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Dark Age and 21 cm signal



(of hydrogen)

Cosmic dawn:
The era when the first astrophysical 
sources of light were formed (13<z<27).

Reionization:
Re-ionization of neutral hydrogen atoms 
due to energetic radiation from first 
astrophysical objects formed (6<z<13).

During matter-domination,

t ⇠ t0/(1 + z)3/2
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35.4K(3meV) < T < 73.6K(6.3meV)
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Expanding Universe

Redshift of the wavelength of photon

The decay rate of neutralinos into ALPino and photon is
given by
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with Ca�� = Ca��Z�B where Z�B stands for the Bino fraction of
the neutralino and ✓W denotes Weinberg mixing angle [2]. In
the following, for simplicity, taking pure-Bino limit Z�B ! 1,
we use Ca�� = 1. The lifetime of neutralino can be written as
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The sub-dominant decay mode is �̃! ã+l
++l

� through virtual
photon and Z-boson and the decay rate is
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The number of neutralinos decay events inside the detection
volume can be estimated by multiplying the decay probability
as [16]
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with � = E�/m� being the relativistic gamma factor and � =
v/c. We take E� ' 25 GeV, l = 70 m and �l = 55 m as
reference values. Provided there is no background event and
setting the criteria Ndet < 3 for no observation, we find prospect
of detectability for the model.

The shaded region in Fig. 1 is the expected search reach
of the SHiP experiment on the plane of neutralino mass versus
f
�1
a

. Color di↵erentiate species of the source mesons for neu-
tralino production. The contributions to neutralino production
through neutral B-meson, charged Kaon, ⇢meson, !meson and
� meson turn out to be always negligible, and hence those do
not appear in the figure.

3. Conclusion

In a supersymmetric models with axion/ALP, there exists
its fermionic superpartner, axino/ALPino. For a heavy ALP,
the usual astrophysical bound is not applicable anymore and
the symmetry breaking scale aka ALPs decay constant can be
lower than the typical QCD-axion decay constant. In this letter,
we have studied the possibility to detect ALPino at fixed target
experiments, in particular the SHiP. In R-parity conserved mod-
els, the NLSP neutralinos are produced by the decays of various
mesons and decays into the ALPino LSP and a photon or a pair
of leptons. We find that the SHiP can probe the ALPino decay
constant as large as 106 GeV depending upon the neutralino
mass of the range about from 10 MeV to 1 GeV.

Figure 1: Parameter region where su�cient amount of neutralinos are produced
and decays into ALPino inside the detector is shown on f

�1
a

vs neutralino mass
for µ = 100 TeV and tan � = 10. We take the mass of scalar quarks to be 10 TeV
and those of other SUSY particles to be 100 TeV.

Appendix A. Appendix

to erase

Appendix A.1. Neutralino Production

Then, Osamu proposed to selection rule for diagrams to be
considered; 1) diagrams involve only one squark propagator,
because we consider heavy squark limit. 2) diagrams without
gauge interaction of neutralino, in other words, neutralino re-
garded as pure Bino. 3) flavor changing due to CKM only, we
completely ignore squark induced flavor changing.

It is also possible to consider that the ALPino is NLSP and
neutralino LSP. In this case, ALPinos are produced at target and
then they cay in the decay volume. The productions are via
1) ⇡! � + ALPino + neutralino

2) p p! p p + ALPino + neutralino
3) q qbar! ALPino + neutralino , or q+g! q+ALPino + neu-
tralino.
Here just replaced the V (or gamma) by ALPino + neutralino.
Finally ALPino decay to neutralino and phootn with decay rate,
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Neutralino production:
(1) Meson decay
(2) Scatterings
(3) Bremmstrahlung-like

The neutralinos are produced in the s-channel via Z-boson
or t-channel through squark cxchange [20].

1 + z =
a0

a
(A.2)

3

Dark Age Dark Age:  z = 30~300
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What happens during Dark Age?
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21 cm line from neutral hydrogen

The 21cm photons can be emitted or absorbed by the hydrogen.

<latexit sha1_base64="tHVMuojW7YWAR+wPCHLRKYPUhbc="></latexit>
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spin temperature
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Spin Temperature

Spin temperature is affected by the absorption of microwave photons,  
as well as by resonant scattering of Lyman-alpha photons and atomic 
collisions.

Parameter Space of the Global 21-cm Signal 3

(SKA, Koopmans et al. 2015) are aiming to measure the
power spectrum.

Our goal in this paper is to explore the full param-
eter space of the global 21-cm signal resulting from the
uncertainties in the astrophysical parameters of the high-
redshift universe. Other recent work has focused on extrap-
olating low-redshift observations of galaxies to high redshift
(Madau & Fragos 2016; Mirocha et al. 2016), but we adopt
a more flexible approach. While it will be interesting to use
observations to find out if such extrapolations are accurate,
a priori, this cannot be assumed. Compared to current ob-
servations (which are mostly at relatively low redshift), con-
ditions are very different at redshift 20, e.g., in terms of the
CMB temperature, the cosmic and virial halo densities (of
both the dark matter and gas), the typical mass of galac-
tic halos, and halo merger histories. Thus, the astrophysi-
cal properties of early galaxies could be quite different from
those suggested by extrapolations of observed galaxies, and
it is important to keep an open mind until direct observa-
tional evidence becomes available.

In what follows, as we lay out the large parameter space
possible for the global 21-cm signal, we try to characterize
the properties of this signal and find relations between the
shape of the global signal and the astrophysical parame-
ters at high redshifts. Mirocha et al. (2013) previously ad-
dressed parameter reconstruction using a physical model for
the global signal. In this (as well as the follow-up works by
Mirocha et al. 2015; Harker et al. 2016, where the authors
study how well current and near-future experiments could
constrain the four parameters of their model using the mea-
surements of the signal’s three key points and taking into
account the foreground and the noise), the authors used an-
alytical formulas or simple models that account only for the
mean evolution of the Universe. In contrast, our more realis-
tic simulations include spatial fluctuations in star formation
and take into account the finite effective horizons of the ra-
diative backgrounds, spatially inhomogeneous feedback pro-
cesses, and time delay effects. We also capture a wider pa-
rameter space, as our code includes the possibility of having
substantial star formation in halos below the atomic cooling
threshold, in which case spatially-inhomogeneous processes
such as the streaming velocity and LW feedback play a key
role (and are included in our 21-cm code but not in others).

This paper is organized as follows: In Section 2 we
briefly discuss the general properties of the 21-cm signal as
well as our numerical methods. We present and discuss our
specific choice of the parameters and their ranges in Sec-
tion 3, and show the resulting parameter space spun by the
21-cm signal in Section 4. Finally, we summarize our results
and discuss our conclusions in Section 5.

2 SIMULATED 21-CM SIGNAL

In order to explore the parameter space of the early
universe and produce a library of possible global 21-
cm signals in the redshift range z = 6 − 40 we use a
semi-numerical approach (Mesinger et al. 2011; Visbal et al.
2012; Fialkov et al. 2014). Our code is a combination of
numerical simulation and analytical calculations and has
enough flexibility to explore the large dynamical range of
astrophysical parameters. We simulate large cosmological

volumes of the universe (3843 Mpc3; all distances comoving
unless indicated otherwise) with a 3 Mpc resolution, and the
outcome of the simulation is the resulting inhomogeneous
21-cm signal which for our purposes in this paper we average
over the box. In addition, inhomogeneous backgrounds of
X-ray, Lyα, LW and ionizing radiation at every redshift are
computed. In our simulation, the statistical-generated initial
conditions for structure formation, i.e., the density field and
the supersonic relative velocity between dark matter and
baryons (Tseliakhovich & Hirata 2010; Tseliakhovich et al.
2011; Visbal et al. 2012), are linearly evolved from recombi-
nation to lower redshifts. Using the values of large-scale den-
sity and velocity in each cell, we apply the extended Press-
Schechter formalism (Barkana & Loeb 2004), as modified by
the large scale density fluctuations and the supersonic rel-
ative velocities, to calculate the local fraction of gas in col-
lapsed structures in each pixel and at each redshift. We then
populate each pixel with stars given the star formation effi-
ciency, as described in Section 3. To calculate the intensities
of the various radiative backgrounds we use the star forma-
tion rate (SFR), which is determined by the time derivative
of the collapsed fraction and the SFE. We use the stan-
dard spectra of population II stars from Barkana & Loeb
(2005b) (based on Leitherer et al. (1999)) to determine the
spectrum and intensity of Lyα and LW photons, the strong
LW feedback from Fialkov et al. (2013) (when LW feed-
back is applied), and the standard cosmological parameters
(Planck Collaboration et al. 2014). Star formation is also
subject to the photoheating feedback (Sobacchi & Mesinger
2013; Cohen et al. 2016).

The observed cosmic mean 21-cm brightness tempera-
ture relative to the CMB can be expressed as (Madau et al.
1997; Furlanetto et al. 2006; Barkana 2016):

Tb = 26.8 xHI

(

1 + z
10

)1/2

(1 + δ)

[

1−
TCMB

TS

]

mK, (1)

where xHI is the neutral hydrogen fraction, δ is the matter
overdensity, TCMB is the CMB temperature and TS is the
spin temperature, which can be expressed as:

T−1
S =

T−1
CMB + xcT−1

gas + xαT−1
c

1 + xc + xα
. (2)

Here Tgas is the (kinetic) gas temperature, Tc is the effective
(color) Lyα temperature which is very close to Tgas, and xc

and xα are the coupling coefficients for collisions and Lyα
scattering, respectively. In Eq. (1) we neglect the peculiar
velocity term since in the global signal it averages out to lin-
ear order and adds only a tiny correction (Bharadwaj & Ali
2004; Barkana & Loeb 2005a).

