,=1leV

— Xm,,=2eV

0.01 0.1

k [h Mpc—1]

Total mass XIm, = m; + m, + ms.
(Here, ml — mz — m3). .Q.mhz |S fIXEd.
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Gravitational lensing of CMB

Lensing B mode

f(zn)z [ (-G llCﬁEsinz 20,

¢ : Lensing potential
(Infegral of a gravitational potential)

e e W e e M M S e W S M e W S M M

b (0) = —2[0 ax Xs X !1/)()(,5,15()())

x . comoving distance
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Power spectra of CMB polarization
(lensing B-mode cE8)

The free-streaming
effects of neutrinos

T 10000

Total mass XIm, = m; + m, + ms.




& CMB fRyCEURISER%

¢ POLARBEAR-2 € Simons Array

A

G5, 150 GHz POLARBEAR-2 x 3

95, 150, 220 GHz

KEK CMB group is developing these experiments.

2017~2020F< WK TICERAIFIR T 1E




Simons ArrayDIRTIFEDIRNR (FU, A DX EE)

POLARBEAR-2
2017 F)ER(CERAIR R

P ~ Simons Array
S 018D

2 5B& 358H
POLARBEAR-2(ZIRTE
e

KEKZRZIA DR EN#REE (2016) KD
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> The neutrino mass hierarchy

Normal hierarchy
mg >> m, > mq

-— 3
Am,a I
m,;
Amy, $
m4

>m, = 0.05 eV

Inverted hierarchy
m, > m4 >> mg

m,

Am, (I) I .
1

Am,4

\4 ms

>m, = 0.1eV

Each neutrino becomes non- relat|V|st|c
(m,c? > kgT) at different time.
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¢ —1—hbhVUJ OBz,

Energy density of neutrino

oo e» an an e e

L7 el
|
Py + Py = v'gﬁTf/: |
MR e (3MBDX L (Fermi-
1 SR 0D Dirac#3fadhigh energy
Tzl —ERpE tailZZ @ L ize+, e-&MD
couplingxhER)
T, : Z—a1—hkJU_EE
N, TR /
Standard cosmology Cld N, =~ 3.046

M DRET B 73 (dark radiation, sterile neutrino)
[CKDTN, KD KRSIMEDAIGEEEHD. »



O Za— N OEMHERBIC L BHE
N, iEH0 —> Matter-radiation equalityhMEN S
(21— MU (EES3WRETR T DIZED)

e

keq = aequq

100000
10000
Stagspansion P
1000
5, o142 :
0.4 = 100
" 2 Geq ' Further®,
0 1 suppression
Nv=3'0( =0.0)
@ @< aeq 1 N, =4.0 (IéI:o,g) I .~
N,=6.0 (|£|=1.5) -1
|
5m"’ const %001 0.001 0.01 0.1
k[hMpc~1]




< Impact on CMB

More radiation induces stronger decay

of gravitational potential ®

Early integrated
Sachs-Wolfe effect

2 tO [ ]
— —2 Cl)dt
C
ISW tdec

oT
T

Gravitational
blue shift

N, =3.0 (|£|=0.0) —
N,=4.0 (|£|=0.9)
N,=6.0 (|£|=1.5)

Jenhanced|;
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<> Neutrino mass constraints by Cosmology

Planck (2015) TT, lowP + lensing
+ BAO+ SNe + HO

Im, < 0.23 eV (95% C.L),

N, (XEIE

Planck TT, lowP + lensing + BAO
Im, < ey (95% C.L),

N, = 3.2 + 0.5 (95% C.L)
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Future constraints of the neutrino mass

Tritium beta decay m,, <0.23eVY
(KATRI N) A. Osipowicz et al, hep-ex/0109033

Galaxy lensing
(Euclid, WFIRST &)

Galaxy survey Sm, <O0.1eV
(LSST &)

Xm, <0.07eV

K. N. Abazajian et al, arXiv: 1103.5083 (2011)

ZAHI(Z, CMB lensing & 21 cm line
[c kB neutrino massOFEDFHIFRICDOWVWCEET
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O FHMICHITD21emirEAIDF A

