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1. history of the universe



beginning of the universe: Big Bang
- high density, high temperature
- soup of elementary particles
- cools as it expands

NAOJ
history of the universe



0.000001 sec after Big Bang
- temperature ~ 1013K
- protons & neutrons formed
from quarks

NAOJ
history of the universe



3 mins
- temperature ~ 109K
- synthesis of light elements
(Big Bang Nucleosynthesis)

4He = 2p + 2n

NAOJ
history of the universe



400,000yrs (z=1100)
- temperature = 3,000K
- recombination
(formation of H atom)
→ less interaction between

matter & radiation

proton

electron

NAOJ
history of the universe



CMB production

- optical depth decreases significantly
- photons move freely after last scattering around z~1100
→ CMB photons



Dark Age
- low temperature
- no astronomical objects yet

NAOJ
history of the universe



Cosmic Dawn (0.1 Gyr?, z~30?)
- first stars (PopIII)
- first galaxies
- first black holes

NAOJ
history of the universe



Epoch of Reionization (1 Gyr, z~6)
reionization of intergalactic
hydrogen atoms by UV & X
from stars & BHs

NAOJ
history of the universe



10 Gyr (z~0.5)
- dark energy
- Sun & Earth

NAOJ
history of the universe



13.8 Gyr
present time

NAOJ
history of the universe



Dark Age (DA, 1100 < z < 30)
Cosmic Dawn (CD, 30 < z < 10)
Epoch of Reionization (EoR 10 < z < 6)

NAOJ
history of the universe



2. Epoch of Reionization



structure formation
- density fluctuations generated during inflation
- structure formation due to gravity
- dense regions become more dense
→ galaxy formation

time



DA - CD - EoR
z~30 first star formation
z~10 start of reionization
z~6   completion of reionization

K. Hasegawa
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density fluctuations

halo
(dark matter & baryon)

first stars

cooling冷却

linear growth
non-linear growth



mass of first stars

Susa et al. (2014)          Hirano et al. (2014)

140 ‒ 260 Msun → pair-instability supernova
> 260 Msun → black hole

first stars are very massive?
- less effective cooling without metal
- uncertainty in radiative feedback & fragmentation
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K. Hasegawa

DA - CD ‒ EoR: simulation



density fluctuations
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CMB is polarized by several %
→ mostly due to EoR

z=1100: generation of CMB
z~10: EoR
- CMB photons are
scattered by free electrons

- polarization generation

observation of EoR: CMB

WMAP



large-scale E mode polarization
is generated by scattering
after EoR

polarization amplitude
→ optical depth

τ < 0.1 (WMAP, Planck)

- integral of electron density
- no information on the
time evolution

- instantaneous reionization
→ z ～ 10

ò= dttnc eT )(st

observation of EoR: CMB



Gunn-Peterson test
- probe IGM ionization rate from HI absorption lines
- large optical depth

- tiny neutral fraction leads to significant absorption 
- presence of radiation
implies that the
region was almost
completely ionized
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observation of EoR: Ly-α forest

↑
(1+zemit)×1216Å

↑
(1+zabs)×1216Å



SDSS 1148+5251
- Lyα emission ~ 9000Å → z~7.4
- complete absorption at 8400Å < λ < 9000Å
→ HI existed at z > 5.9

- some radiation
at λ < 8400Å
→ no HI at z < 5.9

- reionization was
completed at z ~ 6

Fan+ 2003

observation of EoR: Ly-α forest





what we know
- reionization proceeded around z=10
- completed z~6
- residual neutral fraction is ~ 10-4

what we don’t know
- what kind of objects contributed to reionization?
PopIII? PopII? AGN?

- time evolution of ionization fraction
- when first stars formed? how massive?
- first black holes?

current status of EoR study



3. 21cm line



21cm line

p+
e-

21cm line (1.4GHz)

hyper-fine structure of H atom

○neutral hydrogen
✖ionized hydrogen
redshifted 21cm line
z = 6 → 200MHz
z = 20 → 70MHz

with ~100MHz radio waves, we can observe
CD/EoR tomographically.
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observe the difference
between Tspin & TCMB

abundance ratio between
ground/excited states



spin temperature is determined by
- interaction with CMB (CMB temperature Tγ)
- atomic collision (kinetic temperature TK, xC)
- interaction with ambient Lyα (color temperature TC, xα)