A typical dependence of the sky-averaged signal (“the
21-cm global signal”) on frequency is shown in Figure 1
(black line, our standard case as will be explained below).
Its characteristic structure of peaks and troughs encodes
information about global cosmic events (Furlanetto 2006).
At early times z ! 40 collisions between neutral hydro-
gen atoms and each other (and with other species) drive
TS → Tgas, and the signal is seen in absorption, because in
the absence of heating sources Tgas < TCMB. As the universe
expands and cools, collisions become rare and hydrogen
atoms are driven toward thermal equilibrium with the CMB;
thus, the 21-cm brightness temperature (measured relative
to the CMB temperature) decreases in magnitude and the

c⃝ 2016 RAS, MNRAS 000, 1–16
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Z=20
f=1.42GHz

Z=0
fobs=68MHz

1420 MHz

In the equilibrium with CMB,

[31 - 33] Find each of the following in rectangular form x+ iy.

31. cos(i ln5), 32. e(ip/4)+(ln2)/2, 33. e3ln2�ip

[34 - 35] Evaluate each of the followings.

34. ln(�e), 35. i1/2.

Ts = Tg (2)

2

If 

[31 - 33] Find each of the following in rectangular form x+ iy.

31. cos(i ln5), 32. e(ip/4)+(ln2)/2, 33. e3ln2�ip

[34 - 35] Evaluate each of the followings.

34. ln(�e), 35. i1/2.

Ts > Tg Ts < Tg (2)

2

more absorption

If more emission

[31 - 33] Find each of the following in rectangular form x+ iy.

31. cos(i ln5), 32. e(ip/4)+(ln2)/2, 33. e3ln2�ip

[34 - 35] Evaluate each of the followings.

34. ln(�e), 35. i1/2.

Ts > Tg Ts < Tg (2)

2

441cm21cm



Ki-Young Choi,  Sungkyunkwan University9

Expansion of the Universe: redshift

• Spectroscopy and Redshift

from the object
 moving away

spectrum from the 
object with rest

L
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wavelength

The wavelength from moving away 
becomes longer (Doppler effect).
Comparing the absorption lines,  we can 
calculate the recession velocity of a galaxy
 and cluster.

Analysis of white light by dispersing it
 with a prism is example of spectroscop
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Constraining DM through 21 cm observations 7

Figure 4. Left panel: 21 cm differential brightness temperature as a function of redshift. The solid line shows δTb without decay-
ing/annihilating DM; while the long dashed, short dashed and dotted lines refer to δTb with 25-keV decaying WDM, 10-MeV decaying
LDM and 10-MeV annihilating LDM, respectively. Calculations were performed assuming fabs as in RMF06a. Right: 21 cm differential
brightness temperature as a function of redshift as in the left panel. Calculations were performed assuming fabs = 0.5 for sterile neutrinos
and fabs = 1 in the other cases.

brightness temperature deviation δTb → δTb,0 of the various
models from the standard one, restricted to the realistic fabs
evolution only.

As usual, we start our analysis from the realistic fabs
case. For sterile neutrinos (long-dashed curves) the charac-
teristic absorption feature in the 21 cm background signal
expected at 30 ≤ z ≤ 300 is only slightly modified from the
standard case (solid line): the maximum difference is found
to be only ≈ →2 mK in the range z ∼10→40. Yet, such a
small signature of WDM decays could still be in principle ob-
servable: even modest sized single-dish radio telescopes can
reach the required mK sensitivity in an all sky observation.
The real challenge for the observation is represented by the
ability to disentangle this cosmological signal from the vari-
ous foregrounds (particularly the Galactic synchrotron emis-
sion) which could be several orders of magnitude brighter.
The case of decaying 10-MeV LDM (short-dashed lines in
Fig.4) is more interesting, as the difference with the stan-
dard case are larger. For this case we find that the deviation
is predicted to be ≈ →(5→8) mK in the range 20 < z < 40.
Such an amplitude could be detected by LOFAR or SKA
after a 1000 hour all sky integration and by most single
dish radio telescopes, provide foreground contamination is
taken care of. Finally, when LDM annihilations are consid-
ered, a considerably different δTb evolution is obtained with
respect to the standard case. Larger deviations are present
in the entire range 40 < z < 200, where the energy in-
put of LDM annihilations forces δTb to values larger than
→20 mK, about two times smaller (in absolute value) than
for the standard evolution. Such a large difference could in
principle facilitate discriminating the annihilation scenario
from the standard one. In practice, though, foregrounds and

ionospheric contamination become more severe at the low
observing frequencies implied by these high redshifts.

Although of academic interest only, it is instructive to
compare the constant fabs cases (Fig. 4, right panel) with
the previous results. As seen clearly form the Figure, con-
siderably different conclusions would be drawn. First, sterile
neutrino would drive δTb to positive values, resulting in an
emission signal below z = 20; a similar trend is also obtained
for LDM decays, whose effects are seen in 21 cm emission
with an amplitude of about 10 mK. The results for LDM
annihilation instead do not show appreciable dependencies
on the fabs prescription, for the reasons discussed above.

5 DISCUSSION

From the results obtained in this paper, we conclude that
it is in principle possible to observe the HI 21 cm signal
from the Dark Ages produced by the energy input due to
decays/annihilations of the most popular light/warm DM
candidates. If so, radio observations might represent one of
the most promising tools to study the nature of DM, as dif-
ferent particles are predicted to leave a specific signature
on the signal. The sensitivity required to measure the 21 cm
background signal can be achieved not only by the next gen-
eration of radio interferometers, but also by existing radio
observatories.

However, the various foregrounds (i.e. Galactic free-
free and synchrotron emission, unresolved extra-galactic ra-
dio sources, free-free emission from ionizing sources, syn-
chrotron emission from cluster radio halos and relics) are
much stronger than the cosmological signal, and will cer-
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.
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!Tb = Tb → TCMB



Ki-Young Choi, Sungkyunkwan University, Korea13

6 8  |  N A T U R E  |  V O L  5 5 5  |  1  M A R C H  2 0 1 8

LETTERRESEARCH

observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:

Ω
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 1. The 21-cm global signal as a function of redshift for
our standard case (black line), with red points marking the three
turning points (from left to right: the high-z maximum, the min-
imum, and the low-z maximum). Light-blue lines show the entire
set of realizations of the 21-cm signal for the 193 different as-
trophysical models discussed in this paper and summarized in
Table 1. The full list of models appears in Appendix A.

signal nearly vanishes. When the luminous sources turn on
significantly, the signal reaches a local maximum (still be-
ing observed in absorption). We refer to this point as the
“high-z maximum point”, and it happens at z ∼ 30 for our
standard case (and is equivalent to the turning point B in the
nomenclature of Mirocha et al. (2013)). As the first sources
of Lyα photons turn on, Lyα radiation begins to drive TS

to Tc ∼ Tgas via the Wouthuysen-Field effect (Wouthuysen
1952; Field 1958). This transition normally occurs before
many X-ray sources turn on and thus the signal is seen in
absorption. Once Lyα coupling approaches saturation, and
X-ray sources turn on significantly, the signal reaches its lo-
cal minimum value, ∼ −170 mK in our standard case. We
refer to this point as the “minimum point” (equivalent to
turning point C of Mirocha et al. (2013)), and it occurs at
z ∼ 18 for our standard case. At this time the population
of heating sources steadily increases and the contrast be-
tween Tgas and TCMB decreases. As the X-ray sources heat
the gas, if the gas temperature rises above that of the CMB,
the 21-cm signal is seen in emission. As soon as reionization
starts, the fraction of neutral gas decreases, thus decreasing
the amplitude of the 21-cm signal. In most models (includ-
ing our standard case), X-ray sources manage to heat the
gas above the CMB temperature, and once heating satu-
rates (i.e., reaches Tgas ≫ TCMB), another local maximum,
the “low-z maximum point” (z ∼ 10, turning point D of
Mirocha et al. (2013)), is formed. The advance of reioniza-
tion and decrease of redshift decrease the signal (see Eq. 1),
until the end of reionization makes xHI = 0 and the signal
vanishes (we neglect the small fraction of neutral gas left
over inside galaxies). The three key points (within the rele-
vant redshift range) in the evolution of the signal are marked
with red dots in Figure 1.

3 MODEL DETAILS AND PARAMETER

RANGES

As discussed in the introduction, high-redshift astrophysical
parameters such as the star formation efficiency, X-ray effi-
ciency and SED, and feedback mechanisms, are poorly con-
strained. However, they have a strong impact on the 21-cm
signal, affecting the location and amplitude of the main fea-
tures of the global signal. To survey possible realizations we
ran our simulation code for 193 different sets of astrophysical
parameters chosen from the ranges described below, and an-
alyzed the properties of the global 21-cm signal in each case.
Table 1 presents a brief summary of the considered models,
while the full list of models and their parameter values is in
Appendix A.

3.1 Star Formation Efficiency and Cooling

Channel

The star formation efficiency is believed to vary with halo
mass, redshift and metallicity of the gas, and it also depends
on feedback mechanisms. It strongly affects the shape of
the global 21-cm signal by influencing the amount of radia-
tion produced by stars. For otherwise identical astrophysical
parameters, a higher SFE implies an earlier onset of Lyα
coupling, and a faster build-up of X-ray and ionizing radia-
tion backgrounds. The 21-cm absorption feature is shallower
than in the case of low SFE, because cosmic heating turns
on earlier and the gas does not have as much time to cool
down. As a function of the SFE, all the key points of the
global 21-cm signal are shifted to lower (higher) frequencies
in the case of a higher (lower) SFE.

