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Constraints on the neutrino parameters by

future cosmological 21cm line and precise CMB polarization

observations
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Summary of thesis contents

Observations of the high-redshift Universe (z=6) with the 21 cm line from neutral
hydrogen are attracting interests of astrophysicists and cosmologists because it is
expected to open up a new window to the early phases of the cosmologlcal structure
formation. After the recombination of hydrogens (z~1000), there existed a period
during which any luminous astrophysical object had not been born yet. This era is
called “the cosmic dark age”. After the dark age, first luminous objects formed at
around z~ 30, and this epoch is called “the cosmic dawn" or just “the late time of
the dark age”. After this epoch, X-rays emitted from the remnants of the luminous
objects ionize the inter-galactic medium (IGM). This epoch is called the epoch of
re-ionization (EOR)”. It is very difficult to observe these past epochs by optical
telescopes, because neutral hydrogen gas is not transparent for optical or higher
frequency light. However, we can observe these epochs by using the 21 ¢m line which
was emitted by the neutral hydrogen gas itself. This is the reason why the
observation of the 21 ¢m line is attracting attentions recently.

Using the observation of the 21 ¢m line, we can study not only how the epoch when
the Universe was re-ionized, but also we can obtain information about the density
fluctuations of matter because the distribution of neutral hydrogen traces that of cold
dark matter (CDM). Therefore, as in the case of the cosmic microwave background
(CMB) or galaxy surveys, we can utilize the observation of the 21 cm line to constrain
cosmological parameters such as the Omega parameter for the energy density of CDM,
Qc, or that of dark energy, Q.

Besides, the 21 ¢cm line observation has some advantages over the others. First, the
21cm line observation enables us to survey very far past eras and wide redshift
ranges (21 cm tomography). Secondly, in such a high redshift era, the non-linear
effect on the growth of fluctuations is smaller than that in later epochs. Therefore,
theoretical uncertainties in the predictions for the 21 ¢cm line observations is much
smaller than that for galaxy surveys.

Under this background, in this thesis, the author has discussed the sensitivity of
these cosmological observations to the neutrino properties such as the sum of the
masses of all neutrino species, fm,, the neutrino mass hierarchy, the effective
number of neutrino species N, (the extra radiation component) and the lepton
asymmetry & of our Universe, focusing on future observations of the 21 cm line
radiation coming from the epoch of the re-ionization (7=z=10), measurements of
the CMB polarization produced by a gravitational lensing and the baryon oscillation
(BAO) observation. As the target future 21 cm line observations, the Square
Kilometer Array (SKA) and the Omniscope are taken up. As the future precise CMB
polarization experiments, POLARBEAR-2, Simons Array and CMBPol are considered.
As the BAO experiment, the Dark Energy Spectroscopic Instrument (DESI) is

selected.
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The main results on the total neutrino mass are summarized as follows.

® The sensitivity to the total neutrino mass and the number of species can be
significantly improved by adding the BAO experiments to the CMB experiments,
although for m,~0.1 eV, it is impossible to detect the nonzero neutrino mass at
20 level even by using the combination of Simons Array and DESI. By adding the
21 cm experiments (SKA phase I) to the CMB experiment, a substantial
improvement is expected.

® By using Planck + Simons Array + BAO (DESI) + SKA phase I, we can detect the
nonzero neutrino mass (but it is necessary to remove foregrounds with a high
degree of accuracy). For ¥m,~0.06 eV, corresponding to the lowest value in the
normal hierarchy of the neutrino mass, we need the sensitivity of SKA phase II in
order to detect the nonzero neutrino mass.

In order to study the determination of the neutrino mass hierarchy, the author has

introduced a new parameter r, =(ms-m1)/ Em, as the estimator for the hierarchy and

obtained the following results:

® By adopting the combinations of the Planck + Simons Array + BAO (DESI) + SKA
phase II, we will be able to determine the hierarchy to be inverted or normal for
m,=0.1eVor Zm,=0.06eV at 20 , respectively.

Finally, the author obtained following results for the constraints on the lepton

asymmetry.

® In the absence of extra radiation, by combining the 21 ¢m observations with the
CMB observations, we can constrain & with a better accuracy than the method
using the primordial abundances of light elements, even if the BBN information
is not used. Such an improvement cannot be achieved by the CMB observation
alone.

® The 21 cm observations can substantially improve the constraints on extra
radiation compared with the case of the CMB observations alone, and allow us to
distinguish between the lepton asymmetry and extra radiation.

On the basis of these results, the author concludes that the 21cm observations can

become a powerful probe of neutrinos and the origin of matter in the Universe and

that it i1s essential to combine the 2lcm observation with the precise CMB

polarization observations to break various degeneracies in cosmological parameters

when we perform the multiple-parameter fittings.