Wouthuysen-Field (WF) effect
- fall to 1S spin-excited state
after excitation by Lyα

- the efficiency is determined
by the amount of ambient
Lyα (TC)

spin temperature



evolution of spin temperature
CMB temperature
- cool with expansion
as a-1

kinetic temperature
- cool with expansion
as a-2 (non relativistic
fluid)

- heated by X-rays
from galaxies
from some time (z~25)



Big Bang: thermal equi.
z ～ 150
CMB & baryons decouple
frequent atomic collision

z ～ 70
atomic collision less
frequent due to dilution

z ～ 30
WF effect is turned on
by Lyα from first stars

z ～ 25
gas heating and Tspin
exceeds TCMB

evolution of spin temperature
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Big Bang: thermal equi.
z ～ 150
CMB & baryons decouple
frequent atomic collision

z ～ 70
atomic collision less
frequent due to dilution

z ～ 30
WF effect is turned on
by Lyα from first stars

z ～ 25
gas heating and Tspin
exceeds TCMB

evolution of spin temperature
cosmologically
determined

astrophysical
uncertainty

DA offers clean data for cosmology. 
CD & EoR need cooperation of
astrophysics and cosmology!
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Fig. 6.— Size distributions (see definition in text) of ionized
(top panel) and neutral (bottom panel) regions. Curves correspond
to (z, x̄HI) = (10, 0.89), (9.25, 0.79), (8.50, 0.61), (8.00, 0.45),
(7.50, 0.27), (7.00, 0.10), from left to right in the top panel, re-
spectively (or from right to left in the bottom panel). Solid curves
are produced from our simulation while dotted curves correspond
to the analytic mass function. All curves are normalized so that
the probability distribution integrates to unity.

(top panel) and neutral (bottom panel) regions from our
two di!erent simulation boxes. Curves correspond to (z,
x̄HI) = (9.00, 0.80), (8.00, 0.56), (7.00, 0.21), from left
to right in the top panel, respectively (or from right to
left in the bottom panel, respectively). Solid curves are
generated from our fiducial, N = 12003, L = 100 Mpc,
simulation while dashed curves are generated from our
larger simulation with N = 15003, L = 250 Mpc. The
cell size in all ionization maps is 0.5 Mpc on a side, with
the e"ciency parameter, !, adjusted to obtain matching
values of x̄HI, and we set the minimum halo mass to
Mmin = 2.2 ! 108M! even in the higher resolution runs
for easier comparison.

As reionization progresses, an increasing number of
large HII regions are “missed” by the L = 100 Mpc sim-
ulation. Interestingly, the analogous trend in the neutral
region size distributions (bottom panel) is weaker. This is
most likely because the “ionized island” e!ect limits the
size distributions of neutral regions as described above.

4. 21-CM TEMPERATURE FLUCTUATIONS

A natural application of our “simulation” technique is
to predict 21-cm brightness temperatures during reion-
ization. The o!set of the 21-cm brightness temperature
from the CMB temperature, T! , along a line of sight
(LOS) at observed frequency ", can be written as (e.g.
Furlanetto et al. 2006b):

#Tb(")=
TS " T!

1 + z
(1 " e""!0 ) (16)

Fig. 7.— Size distributions of ionized (top panel) and neutral
(bottom panel) regions from di!erent simulation boxes. Curves
correspond to (z, x̄HI) = (9.00, 0.80), (8.00, 0.56), (7.00, 0.21),
from left to right in the top panel, respectively (or from right to
left in the bottom panel). Solid curves are generated from our
fiducial, N = 12003, L = 100 Mpc, simulation while dashed curves
are generated from a larger simulation with N = 15003, L = 250
Mpc. The cell size in all ionization maps is 0.5 Mpc on a side,
with the e"ciency parameter, !, adjusted to get matching values
of x̄HI and the minimum halo mass set to Mmin = 2.2 ! 108M!

for comparison purposes.

#9(1 + z)1/2xHI(1 + #nl)
H

dvr/dr + H
mK,

where TS is the gas spin temperature, $#0
is the opti-

cal depth at the 21-cm frequency "0, #nl is the physical
overdensity (see discussion under eq. 14), H is the Hub-
ble parameter, dvr/dr is the comoving gradient of the
line of sight component of the comoving velocity, and all
quantities are evaluated at redshift z = "0/" " 1. The
final approximation makes the standard assumption that
TS $ T! for all redshifts of interest during reionization
(e.g. Furlanetto 2006) and also that dvr/dr % H . We
verify in our simulation that dvr/dr < H for all neutral
pixels.