The high-redshift value of the SFE in the small ha-
los where the first population of stars formed is highly
unconstrained, due to the lack of direct observations.
Existing simulations suggest relatively low values of the
SFE, but show a large scatter (e.g., Wise et al. 2014;
O’Shea et al. 2015; Xu et al. 2016). Based on the low-
redshift observations, typical values of the SFE used in
the literature are a few percent (e.g., Furlanetto et al.
2006; Mesinger et al. 2016; Fialkov et al. 2016). However,
not only is the typical value of the SFE uncertain, its
dependence on halo mass at the low-mass end is unclear
as well (Behroozi & Silk 2015; Mirocha et al. 2016; Mason
2015; Mashian 2016; Sun & Furlanetto 2016). Therefore, as
in Cohen et al. (2016), we consider two possibilities for the
SFE-Mh dependence: a sharp low-mass cutoff

f∗(M) =

{

f∗ Mmin < M ,
0 otherwise ,

(3)

and a gradual low-mass cutoff (Machacek et al. 2001;
Fialkov et al. 2013):

f∗(M) =

⎧

⎨

⎩

f∗ Matomic < M ,

f∗
log(M/Mmin)

log(Matomic/Mmin)
Mmin < M < Matomic ,

0 otherwise ,
(4)

where Mmin is the minimum halo mass for star formation,
Matomic is the minimum halo mass for atomic cooling, and
f∗ is a (constant) parameter that stands for the SFE at the
high-mass end. Here we use f∗ = 5% as our standard value
while also adopting the values 0.5% and 50% when exploring

c⃝ 2016 RAS, MNRAS 000, 1–16

21cm signal from astrophysical models 

[Cohen et.al,1609.02312]
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Early Matter Domination (eMD) 
and Low Reheating Temperature

• Inflaton oscillation

• Thermal inflation

• Curvaton domination

• Heavy axino and saxion

• Moduli

• .....

The Universe is dominated by heavy particles (early matter domination) 
and reheated (radiation domination) by the decay of them. It happens 
for:
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FIG. 1: The evolution of the energy densities of the scalar
(black), radiation (red) and DM (blue) respectively with re-
spect to the initial total energy density. Blue dashed line is the
equilibrium energy density of WIMP, and green dashed lines
denote the asymptotic behavior of radiation energy density.
DM freezes out at a/ai ' 20 and RD starts from a/ai ' 300.

While radiation is produced directly from the decay of
�, DM can be produced in several di↵erent ways [13]. For
simplicity, we assume that DM is produced only from ra-
diation by scatterings and set fm = 0. Even in this case,
a sizable amount of DM can be produced from thermal

plasma. If the interaction of DM with plasma is large
enough, they could be in thermal equilibrium. WIMP
is one such example, which is intimately coupled to the
relativistic plasma and decoupled when T/M ⇠ 1/20, de-
pending on the annihilation cross section h�avi [14]. The
freeze-out may happen during SD or RD after the scalar
decay. For the latter case, there will be no di↵erence from
the thermal WIMP in the standard scenario. Therefore,
in our study, we will focus on the case that WIMPs are
decoupled during SD.

In Figure 1, we show the evolution of the background
energy densities of �, radiation and DM by solving (2)-
(4). During SD, ⇢r scales as ⇢r / a

�3/2 due to the con-
tinuous production from the scalar decay and thus the ef-
fective equation of state during SD is �1/2. DM is frozen
during SD, and its energy density decreases simply pro-
portional to a

�3 after then. However the interactions by
collisions continue until RD.

Evolution of perturbations. Now we consider the evo-
lution of perturbations. For this, we use the Newtonian
gauge with the metric

ds
2 = �(1 + 2�)dt2 + a

2(1� 2 )�ijdx
i
dx

j
. (5)

The perturbation equations can be derived from the
Boltzmann equation for each component (↵ = �, r and
m) and they are given by
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where ✓↵ ⌘ r ·v↵ = @iv
i

↵
is the velocity divergence field,

w� = wm = 0 and wr = 1/3. At leading order of T/M ,
the energy-momentum transfer functions Q↵ and �Q↵

are given by
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where we have put fm = 0. In the above equations,
we have included the elastic scattering cross section be-
tween radiation and DM �e which keeps DM and radi-
ation in kinetic equilibrium until they decouple at Tkd

set by ceh�evi⇢r/M |T=Tkd = H(Tkd), with ce = O(1) be-
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of x = m�/T or a/ai. As inputs we have taken
m� = 5 TeV, Treh = 20 GeV (corresponding to x ' 50 or a/ai ' 104), f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation
of YB, we have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3

h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.

rearranged as [11]
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and the corresponding relic density of DM is
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Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
�/B(��! · · · ) � �/B(�̄�̄! · · · )
�/B(��! · · · ) + �/B(�̄�̄! · · · )

, (17)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (18)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (19)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (18) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that

h�washoutvinBneq

✏h�/Bvin2
�

⌧ 1. (20)

This condition is satisfied when nBneq ⌧ n
2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as

nB = ✏h�/Bvin
2
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2
3H
=

2✏ f���MP
p

3m�

h�/Bvi

h�Avi
⇢1/2
� / a

�3/2, (21)

where we have used Eq. (14) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (22)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,

f�h�Avi >
m�

3MPT
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, (23)

from Eq. (7). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (24), we have used

n�
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3
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Figure 1: The evolution of the energy density of � and radiation (left panel), and Y� and YB (right panel) as a function of a/ai. As inputs we have taken
Treh = 1.3 GeV (corresonding to a/ai ' 105), m� = 1 TeV, f� = 0.01 and h�Avi = 10�7 (soild), 10�8 (dashed), 10�9 (dotted) GeV�2. In the calculation of YB, we
have used ✏ = 0.001 and h�/Bvi = 5 ⇥ 10�3

h�Avi. In the right panel, the cyan dashed line corresponds to the equlibrium number density of DM.

Since the non-thermal DMs are out of equilibrium, a baryon
asymmetry can be generated during the re-annihilation of DMs.
The CP asymmetry, ✏, generated via the B number violating
DM annihilations, can be parametrised as

✏ =
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�/B(��! · · · ) + �/B(�̄�̄! · · · )

, (16)

where �/B(�� ! · · · ) and �/B(�̄�̄ ! · · · ) are the B number
violating annihilation cross sections of DM.

Then the Boltzmann equation for the baryon asymmetry nB

is given by

ṅB + 3HnB = ✏h�/Bvi(n2
� � (neq

� )2) � h�washoutvinBneq , (17)

where �/B is the total B number violating annihilation cross sec-
tion of DM,

�/B = �/B(��! · · · ) + �/B(�̄�̄! · · · ), (18)

which can be comparable to or smaller than the total annihila-
tion of DM, h�/Bvi . h�Avi. The last term in Eq. (17) is the
washout e↵ect, which is expected to be the same order as the
B number violating interaction, �washout ⇠ �/B. For successful
baryogenesis, however, the washout term must be suppressed.

The washout term can be suppressed in the case that
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�

⌧ 1. (19)

This condition is satisfied when nBneq ⌧ n
2
� and/or h�washoutvi ⌧

h�/Bvi. The former can be achieved when one of the final par-
ticles produced from the B number violating annihilation of
DM is non-relativistic while keeping in thermal equilibrium and
thus its number density, neq, is exponentially suppressed.

During the matter-dominated era by �, when ignored the
washout e↵ect, we can find the scaling solution for the baryon
number density as
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where we have used Eq. (13) and t = 2/3H during matter-
domination.

Now let us estimate the baryon asymmetry created in our
scenario in the sudden decay approximation. After reheating,
the number density of the non-thermal DM is

n� = f�n� = f�
⇢�
m�
, (21)

with the number density of �, n� = ⇢�/m�. The DM re-annihilation
can happen when the WIMP annihilation cross section satisfies
the condition,
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from Eq. (6). Therefore the baryon asymmetry is estimated as
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where Y ⌘ n/s with the entropy density s = (2⇡2/45g⇤S )T 3 and
e↵ective entropy degrees of freedom g⇤S . In the second line in
Eq. (23), we have used

n�

s
'

3
4

Treh

m�
. (24)

3. Numerical Results

In the left panel of Fig. 1, we show how the background
energy density of � and the radiation elove along with a/ai for
Treh = 1.3GeV and m� = 1TeV. We can see that the reheating
happens at around a/ai ' 105 and the energy density of the
radiation shows the scaling behavior decreasing proportional to
a
�3/2 before reheating and to a

�3 after reheating, as shown in
the Eq. (12).

3

12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMPy Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by
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where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by
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respectively. Therefore in the following we will focus on the
case of m� = 1 TeV with ⇤ = 1012 GeV, which gives a reheat-
ing temperature lower than the WIMP freeze-out temperature.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T

4, (5)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.
However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Tfr is low enough and thermal particles are
already frozen, the non-thermal DMs can re-annihilate again
into light particles, when their number density is large enough
to satisfy

n�h�Avi > H, (6)

where h�Avi is the thermal averaged total annihilation cross
section of DM. The Hubble parameter H is given by the total
sum of the energy density in the Universe as

H
2 =

1
3M

2
P

(⇢� + ⇢r + ⇢�), (7)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (8)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi
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�̄ ) , (11)

where f� is the branching ratio of � decay to DM, e.g. � !
� + �̄. Here, h�Avi is the baryon-number conserving thermal
averaged annihilation cross section of DM.

When the decay is the dominant source, the approximate
scaling solutions for � and the radiation are given by
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For DMs, they follow the thermal equilibrium initially and soon
freeze out settling into the quasi-stable state where the produc-
tion from decay and the annihilation equals to each other. At
this epoch, the scaling solutions are given by

n� ' n�̄ '
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/ a
�3/2. (13)

After reheating, when there is no more production of non-thermal
DM, the DM annihilation is e�cient and the final abundance is
rearranged as [11]
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and the corresponding relic density of DM is

⌦�h
2
' 0.14

 
90
⇡2g⇤

!1/2✓
m�

100 GeV

◆ 10�8 GeV�2

h�Avi

! 
2 GeV

Treh

!
.