GalEAR 3)
(Separate Form 3)
WEimXOFEEMROEE
Summary of the results of the doctoral thesis screening

Z=a— MY OBELEEIIH L TCFHmMEARLZHWTHIRE 52 5 RITEWESL %
HoNn, TE, FHBANOBEMNICLY, ZoFHGHO HFEOBITEEICHE L, H#EE
e LR oBECOEREZLTELT LOIICRYDOob 5. il 21F, Planck 2 EBRIC L 5
FH~A 7 v s (CMB) O R EIEE ST OB %2 Y 4 o FEIEEH(BAO) & FEIXH
HERW AR OBIEOBN ARG DEDLZEICLY, =a— MY JEHEOKRIC
%L 0.23eVLULFEWSHIBRAHEOLN TSN, ZHTHBEATOH EER (ZEAKFEOD
N—F ) ICXDHIRED —MRERNEHIRE 2> TWND.

FFoRERE L L, MEERTOLHIAOFHRMWEREZE R D 0.1eVKE O ERNPRSE
SNTWVDA, =a— ) VOBEEREMEZEEER CTRET2ICEAT+2THD. =
DX BRI E ST T 2 ATREME 2 Fh oD TV D DAY, ik 7k 38 55 IR BE 0 B M # & B R 1
X0 Eng 2lem MEH W FHERBN TH 5. 21cm #1X CMB B"¥E & T+ 2
FHOKFPRMACLUBEIZHKA S, FHMPRFRE OO, B REZ O o 08 iR 8 H0E
WeELTBMEIND 2D, FHAMOFHOHIEIZOWT, CMBX BAO & ix®R 7701
WEbHTEHT.

RNILKIZE, ZoRICE&B L, BAO#BH, 4%IERIZHR DS CMBREGER, fFREAITH D
2lcm B OBEIEGE HFHEBNEMAEbE L ik, BEOKRM, BEEEME, R

oy b G2 lro=a— )V OEKRFEEBIOFEHIZBT2=2—+0 / -
K==a—hF Y I EXFRMEZ EOREOREETRETE 20 a2 R THIO TR 7.
KA XIETEORREE LD bDOTH D, BIRZRHE RIL, Square Kilometer Array
(SKA) |12 L% 21cm /88 . KEK 2343 L C\» % POLARBEAR-II/Simons Array %5 |2
X 2 E CMB 1 Yt 8l #I, Dark Energy Spectroscopic Instrument (DESI)$R{i] H — -~ 1 %]
WL, 5% 10FELNICERH IS n Y27 b (OMAEEDYE) I2X > THFH T A

— S —H LOREORKETRETEL2NEWV) [FH) LLTELEDLLATVD. £DOF
THLE R R X, DESI #3, Planck ##], Simons Array &l & SKA &1 Ok 3 % #i
HEbELIZLIZEY, =a— ) VEEOKRMAZ 0.1eV IV SWHETREL, & 512,

BRBEEIEICOWT, EEMN 0.1eV LLF THipE 22 LE &Ff12 0.06eV LL T TIIHM &
DA, TOHERNPAEBTHLIEERLLEZETHD. ZORRIEL, CMB FLE

e 21 mMBHZMAGDLELZ LD, 2ROLOBMICL > THA U ZAEITH H X T
AKEWNTHLZ EaRmLTHED, ZALBHERD BARMMKELZ RS ELT HEERK
REFZ 5.

KL ORER IR ORIZ > T 0D, T, 28D 5 EICBWT, ==2— U YL
2lecm M. B L O CMBBE— RE WO ERLIHROEBFENBEHE LI E LD T
. WIT, 6FEND 9EICEBWT, RUFIETH LR &EI 2 K72 Fisher 1751k O figin %
Toltt, ZOHEZHOWTEEKBYZRFRBIIZONWTED X H>ICL THGTHREIT S 0
WO HTERFE LB SN TS, LEDoEFHOIc, 10%EL 11 #EZEWT, k
Tk 7z, ==2—h Y JO#BEBI OV T N IEFHEIC T 2 FRERIC L DRTER
FEIZOWTOTFTHENENIMN TS, 2IKE LT, BEHMOEIR, BLAHMHET, 207 —<
WOWTOERERASELME L THEZLZE VL XLDOFHILER>TND.
COXEIICTKRILKDOFHILIX, FHYHPICI A EBEMHOEZBRMPERICKRERERET D
REmROMAIVREREEZZATEY, WIS ELRFRICESS DO TH DM, [
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