Maps of #Tb(x, ") generated in this manner are shown
in Figure 8. All slices are 100 Mpc on a side, 0.5 Mpc
deep, and correspond to (z, x̄HI) = (9.00, 0.74), (8.25,
0.53), (7.50, 0.27), from left to right. The top panels take
into account the velocity correction term in eq. (16),
while the bottom panels ignore it.

As seen in Fig. 8, velocities typically increase the con-
trast in temperature maps, making hot spots hotter and
cool spots cooler. We also see that temperature hot
spots, which correspond to dense pixels, tend to clus-
ter around the edges of HII bubbles, especially smaller
bubbles. This occurs because HII bubbles correlate with
peaks of the density field and long-wavelength biases in
the density field can extend beyond the edge of the ion-
ized region. This enhanced contrast might be useful in
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dependence
X-ray intensity
- heat IGM gas
- sources
QSO, X-ray binary
supernova

- depends on IMF,
binary fraction, etc.

Lyα
- couples TK and Tspin
- depends on IMF,
star formation rate,
etc.

Pritchard & Loeb 2010
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21cm-line observations
2 ways to observe
1. global signal
- average brightness
temperature

- evolution of spin
temperature

2. fluctuations
- fluctuations in
ionization fraction,
baryon density &
spin temperature

- statistics
- ionization bubbles



new probe of DA/CD/EoR
- hydrogen hyperfine structure
- directly probe IGM
- spin temperature
- brightness temperature: presence of CMB
- global signal & fluctuations
- CD/EoR are mixture of cosmology & astrophysics

21cm line for DA-CD-EoR study



4. observation of 21cm line



observation of EoR 21cm line
low frequency telescopes
- MWA (Australia)
- LOFAR (Europe)
- HERA (South Africa)

EoR 21cm line has never
been detected yet!



foregrounds
bright foregrounds
- Galactic synchrotron
- extragalactic radio sources
>> EoR 21cm-line signal

Foregrounds are larger
than signal by 6 orders
in terms of power
spectrum.
Subtraction is vitally
important.
Only upper limits.



detection of global signal?

Instruments : EGDES
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-! photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78!± !1 MHz and has a full-width at half- maximum of !

+19 MHz2
4 , an 

amplitude of . ! .+ .0 5 K0 2
0 5  and a flattening factor of != !

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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高赤方偏移21cm線グローバルシグナルの初検出 ?  
前半 : 結果  
後半 : 解析手法

Instruments : EGDES

Bowman et al. 2018
- EDGES
- absorption in global signal
- 70~80MHz
→ z = 15~20
→ cosmic dawn



a: observed data
c: (observed data) ‒ (power-law foreground)

‒ (absorption signal template)
d: obtained absorption feature

detection of global signal?
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intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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Main result
claimed to be
this feature!



But the absorption depth is about 0.5K,
much larger than theoretical limit (~0.2K).
- systematic error? → needs confirmation
- (astro)physics beyond the standard model?

detection of global signal?

theoretical limit



next-generation low-frequency radio telescope
・high sensitivity, wide field-of-view
ultra-wideband, high angular resolution

・SKA1: 10% (2G€)
・SKA2: 100% (???）
・SKA-low: AU
・SKA-mid: SA
・HQ: UK

Construction has begun
in July/2021!

Square Kilometre Array



SKA-low
・Australia
・50 - 350MHz
・400,000 antennas

SKA-mid
・South Africa
・350MHz - 24GHz
・2,000 dishes

Square Kilometre Array



sensitivity

MWA, LOFAR, HERA: first detection
SKA1: precise statistics
SKA2: imaging



SKA science
Key Science
・cosmic dawn & epoch of reionization
・pulsar & gravitational waves
・cosmic magnetism
・galaxy evolution
・astrobiology
・transients
・cosmology

If you are
interested,
please let me
know.



5. summary



summary
DA/CD/EoR
- last frontier of cosmology & astrophycs
- first stars, first galaxies, first black holes
- so far: CMB E mode, Lyα forest
- new probe: 21cm line

observations
- tiny signal, large foreground
- EDGES result: very interesting!
- MWA/LOFAR/HERA: first detection?
- SKA: new era of CD/EoR study

thank you!