(15)

2

12, 13, 14]. As will be shown later, in this scenario, Sakharov
conditions [15] are satisfied with the violations of C and CP as
well as B number during the re-annihilation of the non-thermal
WIMP DMs 1 which are out-of-equlibrium.

This letter is organized as follows. In Section 2, we show
how non-thermal WIMP can generate baryon asymmetry. Nu-
merical results are presented in Section 3. A simple model to
successfully achieve non-thermal WIMP baryogenesis is pro-
vided in Section 4. We discuss how washout can be suppressed
before the baryon asymmetry is generated. Conclusions are
given in Section 5.

2. Non-thermal WIMPy Baryogenesis

We begin by considering a long-lived heavy particle, �, so
that the corresponding reheating temperature is relatively low.
Using a sudden-decay approximation, the relation between the
reheating temperature and the lifetime, ⌧�, is roughly given by

Treh '

 
90
⇡2g⇤

!1/4 q
MP�� ' 2.5 GeV ⇥

 
10�7 sec
⌧�

!1/2

, (3)

where we used the decay width �� = ⌧�1
� . For a heavy scalar

particle whose interactions to SM particles are suppressed by
a certain high scale ⇤, its decay rate and lifetime are roughly
given by

�� ⇠
1

64⇡

m
3
�

⇤2 , and ⌧� ⇠ 10�7 sec
 

1 TeV
m�

!3 
⇤

1012 GeV

!2

,

(4)

respectively. Therefore in the following we will focus on the
case of m� = 1 TeV with ⇤ = 1012 GeV, which gives a reheat-
ing temperature lower than the WIMP freeze-out temperature.

The decay of � is continuous and even before reaching the
lifetime, i.e. when t ⌧ ⌧�, the relativistic particles and DMs
are produced continuously. Right after the production, they
are non-thermal with the energy of E ⇠ m�/2. The SM parti-
cles which have gauge interactions and large Yukawa couplings
scatter e�ciently and quickly settle down to the thermal equi-
librium with corresponding temperature T , defined by

⇢r =
⇡2

30
g⇤T

4, (5)

where ⇢r is the energy density of the relativistic particles in the
thermal equilibrium with the e↵ective degrees of freedom g⇤.
However for DMs which have weak interactions, their scatter-
ings are relatively slow and do not lead to the thermal equilib-
rium quickly. Instead they stay in the out-of-equilibrium un-
til the re-annihilation happens e�ciently. There is a thermal
component of DM which is produced from the thermal plasma,

1A leptogenesis at the reheating era was considered [16, 17]. Here they
consider the SM particles from the inflaton decay are out-of equilibrium until
the thermalization. During the scattering process, the asymmetry is generated
in the SM sector.

and its number density follows equilibrium and then becomes
frozen at around Tfr ' m�/20. However, the component are
soon dominated by the non-thermal DM.

Even though Tfr is low enough and thermal particles are
already frozen, the non-thermal DMs can re-annihilate again
into light particles, when their number density is large enough
to satisfy

n�h�Avi > H, (6)

where h�Avi is the thermal averaged total annihilation cross
section of DM. The Hubble parameter H is given by the total
sum of the energy density in the Universe as

H
2 =

1
3M

2
P

(⇢� + ⇢r + ⇢�), (7)

where ⇢� is the energy density of DM.
The Boltzmann equations which govern the evolution are

written as

⇢̇� + 3H⇢� = ���⇢� , (8)

⇢̇r + 4H⇢r = (1 � f�)��⇢� + 2h�Avi

✓
m�

2

◆
n�n�̄ , (9)
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nB � nB̄ (4)

dnB

dt
=

X

j

Z
|M(j ! B)|2fj(1� fB)�

X

j

Z
|M(B ! j)|2fB(1� fj) (5)

dnB̄

dt
=

X

j

Z
|M(j ! B̄)|2fj(1� fB̄)�

X

j

Z
|M(B̄ ! j)|2fB̄(1� fj) (6)

d(nB � nB̄)

dt
=

X

j

Z
|M(j ! B)|2 �

X

j

Z
|M(B ! j)|2 (7)

T ⌧ 100MeV nq ' nq̄ YB =
nB � nB̄

s
' nB

s
(8)

k1MeV = 104 Mpc�1 fmax k/Mpc�1 T = 1GeV 107 (9)

10�3 10�6 (10)

Treh & 10MeV� 100MeV (11)

s0 = 7.04n� (12)

⌫e ⌫µ ⌫⌧ � ↵21, ↵31 (13)

H =
v

d
= 5000km/sec/40Mpc = 125km/sec/Mpc (14)
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whereΔk and ϕk are k-dependent constants while AkðtÞ and
BkðtÞ vary in time. Their time dependence is determined by
the elastic scattering term as
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The values of Δk, ϕk, AkðtrehÞ, and BkðtrehÞ are given at the
onset of RD, and for adiabatic modes they are

Δk ¼ −10Φi; ϕk ¼ 0; AkðtrehÞ ¼ −10Φi;

Bad
k ðtrehÞ ¼ −10Φi
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γE −
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where γE ≈ 0.577 is the Euler-Mascheroni constant. Then
on superhorizon scales k ≪ aH we can recover −5Φi=3
during RD. For the modes which enters during RD
(k−1reh < k−1), the solution is [16]
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for hσevi ∝ T2þn, which clearly shows the damping for
k−1 ≪ k−1kd due to the collision with radiation.
Here it is important to note that in Eq. (22) only _Bk

appears. The additional constant term to the adiabatic one is
not damped away even in the kinetic equilibrium and
decoupling periods. As a result, for k−1 ≪ k−1kd , δm is
dominated by the isocurvature perturbation: Bk ¼ Biso

k þ
Bad
k ≃ Biso

k .
Generation of isocurvature perturbation.—For the

modes that enter the horizon during SD after chemical
decoupling of DM, δϕ grows linearly,
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and then logarithmically during RD. Meanwhile, δr grows
during SD, since radiation is continuously produced from
the decay of ϕ. However, after the transition from SD to
RD, this enhancement is lost and δr oscillates with heavily
suppressed amplitude [1].

During kinetic equilibrium, DM is tightly coupled to
radiation, so that θm ≈ θr. Ignoring the effect of DM
annihilation, the relevant equations for δm and δr are, from
Eq. (6),
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where we have neglected Oð1Þ contribution. From SD to
the transition period, both δr and Φ are subdominant
compared to δϕ, and ρr ≈ 2Γϕρϕ=5H. Then the isocurva-
ture perturbation is
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As can be read fromEq. (26), unlike δm, δr is sourced by both
θr and δϕ because there is steady production of radiation
from ϕ. The corresponding isocurvature part becomes Biso

k .
While the isocurvature perturbation can avoid the damp-

ing due to the collision, the diffusion by the free streaming
still exists. Considering the damping effect due to free
streaming, as discussed before we may add a Gaussian
suppression factor to δm as
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where the free streaming scale k−1fr is estimated as (19).
Based on these results, it is straightforward to calculate the

FIG. 3 (color online). Density contrast of DM with
M ¼ 5 TeV, Treh ¼ 0.1 GeV, and Tkd ¼ 0.01 GeV.
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k .
While the isocurvature perturbation can avoid the damp-

ing due to the collision, the diffusion by the free streaming
still exists. Considering the damping effect due to free
streaming, as discussed before we may add a Gaussian
suppression factor to δm as

δm ≈ exp
"
−

k2

2k2fr

$
5

4
Φi

"
k
kreh

$
2

; ð29Þ

where the free streaming scale k−1fr is estimated as (19).
Based on these results, it is straightforward to calculate the

FIG. 3 (color online). Density contrast of DM with
M ¼ 5 TeV, Treh ¼ 0.1 GeV, and Tkd ¼ 0.01 GeV.
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Radiation is still produced from decay of the dominating scalar,
however dark matter is not produced any more.

The difference in the number density creates the isocurvature 
perturbation between dark matter and radiation.

δm ¼ Δk
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whereΔk and ϕk are k-dependent constants while AkðtÞ and
BkðtÞ vary in time. Their time dependence is determined by
the elastic scattering term as

_Ak þ ce
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The values of Δk, ϕk, AkðtrehÞ, and BkðtrehÞ are given at the
onset of RD, and for adiabatic modes they are

Δk ¼ −10Φi; ϕk ¼ 0; AkðtrehÞ ¼ −10Φi;

Bad
k ðtrehÞ ¼ −10Φi

"
γE −

1

2

$
; ð23Þ

where γE ≈ 0.577 is the Euler-Mascheroni constant. Then
on superhorizon scales k ≪ aH we can recover −5Φi=3
during RD. For the modes which enters during RD
(k−1reh < k−1), the solution is [16]
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k ∝ exp

!
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3

p
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$½ð4þnÞ=ð5þnÞ&%
ð24Þ

for hσevi ∝ T2þn, which clearly shows the damping for
k−1 ≪ k−1kd due to the collision with radiation.
Here it is important to note that in Eq. (22) only _Bk

appears. The additional constant term to the adiabatic one is
not damped away even in the kinetic equilibrium and
decoupling periods. As a result, for k−1 ≪ k−1kd , δm is
dominated by the isocurvature perturbation: Bk ¼ Biso

k þ
Bad
k ≃ Biso

k .
Generation of isocurvature perturbation.—For the

modes that enter the horizon during SD after chemical
decoupling of DM, δϕ grows linearly,

δϕðaÞ ¼ −2Φi −
2

3
Φi

!
k

aiHðaiÞ

%
2 a
ai
; ð25Þ

and then logarithmically during RD. Meanwhile, δr grows
during SD, since radiation is continuously produced from
the decay of ϕ. However, after the transition from SD to
RD, this enhancement is lost and δr oscillates with heavily
suppressed amplitude [1].