121 — 21 cm

L AVAVANS
EDM (BEESSE) OBRIlERFD

Q> FER/ SA—Y (QpuE) &
FIfE CEZ D (CMBERID KD ()

M.McQuinn, O.Zahn, M.Zaldarriaga, L.Hernquist, S.R.
Furlanetto (2006) Astrophys.J.653:815-830,2006




O LRGSR : Cosmic dawn-EBEEt
et (reionization)

e oo Yoo lwen  apewen ) o

Dark age Cosmic dawn
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2 1cmMBERIRUSR 2 1cCMERIETHRE
X FESDT = J(IIEESRE 3. R. Pritchard and A. Loeb




[ |

O 21emiRERVRIDF ] =

I —— linear —— linear

P (k) [A™> Mpc?]

non linear non linear

k [h pc_ | ’ I k [ Mpcl]
2 JLUWIR AR DEEH DR
MYTTREEIDmMode + BEES T ORBFRE

1. high z (FEBEES S DOIEFRHER/ NS0
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O 21cmirERIRE | AT, =T, — Tdumg

s - (Qph?\ £ 015 1 +2
T, (T3572) = 2701 +8:) | 5553 (Q 2 10 )
m

N[ =

Cd

H(z)/(1+ Z)] ]

TCMB.
Fluctuation of borvonx = ] [ dvy /dr,

—————

T, : Brightness temp /
of 21 cm line /

T : Spin temp

issi <7<
Tcmp - CMB temp T¢ > Tcm emission (6 sz< 15)

xy;: Neutral fraction T¢ < T yp absorption (15 s 7))




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

34




21cm line fluctuation §,4

ATbObS N ﬁbobs
A

021

Ts » Temp 210 Neutfral Peculiar_1+zdvy

Baryon fraction velocity ~ H(z) dr

B 520 ~[8 48 a0

Fourier component (linear)
— k|
621z6b+6H1+ .u—m

Redshift space distortion




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

lonization fraction : x; = 1 — xy




21cm line observations

Next generation ~2020
& SKA(Square Kilometre Array)

N b . e 25 SN RSP,
T e e e S SR
.t . GO — i & 3

. InAustralia
B T T L e S
te * “ﬂ-&»h;. e e
A i, Bz ’ -~
N ; -~ 'km- A“ :
- S 2018:
T ) — '\ ey .

http://www.skatelescope.org/

€ Omniscope

Max Tegmark,
Matias Zaldarriaga

IS &= Phys. Rev. D 82,
‘e & - %= 103501 (2010)

From Max Tegmark’s presentation

3
< ;’i | : Construction starts.

7



€ 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.

39




¢ Cosmological parameter set

Fiducial parameters

2 2
(Qh?, Qph?, Qp, 05, As, T, V)
- (0.1417,0.02216,0.6914,0.9611,2.214><10‘9,O.0952,0.25)

Parameters related to neutrino

(1) Total neutrino mass £m,, humber of species N,,
xm, = 0.1eV, N, = 3.046

(2) Total neutrino mass, mass hierarchy
Im, = 0.1 eV (inverted) or 0.05 eV (normal)

40




> CMB polarization experiments

¢ POLARBEAR-2 ¢ Simons Array

o

~ '
S
- o o R
7 [ 1
=
;5 . L ~d I o=~ 4
:..,1“ h\p :’,,,.--..-*f
1\ - 7
AN o/ JE

95, 150 GHz

95, 150, 220 GHz
KEK CMB group is developing these experiments.

We took account of combinations of 3
above 2 experiments and Planck satellite.



> 21cm line experiment

i

SKA low frequency
(Australia)

¢ SKA (Square kilometer Array)

Construction of Phasel
will start in 2018. )

http://www.skatelescope.org/

-~ We took account of Phasel and Phase2
'N\(Phqsez has 4 times larger collecting area.)
2

42



¢ Constraints on the sum of the
neutrino masses m, and
neutrino number of species N,

Y. Oyama, K. Kohri, M. Hazumi,
JCAP 1602, no. 02, 008 (2016).

43



& Constraints on the neutrino total mass
and effective number 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).