During kinetic equilibrium, DM is tightly coupled to
radiation, so that θm ≈ θr. Ignoring the effect of DM
annihilation, the relevant equations for δm and δr are, from
Eq. (6),

_δm ≈ −
θr
a
; ð26Þ
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4
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a
þ
Γϕρϕ
ρr

ðδϕ − δrÞ; ð27Þ

where we have neglected Oð1Þ contribution. From SD to
the transition period, both δr and Φ are subdominant
compared to δϕ, and ρr ≈ 2Γϕρϕ=5H. Then the isocurva-
ture perturbation is

SðtrehÞ ≈ −
3
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As can be read fromEq. (26), unlike δm, δr is sourced by both
θr and δϕ because there is steady production of radiation
from ϕ. The corresponding isocurvature part becomes Biso

k .
While the isocurvature perturbation can avoid the damp-

ing due to the collision, the diffusion by the free streaming
still exists. Considering the damping effect due to free
streaming, as discussed before we may add a Gaussian
suppression factor to δm as

δm ≈ exp
"
−

k2

2k2fr

$
5

4
Φi

"
k
kreh

$
2

; ð29Þ

where the free streaming scale k−1fr is estimated as (19).
Based on these results, it is straightforward to calculate the

FIG. 3 (color online). Density contrast of DM with
M ¼ 5 TeV, Treh ¼ 0.1 GeV, and Tkd ¼ 0.01 GeV.
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Creation of Isocurvature Perturbation of WIMP DM
After chemical decoupling and before reheating during scalar-
domination:

[KYChoi, Gong, Shin 2015PRL]
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The 00 component of the perturbed Einstein equation
governs the evolution of the metric perturbations,

Δ
a2

Ψ − 3Hð _ΨþHΦÞ ¼ 1

2m2
Pl
ðρϕδϕ þ ρrδr þ ρmδmÞ:

ð17Þ

In the absence of the anisotropic tensor, we can set Φ ¼ Ψ,
which then closes the above set of equations. This is
possible since ϕ and radiation, which dominate the energy
density, are isotropic in our setup. Note that the effects of
the anisotropic shear and nonvanishing sound speed of
DM, cs ∼

ffiffiffiffiffiffiffiffiffiffi
T=M

p
, can be important after kinetic decou-

pling for scales smaller than the free streaming length k−1fr .
In Ref. [16], it is shown that when the free streaming length
is much shorter than the scale k−1kd that enters the horizon at
the moment of kinetic decoupling, we can take an approxi-
mation that solving the Boltzmann equations first in the
perfect fluid limit while maintaining the elastic scattering,
and then multiplying the solution by the Gaussian sup-
pression term. Actually, this limit is also physically
interesting, because two different damping scales can be
more clearly distinguished.
In this Letter, we consider the hierarchies among scales

as k−1fr < k−1reh < k−1kd , where k
−1
reh is the scale that enters the

horizon at T ¼ Treh. This means that the free streaming
scale enters the horizon during SD and that kinetic
decoupling occurs during RD. The large hierarchy between
k−1fr and k−1kd can be obtained when M is big enough while
the elastic scattering is mediated by a field much lighter
than DM. In this case, the freeze-out abundance also could
be large, but the subsequent dilution by entropy injection
from the scalar decay can provide the correct amount of the
present DM density [17,18]. For WIMP, we find [19]

k−1kd ¼ 0.86
10 MeV
Tkd

"
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#
1=3

"
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#
1=2

pc; ð18Þ

k−1reh ¼ k−1kd
Tkd

Treh
; ð19Þ

k−1fr ¼
Z

t0

tkd

dt
a
cs ≈ k−1kd

ffiffiffiffiffiffiffi
Tkd

M

r
log

"
Tkd

Teq

#
; ð20Þ

where g%s is the effective number of light species for
entropy and Teq ¼ OðeVÞ is the temperature at matter-
radiation equality.
In Fig. 2, we show the evolution of perturbations on three

different scales. During SD, the perturbations are adiabatic
on super-horizon scales since both radiation and DM are
produced from a single source ϕ, which set the initial
values of perturbations as δϕðaiÞ ¼ 2δrðaiÞ ¼ −2Φi and
δmðaiÞ ≈MδrðaiÞ=ð4TiÞ, with Ti being determined from
ρrðaiÞ. During the transition from SD to RD, Φ rescales
from Φi to 10Φi=9 on superhorizon scales and accordingly
δr changes from −Φi to −2ð10=9ÞΦi. Meanwhile, at early
times when DM is in thermal (chemical) equilibrium, δm ∝
a3=8 and is reduced to−5Φi=3 during RDwhich follows the
adiabatic condition δm ¼ 3δr=4.
While for modes which enter the horizon after kinetic

decoupling (k−1kd < k−1), δr oscillates and δm grows loga-
rithmically as shown in the left panel of Fig. 2, for themodes
which enter before kinetic decoupling (k−1reh < k−1 < k−1kd ) δm
oscillates together with δr and is damped, which is known as
collisional damping. The nonvanishing subhorizon entropy
perturbation appears due to the damping of δm as shown in
the middle panel of Fig. 2.
An interesting feature happens for the modes that enter

the horizon during SD but after the free streaming scale
enters (k−1fr < k−1 < k−1reh) as in the right panel of Fig. 2.
During the transition from SD to RD, δm does not follow δr,
and the isocurvature perturbation is generated. In this
period, DM is no longer produced after chemical freeze-
out and the number density is frozen while radiation is still
being produced from ϕ. The continuous entropy injection
becomes the source of the isocurvature perturbation
between DM and radiation. This perturbation still persists
even after kinetic decoupling. Before calculating its ana-
lytic expression we explicitly show why it is not damped
from the solution for δm during RD [16],

FIG. 2 (color online). The evolution of the density contrast of the radiation (red), DM (blue), and the isocurvature perturbation (brown)
with respect to the initial gravitational potential for k−1kd < k−1 (k ¼ 0.1kkd, left), k−1reh < k−1 < k−1kd (k ¼ 5kkd ¼ 0.5kreh, middle), and
k−1fr < k−1 < k−1reh (k ¼ 50kkd ¼ 5kreh ¼ 0.8kfr, right). We have set M ¼ 5 TeV, Treh ¼ 0.1 GeV, and Tkd ¼ 0.01 GeV.
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Horizon entry after reheating Horizon entry during early MD
before reheating

reheating

reheating

kinetic 
decoupling

Damping erases the perturbations.
Enhancement and No damping.

[KYChoi, Gong, Shin 2015]
kinetic 

decoupling
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super
horizon

reheating

kinetic 
decoupling

damping enhancement 
during eMD
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whereΔk and ϕk are k-dependent constants while AkðtÞ and
BkðtÞ vary in time. Their time dependence is determined by
the elastic scattering term as
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The values of Δk, ϕk, AkðtrehÞ, and BkðtrehÞ are given at the
onset of RD, and for adiabatic modes they are

Δk ¼ −10Φi; ϕk ¼ 0; AkðtrehÞ ¼ −10Φi;

Bad
k ðtrehÞ ¼ −10Φi

"
γE −
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where γE ≈ 0.577 is the Euler-Mascheroni constant. Then
on superhorizon scales k ≪ aH we can recover −5Φi=3
during RD. For the modes which enters during RD
(k−1reh < k−1), the solution is [16]
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for hσevi ∝ T2þn, which clearly shows the damping for
k−1 ≪ k−1kd due to the collision with radiation.
Here it is important to note that in Eq. (22) only _Bk

appears. The additional constant term to the adiabatic one is
not damped away even in the kinetic equilibrium and
decoupling periods. As a result, for k−1 ≪ k−1kd , δm is
dominated by the isocurvature perturbation: Bk ¼ Biso

k þ
Bad
k ≃ Biso

k .
Generation of isocurvature perturbation.—For the

modes that enter the horizon during SD after chemical
decoupling of DM, δϕ grows linearly,

δϕðaÞ ¼ −2Φi −
2

3
Φi
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; ð25Þ

and then logarithmically during RD. Meanwhile, δr grows
during SD, since radiation is continuously produced from
the decay of ϕ. However, after the transition from SD to
RD, this enhancement is lost and δr oscillates with heavily
suppressed amplitude [1].

During kinetic equilibrium, DM is tightly coupled to
radiation, so that θm ≈ θr. Ignoring the effect of DM
annihilation, the relevant equations for δm and δr are, from
Eq. (6),

_δm ≈ −
θr
a
; ð26Þ

_δr ≈ −
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þ
Γϕρϕ
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ðδϕ − δrÞ; ð27Þ

where we have neglected Oð1Þ contribution. From SD to
the transition period, both δr and Φ are subdominant
compared to δϕ, and ρr ≈ 2Γϕρϕ=5H. Then the isocurva-
ture perturbation is

SðtrehÞ ≈ −
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Z
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As can be read fromEq. (26), unlike δm, δr is sourced by both
θr and δϕ because there is steady production of radiation
from ϕ. The corresponding isocurvature part becomes Biso

k .
While the isocurvature perturbation can avoid the damp-

ing due to the collision, the diffusion by the free streaming
still exists. Considering the damping effect due to free
streaming, as discussed before we may add a Gaussian
suppression factor to δm as

δm ≈ exp
"
−

k2

2k2fr

$
5

4
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where the free streaming scale k−1fr is estimated as (19).
Based on these results, it is straightforward to calculate the

FIG. 3 (color online). Density contrast of DM with
M ¼ 5 TeV, Treh ¼ 0.1 GeV, and Tkd ¼ 0.01 GeV.
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Damping and Enhancement of Density Perturbation

Large scale Small scale

[KYChoi, Gong, Shin 2015]

suppressed by
free-streaming
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The scale which enters during eMD, is not suppressed during
the kinetic decoupling, and thus there exists smaller scale 

objects than the scale of kinetic decoupling.
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Low-bound on reheating temperature with dark matter
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Low bound on Reheating Temperature

1. Big Bang Nucleosynthesis
: at low-reheating temperature, neutrinos are not fully thermalised
and the light element abundances are changed,

Bounds on low-reheating temperature from small-scale dark matter perturbations
(tentative)
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We investigate new bounds on the low-reheating temperature in a scenario where the Universe
experiences early matter-domination before reheating which begins the standard big bang cosmol-
ogy. In many models of dark matter, the small scale fluctuations of them grow during the early
matter-domination era and seed the formation of the ultracompact minihalos (UCMHs). Using the
constraints on the number of UCMHs given by astrophysical observations such as gamma-ray and
pulsar timing, we can find new bound on the low reheating temperature with around 100MeV in
the early Universe .

PACS numbers: 95.35.+d, 14.80.Ly, 98.80.Cq

Introduction.— The early Universe is very well

known to the temperature below around 1MeV. In other

words, the temperature of the Universe must be higher

than this to be consistent with the current observations

such as big bang nucleosynthesis, cosmic microwave back-

ground and large scale structure formation.

When the reheating temperature is low, the neutrinos

are not thermalized fully and do not have the Fermi-

Dirac distribution. This changes the proton-neutron ra-

tio and also the abundance of
4
He, which sets the limit

on the reheating temperature as Treh & 0.5 � 0.7MeV

(or Treh & 2.5MeV � 4MeV in the case of hadronic de-

cays) [1, 2]. In this low-reheating temperature the oscil-

lation of neutrinos can a↵ect the thermalization too [3].

By combining with cosmic microwave background and

large scale structure data, the bound on the reheating

temperature can be increased [4–6]. From the recent

Planck data, the lower bound was obtained as Treh &
4.7MeV when the neutrino masses are allowed to vary [7].

Before reheating, the Universe is conventionally as-

sumed to be dominated by non-relativistic heavy parti-

cles during those times the Universe undergoes a matter-

like phase. The decay of them produces light thermalised

particles and the standard hot Universe begins. The spe-

cific examples of the early matter-domination before re-

heating are the inflaton oscillation phase after inflation

or the late-time domination of heavy long-lived particles

such as curvaton, moduli or gravitino/axino [8].

When the reheating temperature is low, it is often

that the dark matters are already non-relativistic and

decoupled from the relativistic thermal plasma. Their

density perturbations linearly grow during early matter-

domination and has more possibility to seed the dark

matter substructures such as ultracompact minihalos

(UCMHs), which are expected to survive to the present

time [9, 10]. The precise determination of the present

⇤
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†
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number of UCMHs can provide clues to the early time of

the Universe.

Up to now there is no convincing observation of small

clumps of dark matter and this restricts the number

of UCMHs in the Universe. The bound was used to

put constraints on the primordial power spectrum. The

strongest one comes form the gamma-ray searches by the

Fermi Large Area Telescope, through the annihilation of

dark matters [11, 12]. There are also constraints from

pure gravitational observations using possible small dis-

tortions in the images of macrolensed quasar jets [13],

astrometric microlensing [14] or pulsar timing [15, 16].

In this Letter, we use the limit on the UCMHs abun-

dance to obtain new bound on the low-reheating tem-

perature. Especially using the pulsar timing constraint,

we find the lowest reheating temperature as Treh &
30 � 100MeV in relatively broad models of dark mat-

ter independent on their microscopic properties.

Density perturbation during early matter-

domination.— During the early matter-domination,

the density perturbation of dominating heavy particle,

�, grow linearly as

�� = �2�0 �
2

3
�0

✓
k

aiH(ai)

◆2
a

ai
, (1)

where �� ⌘ �⇢�/⇢�, �0 is the primordial gravitational

potential, H is Hubble parameter, and a is scale factor

with i representing the initial time. Here the comoving

scale k which enters the horizon at the scale factor a

during early mater-domination has a relation with the

reheating scale kreh as

k = kreh

✓
a

areh

◆�1/2

, (2)

where areh (a < areh) is the scale factor at the time of

reheating from the decay of �. The scale of reheating kreh

can be calculated from the standard big bang cosmology
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cays) [1, 2]. In this low-reheating temperature the oscil-

lation of neutrinos can a↵ect the thermalization too [3].

By combining with cosmic microwave background and
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temperature can be increased [4–6]. From the recent

Planck data, the lower bound was obtained as Treh &
4.7MeV when the neutrino masses are allowed to vary [7].
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density perturbations linearly grow during early matter-

domination and has more possibility to seed the dark
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number of UCMHs can provide clues to the early time of

the Universe.

Up to now there is no convincing observation of small

clumps of dark matter and this restricts the number

of UCMHs in the Universe. The bound was used to

put constraints on the primordial power spectrum. The

strongest one comes form the gamma-ray searches by the

Fermi Large Area Telescope, through the annihilation of

dark matters [11, 12]. There are also constraints from

pure gravitational observations using possible small dis-

tortions in the images of macrolensed quasar jets [13],

astrometric microlensing [14] or pulsar timing [15, 16].

In this Letter, we use the limit on the UCMHs abun-

dance to obtain new bound on the low-reheating tem-

perature. Especially using the pulsar timing constraint,

we find the lowest reheating temperature as Treh &
30 � 100MeV in relatively broad models of dark mat-

ter independent on their microscopic properties.

Density perturbation during early matter-
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where �� ⌘ �⇢�/⇢�, �0 is the primordial gravitational

potential, H is Hubble parameter, and a is scale factor

with i representing the initial time. Here the comoving

scale k which enters the horizon at the scale factor a

during early mater-domination has a relation with the

reheating scale kreh as

k = kreh

✓
a

areh

◆�1/2
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where areh (a < areh) is the scale factor at the time of

reheating from the decay of �. The scale of reheating kreh

can be calculated from the standard big bang cosmology

for hadronic decays

[Kwasaki, Kohri, Sugiyama, 1999, 2000]
2. BBN+CMB 
 : precise calculation of the cosmic neutrino background and CMB 

XVIII.

⇢(Treh) < V (131)

⇢(T ) =
⇡
2

30
g⇤T

4 (132)

Treh < 1016 GeV (133)

Treh & 4.7MeV (134)
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New bound on low-reheating temperature

3. Dark matter halos (Ultra Compact Mini-Halos, UCMHs)
: density perturbation during early matter-domination and no 
observation of small scale DM halos.

[KYChoi, Tomo Takahashi, PRD 2017]
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Density grows during eMD and becomes large enough to make UCMHs 
at later epoch, even with almost scale-invariant power spectrum.
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WIMP annihilations in the UCMHs can produce gamma-ryas, 
which might be detected on Earth.
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 Low bound on Treh with WIMP DM of UCMHs

zc=1000

2

where Φ0 is the primordial gravitational potential and
kreh is that for the mode which enters the horizon at the
time of reheating. The wavenumber k for a mode which
enters the horizon during the eMD is related to the scale
factor a and the Hubble parameter H as

k = kreh

(

a

areh

)−1/2

= kreh

(

H

Hreh

)1/3

, (2)

where areh (a < areh) and Hreh are respectively the scale
factor and the Hubble parameter at the time of reheating
due to the decay of non-relativistic heavy particle. The
scale of reheating kreh has a relation to the reheating
temperature as

kreh = 0.012 pc−1

(

Treh

MeV

)(

10.75

g∗s

)1/3
( g∗
10.75

)1/2
, (3)

where g∗ and g∗s are effective degrees of freedom of rel-
ativistic species and entropy, respectively.
When the scale enters before the beginning of the eMD,

then the linear growth is limited to the epoch of eMD as

δχ ≃ −
2

3
Φ0

(

kdom
kreh

)2

for k > kdom, (4)

where kdom denotes the scale which enters the horizon at
the beginning of the eMD.
For WIMPs, they could be still in kinetic equilib-

rium with relativistic plasma for temperature around be-
tween MeV and GeV and the growth might be prevented
even during early matter domination. However recent
study [19] shows that even in kinetic equilibrium, the
subhorizon isocurvature perturbation can be generated
during the eMD as [19]

δχ ≃
5

4
Φ0

(

k

kreh

)2

, (5)

for the scales which enter the horizon during the eMD.
However the density perturbations at small scales are

suppressed due to the free streaming of dark matter. For
super-WIMP case where DM interacts superweakly such
that they are already kinematically decoupled, the free-
streaming scale can be calculated as [8]
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where teq is the time at the radiation-matter equality
and ti is some initial time much before eMD. The scale
factor a with subscript NR, dom, reh, and eq represent

kdom/kreh
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FIG. 1: Constraints on Treh and kdom/kreh for WIMP DM
case. The yellow region is disfavored from Fermi-LAT ob-
servation for the case with kfs > 5 × 107 Mpc−1 where the
free-streaming effect is negligible on the scale probed by the
observations. Cases with kfs = 106 and 107 Mpc−1 are also
shown with purple and blue lines, respectively. The orange
regions is disfavoured by BBN and CMB observations.

the time when DM becomes non-relativistic, the begin-
ning of eMD, the reheating epoch and the time of the
radiation-matter equality, respectively. Here we assume
that super-WIMP becomes non-relativistic before eMD
begins2. For WIMP, one can write it as [18]

k−1
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tkd

v

a
dt ≃
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2π

√
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(7)

where tkd is the time of the kinetic decoupling of WIMP
dark matter with mass mχ, which is assumed to occur
after reheating. Here Tkd is the temperature at tkd and
we put the scale factor at present as unity a0 = 1. DM
fluctuations below this scale (i.e., k > kfs) are suppressed
due to this free-streaming effect, which can be taken into
account by multiplying a factor exp

(

−k2/2k2fs
)

to the
transfer function of δχ.