44



& Constraints on the neutrino
mass hierarchy

Y. Oyama, K. Kohri, M. Hazumi,
JCAP 1602, no. 02, 008 (2016).
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€ Parameterization of the mass hierarchy

e NI il - Normal r, >0
r o oy
T. Jimenez, et al., JCAP 1005:035,2010 | Inverted r, <0

Allowed regions by
oscillation experiments

r, Normal

l// -
r, Inverted

46




€ Contours of 95% C.L. forecasts in r,-Ym,, plane.

i Planck + PB-2 (f (|, =0.65) + DESI+ H _
»,,%!'a|anck +SA(f §,=0.65) + DESI+ H ( — |
sk + SA (f ,,=0.65) + DESI+ H + SKAT _
\Af 4y =0.65) + DESI +H o+ SKA2 — |

sky
sky

e
-

Simons Array

In this fiducial model, SKA phase2
+ Simons Array has enough sensitivity to
determine the mass hierarchy.




€ Contours of 95% C.L. forecasts in r,-Ym,, plane.

Planck + SA (f sky=

O65)+DESI+H +SKA2 — |

In this fiducial model, SKA phase?2
+ Simons Array has enough sensitivity to
determine the mass hierarchy.
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¢ Motivations

® Lepton humber asymmetry : ¢,

Uy Ny — Ny
= = const
T, S

Sv

¢, 1S not so strongly constrained by current
observations (|¢,| < 0(0.01 — 0.1)).

In future

Cosmological observations
(e.g. CMB, 21cm) will constrain &,
more strongly.




Current constraint

The strongest constraints of &,
come from light element measuremeni.

1 and 2 o constraint

in¢,,-N =n,/n, plane

—0.1 5§, S 0.05(95% C.L)

Kohri, Oyama, Sekiguchi,
Takahasi (2014)




& Impacts of lepton asymmetry
on growth of fluctuations

Main effects:

1. Background expansion rate
&, contributes an extra radiation.

2. Helium abundance
Big Bang Nucleosynthesis (BBN)




& Impacts of lepton asymmetry
on growth of fluctuations

Main effects:

1. Background expansion rate
&, contributes an extra radiation.

2. Helium abundance
Big Bang Nucleosynthesis (BBN)




. Background expansion rate

Energy density of neuirino
(massless limit)

emen e G 2 G)

w er e e er e e er e ar s as Eas e e

&, conftributes an extra radiation.

v

The time of matiter radiation equality
becomes later time.




& Impacts of lepton asymmetry
on growth of fluctuations

Main effects:

1. Background expansion rate
&, contributes an extra radiation.

2. Helium abundance
Big Bang Nucleosynthesis (BBN)




. Impacts on helium abundance

&, — increases

1. Number of neutrons decreases

— Yi n m, —m
.p+e +Ve—>1’1 _nzexp(— nT p_EVe)
IS suppressed Mp

Abundance of *He is sensitive to
the neutron’s one.

2. Expansion rate becomes larger

Earlier BBN era

The former effect is more influential.

56



2. Impacts on helium abundance

“He total mass

Helium fraction: Y,
baryon total mass

Q,_h%=0.02216

¢y, — increases

4

Helium fraction
decreases

Y, affects the position of acoustic peak
and the silk damping scale of CMB.



¢ Constraints on é-Im, plane

K. Kohri, Y. Oyama,
T. Sekiguchi, T. Takahashi,
JCAPQO9 (2014)014.
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¢ Constraints on é-Im, plane

CMBPol
+ SKA phase01 Forecast (950/0 CL)

+ SKA phase2 — K.
+ Omniscope — E = 0.01

If &£ < 0.01, Omniscope
+ CMBPol can detests.