Bound on the reheating temperature from UCMH.—
The growth of dark matter density fluctuations during
the early matter-domination enhances the formation of
UCMHs after the radiation-matter equality. A large
number of UCMHs can produce various signatures that

2 When the super-WIMP becomes non-relativistic during the
eMD, the mass dependance changes.

[KYChoi, Tomo Takahashi, 2017]

UCMH constraint by Fermi-
LAT from annihilation of 

WIMP DM.
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3962� 3933.7

3933.7
⇥ c = 2158.27km/sec (7)

z =
�� �0

�0
=

v

c
(8)

|⌫1(t)i = e�iHt|⌫1(t)i

' e�ipL

"
cos ✓e

�i

✓
m2

1
2E

◆
L

|⌫m1i+ sin ✓e
�i

✓
m2

2
2E

◆
L

|⌫m2i
#

(9)

⌘, �, !, ⇢0s ⌃0s, ⌅0s, �0s (10)

(E + E0)2 E � m, M 8⇥ 1017 3⇥ 1015 (11)

(E, ~p) (M, 0) (E +M)2 � |~p|2 = m2 + 2EM +M2 ' 2EM (E0,�~p)
(12)

�0 = �+ �c(1� cos ✓) �c =
h

mec
' 2.43⇥ 10�12m (13)

E = h⌫ E  h⌫ � w (14)

(E, ~p) = (�M, �M~v) (15)

� =
E

M
=

1p
1� v2/c2

x0

x
=

x0

�⌧v
(16)

~a0 = �gŷ (17)
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After the discovery Higgs boson, the explanation of the 125 GeV Mass implies mul-TeV
spectrum for the susy particles, which is very consistent with the collider constraints.In this
respect, the natural candidate for DM is TeV Higgsino, which is exciting since the direct
detection exp with 1-tonne can probe them. This Higgsino is the robust solution also present
in a broad class of unified SUSY models. TeV Higgsino also can be probed by the indirect
detection which will be discussed by Viel after my talk.

Not only for WIMP, but the freeze-out of strongly interacting massive particle, SIMP, can
give correct abundance if 3 to 2 scattering is important in the early Unvierse. SIMP can help
to solve the small scale problem of CDM and recently the simple realization was introduced
with WZW term.

How about extremely weakly interaction particles? Maybe they cannot be in thermal equi-
librium in the early Universe, though some small amount can be produced. We can understand
the abundance with this figure for a GeV mass with change the cross section. For WIMP, Y is
suppressed. For weaker interaction, the abundance is increasing but still freeze-out with over-
abundance. But for exteremely wimp, they are not in thermal equilibrium and Y is suppreseed
again give correct abundance.

For this EWIMP, there are 2 cases, case one is that most DM is produced at high tempera-
ture, the other is at small temperature. The special example of the second case is called FIMP,
but FIMP is the new mechanism, which was already studied many times in the literatures in
the axino or RH sneutrino already.

Since EWIMP is not in thermal, their number can be neglected in the Boltzmann eq.
RH side, then the equation is easily integrated and the temperature dependance comes through
cross section.When the cross section is temperature independent like gravitino or axion with has
non-renormalizable interation, the final abundance is proportional to the reheating temperature
linearly. Another example is the heavy mediator, in this case sigma is proportional to T
squared, thus the abundance is cubic of reheating temperature. If DM is heavier than reheating
temperature, sigma depends on T to the 6 and the abundance is 7th of reheating temperature.
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cf) BBN+CMB
[Kwasaki, Kohri, Sugiyama, 1999, 2000]
[Salas et al 2015]

UCMH production from the large perturbation
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WIMP annihilations in the UCMHs can release energy, which might 
affect the thermal history of Universe and 21cm lines.
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Early Matter Domination and 21cm

Early matter domination 

Enhance matter power spectrum at small scales

Change of comoving DM halo density (UCMHs)

DM annihilation changes thermal history of IGM

Impact on the global 21cm observation
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Mass function of UCMH

Press-Schechter theory: non-linear effects on small scales from linear 
power spectrum

5 Mass function

The halo mass function at redshift z can be obtained using Press-Schecter formalism

dn

dM
=

ω̄

M

dF

dM
→ 2

ω̄

M

dε(R, z)

dM
, (23)

where ω̄ is the average matter density, and F (M) is the fraction of mass contained in halos
with mass greater than M. Here, ε(R) is the probability of forming UCMHs for the region
of comoving size R at redshift z,
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1√
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where in the first equality we used an approximation ϱmax = ↗ and the last equality is
valid for ϖ(R) ↘ ϱmin. We also used the derivative of the error function

dErfc(z)
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e
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. (26)

The DM mass variance ϖ
2(R) at a time t given by

ϖ
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2(R, t) =
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0

W
2
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(kR)Pε(k, t)
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k
, (27)

with Wtop↑hat(x) = 3j1(x)/x = 3(sin x ↑ x cos x)/x3 being the top hat window function.
The relation between R and M at a redshift z is given from Eq. (2) and Eq. (3). The
matter power spectrum Pε is related to the primordial curvature perturbation PR(k) as

Pε(k, t) = ς
4
T

2

ε
(ς)PR(k), (28)

with ς = kR/
↓
3 and Tε(ς) is the transfer function for DM. The lower bound ϱmin and the

transfer function Tε are determined in a given model. For early matter domination, refer
to [9].

In a spherical collapse model with energy density ω(t) = ω̄(t)+ ϱω(t), in a linear theory
when the overdensity ϱc = ϱω(tc)/ω̄(tc) becomes

ϱc =
3

4

(
3ϑ

2

)2/3

→ 1.686, (29)
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DM mass variance

2

21-cm signal, and then explore the allowed space of the
related parameter. The conclusions are given in Sec. IV.
Throughout the paper we will use the cosmological pa-
rameters from Planck-2018 results [4].

II. THE MATTER POWER SPECTRUM AT
SMALL SCALES AND THE EVOLUTION OF

IGM

In the standard scenario, the matter power spectrum
resulted from the primordial power spectrum is in a form
of Pm(k) → k

ns . Many other inflation models have been
proposed and suggested that the primordial power spec-
trum could be deviated at small scales while being con-
sistent with existing astronomical measurements at large
scales. For the most inflation models, the deviation of
P(k) is suggested in a form of power law growth at small
scales; see, e.g., Refs [71–79]. In view of these factors,
following Ref. [24], we take the parametrized form of the
matter power spectrum as follows

Pm(k) =

{
Amk

ns k ↑ kp

Amk
ns
p

(
k
kp

)ms

k > kp
(1)

where the pivot scale kp
>→ 10 Mpc→1 in order to be

consistent with the available astronomical observations.
The matter power spectrum at redshift z can be written
as

Pm(z, k) = Pm(k)T 2(k)
D

2(z)

D2(0)
, (2)

where D(z) is the growth factor [80, 81], and T (k) is
transfer function [82]. Am is a constant normalized as
ω8 = 0.8, where ω8 is the root mean square mass fluctua-
tion in a sphere of radius 8h→1 Mpc. The mass variance
ω
2(z) is written as follows

ω
2(z,M) =

∫
dk

k

k
3
Pm(z, k)

2ε2
W

2(kR), (3)

where W (x) is the window function and we use the form
as

W (x) =
3 (sinx ↓ xcosx)

x3
. (4)

Since the changes of Pm(k) investigated here are
mainly on small scales, nonlinear e!ects are very im-
portant. There are several ways to deal with nonlinear
e!ects. For the purpose of this work, one way is us-
ing the Zeldovich approximation or Lagrangian pertur-
bation theory [83–85]. Another way is using the Press-
Schechter(PS) theory [86], which has been proved to be

valid and wildly used in literature see, e.g., Refs. [87–
89]. The evolution of nonlinear e!ects will result in the
collapse of the regions with large density perturbation.
Although on small scales the mass variance ω

2 calcu-
lated using the linear power spectrum is di!erent from
that of nonlinear power spectrum, PS theory shows that
the collapsed fraction can be obtained using the linear
power spectrum. In this work, we will use PS theory
to deal with nonlinear e!ects on small scales. On the
other hand, since we mainly focused on the e!ects of
dark matter annihilation within dark matter halos, there
is another method of calculating the ’boost factor’(BF)
to deal with nonlinear e!ects. The BF can be obtained by
directly integrating the nonlinear matter power spectrum
for investigated scales at di!erent redshifts [61, 90, 91].
Essentially, this method is the same as the PS theory.
For the Press-Schecter mass function, the comoving

number density of DM halos is in a form of [92]

dn(z,M)

dM
=

√
2

ε

ϑ0

M

ϖc

ω2

dω

dM
exp
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where ϖc = 1.686 is the threshold for spherical col-
lapse. In Fig. 1, we plot the comoving number density
of DM halos for di!erent values of ms = 1.30 and 1.60
at redshift z = 15 for pivot scale kp = 100 Mpc→1.
For comparison, we also plot the standard scenario with
ms = ns = 0.96 [4]. From this plot, it can be seen
that the deviation of the matter power spectrum at small
scales results in an increase of the comoving number den-
sity of DM halos with small masses. Since we have set
the pivot scale kp = 100 Mpc→1, compared with the stan-
dard scenario, the significant di!erence appears for the
masses of M <→ 6 ↔ 105 M↑.
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FIG. 1. Comoving number density of dark matter halos for
di!erent values of ms = 1.30 and 1.60 at redshift z = 15 for
the pivot scale kp = 100 Mpc→1. We also plot the standard
scenario for comparison (ms = ns = 0.96, thin solid black
line).