Omniscop

-0.1 -005 O 0.05 0.1 0.15 0.2

S

3
oo’
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Summary

B JJHAFE CEVANSER =N /Zneutrinol&
BZEWSEDENMERNPCMBODENL > AMRE(C
%ﬁ*‘éﬁ‘%‘:%z %@%E@ﬁfk&%%ﬂ’%i’ s HY

B 5ROEBERCMBREXEHA-FEHBERDORFHAD
21cmiBOHA(CKH>T, Za1a—MNU /B=%
JERE(CFE < HIPR or AIEHE S uJiElEH DS .

® Planck + Simons Array + SKA phasel
TlE20DBIET=1— MV JEEMZnonzero
MSEXBTEIREND D (Zm,~0.1eVIEEDZS

m LMY (Zad—bMUJ) #IEEIHREE
5RADCMB & 21cmiRERAIIC KD TBBNIC LD
HIFREL L DFEETHIRTZ B aEEED D S. :




€ Back up slide



O FHHmlCHITD21ecmisreERRIDOF A

T e —1 Y. Oyama, K. Kohri, M. Hazumi
_j_ I E y / 7 V/
¢ ~NJ /8= JCAP 1602, no. 02, 008 (2016).

¢ Dark energyd)EOS K. Kohri, Y. Oyama, T. Sekiguchi,
T. Takahashi, arXiv:1608.01601.

& FAIFRETILOFHIR

- BV SE 4 Y. Oyama, M. Kawasaki,
dark matterdE= arXiv:1605.09191.

fICH
WDEEDRT —)UKEFME, FIENDORAERED
REICBN THDugEENIERRSNTULD
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O LRGSR : Cosmic dawn-E

=S

i

What is the Reionization Era? S.G. Djorgovski et al. &

_Time since the

A Schematic Outline of the Cosmic History

Digital Media Center, Caltech.

~ [————— <— CMB 2~1000

121 c miRD
signal h\MF1E 7 Cosmic dawn
*+ o« ' J (12HBADark age) 15 sz s 30

- Dark age

- i [—

Lﬁ‘“ - F3ESHE 6 s 2515

_I_

BEEE#-Cosmic dawn

O)EE/ N RFEDEIR
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AEVBEDIESHER
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TEREDRAE RE

d /1 d
wlz)=0 Gr=o
ot \ T, ot

T. — TCMB + YCTg +Ya Ta
° 1+ y. + Ya
_ Cio T3 _ Pig T34 T = hvyq
VeS0T, YT AT, VT kg
Ye > Va1 Ya > Ve 1 1> Ye,Ya

Ts =1y Te =T, Ts = TcmB ,,



Ts af the reionization

10z <20

X-ray heating
(from SNR)

N

. TS ~ Tgas >> TCMB
X-ray heating T

Lya(from stars)

:> Brightness temp A\ [1 v
nearz~ 10 P Tsl | ©



lonization power spectra P, and Pys

_¥xx
Pxx(k) — b)%x[l + axx(kax) _ (kRXX)z] 2 ?55(k)

Prs(k) = bs exp[—ays(kRys) — (kRys)?] Pss(k)

Y. Mao, M. Tegmark, M. McQuinn, M. Zaldarriaga, O. Zahn,
Phys. Rev. D 78, 023529 (2008)

| Pas (k) = (ATE")2Pas (k)

- i 2 &
Prs (k) = (AT Jxeup) ZpiPys (k)

:Pxx (k) = (ATI;)bS/fHI)ZPXX(k) 68




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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¢ Focused 21cm and CMB
experiments



& 21cm line experiment

http://www.skatelescope.org/

& SKA (Square kilometer Array)

SKA low frequency
(Australia)

Construction of Phasel

will start in 2018.

SKA phase 1 (202024 (CE ARG 1E)

SKA phase 2 (phase 1D 4 B0 H

=i

159)
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CMB polarization experiments

¢ Simons Array & COrk+

i CMB bands:
POLARBEAR-2 X 3 75, 105, 135, 165,
95, 150, 220 GHz 195, 225 GHz

Note: we took account of combinations

of Simons Array with Planck satellite.
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