Taking into account the DM annihilation, the energy
release rate per unit volume can be written as [24, 30–
32, 38, 93]

with
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where →ωv↑ is the thermally averaged cross section of
DM annihilation, and mω is the mass of DM particle.
ϑω(r) is the density profile of DM halos and we adopt the
Navarro-Frenk-White model for our calculations [94].

The energy released from DM annihilation can inject
into the Universe resulting in the changes of the thermal
history of IGM. The evolutions of the ionization fraction
xe and kinetic temperature Tk of the IGM are governed
by the following equations [11, 30, 33, 95]:
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where Rs(z) is the standard recombination rate, Is(z) is
the ionization rate by standard sources. IDM and KDM

are the ionization and heating rate by DM annihilation,
which can be written as follows [11, 30, 33, 60, 95],
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where nb stands for the baryon number density and E0 =
13.6 eV. f(z) is the fraction of the energy released from
DM annihilation injected into the IGM for ionization and
heating, respectively. Here we have used the public code
ExoCLASS [96], a branch of the public code CLASS [97],
to calculate f(z) numerically.

III. THE IMPACT OF THE DEVIATION ON
THE GLOBAL 21-CM SIGNAL AND
CORRESPONDING CONSTRAINTS

The quantity associated with the observations describ-
ing the global 21-cm signal is the di!erential brightness
temperature ϖT21. Relative to the CMB background,
ϖT21 can be written as follows [39, 43, 98]
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where ”b and ”m are the density parameters of bary-
onic matter and DM, respectively. h is the reduced
Hubble constant. Ts is the spin temperature, which is
mainly e!ected by background photons, collisions be-
tween the particles and resonant scattering of Lyϱ pho-
tons (Wouthuysen-Field e!ect) [47, 48]. Taking into ac-
count these factors and with CMB as main background,
the spin temperature can be written as follows [29, 43]

Ts =
TCMB + (yε + yc)Tk

1 + yε + yc
, (12)

where yε is related to the Wouthuysen-Field e!ect and
we adopt the formula used in, e.g., Refs. [11, 29, 99]:
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where A10 = 2.85 ↔ 10→15
s
→1 is the Einstein coe#cient

of hyperfine spontaneous transition. Tϑ = 0.068K corre-
sponds to the energy changes between triplet and singlet
states of neutral hydrogen atom. P10 is the radiative de-
excitation rate due to Lyϱ photons [47, 48]. The factor
yc involves collisions between hydrogen atoms and other
particles [29, 39, 44, 99, 100],

yc =
(CHH + CeH + CpH)Tϑ

A10Tk
, (14)

where CHH,eH,pH are the deexcitation rate due to colli-
sions and the fitted formulas can be found in Refs. [39,
44, 99, 100].
In order to explore the conservative allowed space of

relevant parameter, following previous works [38, 60],
here we have not included any astrophysical heating
source. The main astrophysical source a!ecting the
global 21-cm signal is the Lyϱ photons related to the
Wouthuysen-Field e!ect [48, 60, 101–106]. Here we have
considered that the Lyϱ photons are mainly from Pop II
stars. We take the virial temperature of a halo Tvir =
104 K corresponding to the minimum halo mass. For the
star formation e#ciency fϑ, we have set fϑ = 0.05 for
our calculations, and we found that larger fϑ will slightly
increase the amplitude of ϖT21 at redshift z = 17. We
take the total number of photons from the Pop II stars
between the Lyϱ and the Lyman limits as Ntot = 9690.
Based on these choices, we can obtain the global 21-cm
signal at redshift z = 17 with the maximum amplitude
allowed within a reasonable range of parameters.
After deriving the energy release rate per unit vol-

ume due to DM annihilation as shown in Eq. (6), one
can get the changes of xe, Tk and Ts with redshift z

using Eqs. (7), (8) and (12). In order to include the
e!ects of DM annihilation, we have modified the pub-
lic code RECFAST in CAMB1 to solve the di!erential
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(SKA, Koopmans et al. 2015) are aiming to measure the
power spectrum.

Our goal in this paper is to explore the full param-
eter space of the global 21-cm signal resulting from the
uncertainties in the astrophysical parameters of the high-
redshift universe. Other recent work has focused on extrap-
olating low-redshift observations of galaxies to high redshift
(Madau & Fragos 2016; Mirocha et al. 2016), but we adopt
a more flexible approach. While it will be interesting to use
observations to find out if such extrapolations are accurate,
a priori, this cannot be assumed. Compared to current ob-
servations (which are mostly at relatively low redshift), con-
ditions are very different at redshift 20, e.g., in terms of the
CMB temperature, the cosmic and virial halo densities (of
both the dark matter and gas), the typical mass of galac-
tic halos, and halo merger histories. Thus, the astrophysi-
cal properties of early galaxies could be quite different from
those suggested by extrapolations of observed galaxies, and
it is important to keep an open mind until direct observa-
tional evidence becomes available.

In what follows, as we lay out the large parameter space
possible for the global 21-cm signal, we try to characterize
the properties of this signal and find relations between the
shape of the global signal and the astrophysical parame-
ters at high redshifts. Mirocha et al. (2013) previously ad-
dressed parameter reconstruction using a physical model for
the global signal. In this (as well as the follow-up works by
Mirocha et al. 2015; Harker et al. 2016, where the authors
study how well current and near-future experiments could
constrain the four parameters of their model using the mea-
surements of the signal’s three key points and taking into
account the foreground and the noise), the authors used an-
alytical formulas or simple models that account only for the
mean evolution of the Universe. In contrast, our more realis-
tic simulations include spatial fluctuations in star formation
and take into account the finite effective horizons of the ra-
diative backgrounds, spatially inhomogeneous feedback pro-
cesses, and time delay effects. We also capture a wider pa-
rameter space, as our code includes the possibility of having
substantial star formation in halos below the atomic cooling
threshold, in which case spatially-inhomogeneous processes
such as the streaming velocity and LW feedback play a key
role (and are included in our 21-cm code but not in others).

This paper is organized as follows: In Section 2 we
briefly discuss the general properties of the 21-cm signal as
well as our numerical methods. We present and discuss our
specific choice of the parameters and their ranges in Sec-
tion 3, and show the resulting parameter space spun by the
21-cm signal in Section 4. Finally, we summarize our results
and discuss our conclusions in Section 5.

2 SIMULATED 21-CM SIGNAL

In order to explore the parameter space of the early
universe and produce a library of possible global 21-
cm signals in the redshift range z = 6 − 40 we use a
semi-numerical approach (Mesinger et al. 2011; Visbal et al.
2012; Fialkov et al. 2014). Our code is a combination of
numerical simulation and analytical calculations and has
enough flexibility to explore the large dynamical range of
astrophysical parameters. We simulate large cosmological

volumes of the universe (3843 Mpc3; all distances comoving
unless indicated otherwise) with a 3 Mpc resolution, and the
outcome of the simulation is the resulting inhomogeneous
21-cm signal which for our purposes in this paper we average
over the box. In addition, inhomogeneous backgrounds of
X-ray, Lyα, LW and ionizing radiation at every redshift are
computed. In our simulation, the statistical-generated initial
conditions for structure formation, i.e., the density field and
the supersonic relative velocity between dark matter and
baryons (Tseliakhovich & Hirata 2010; Tseliakhovich et al.
2011; Visbal et al. 2012), are linearly evolved from recombi-
nation to lower redshifts. Using the values of large-scale den-
sity and velocity in each cell, we apply the extended Press-
Schechter formalism (Barkana & Loeb 2004), as modified by
the large scale density fluctuations and the supersonic rel-
ative velocities, to calculate the local fraction of gas in col-
lapsed structures in each pixel and at each redshift. We then
populate each pixel with stars given the star formation effi-
ciency, as described in Section 3. To calculate the intensities
of the various radiative backgrounds we use the star forma-
tion rate (SFR), which is determined by the time derivative
of the collapsed fraction and the SFE. We use the stan-
dard spectra of population II stars from Barkana & Loeb
(2005b) (based on Leitherer et al. (1999)) to determine the
spectrum and intensity of Lyα and LW photons, the strong
LW feedback from Fialkov et al. (2013) (when LW feed-
back is applied), and the standard cosmological parameters
(Planck Collaboration et al. 2014). Star formation is also
subject to the photoheating feedback (Sobacchi & Mesinger
2013; Cohen et al. 2016).

The observed cosmic mean 21-cm brightness tempera-
ture relative to the CMB can be expressed as (Madau et al.
1997; Furlanetto et al. 2006; Barkana 2016):

Tb = 26.8 xHI

(

1 + z
10

)1/2

(1 + δ)

[

1−
TCMB

TS

]

mK, (1)

where xHI is the neutral hydrogen fraction, δ is the matter
overdensity, TCMB is the CMB temperature and TS is the
spin temperature, which can be expressed as:

T−1
S =

T−1
CMB + xcT−1

gas + xαT−1
c

1 + xc + xα
. (2)

Here Tgas is the (kinetic) gas temperature, Tc is the effective
(color) Lyα temperature which is very close to Tgas, and xc

and xα are the coupling coefficients for collisions and Lyα
scattering, respectively. In Eq. (1) we neglect the peculiar
velocity term since in the global signal it averages out to lin-
ear order and adds only a tiny correction (Bharadwaj & Ali
2004; Barkana & Loeb 2005a).

A typical dependence of the sky-averaged signal (“the
21-cm global signal”) on frequency is shown in Figure 1
(black line, our standard case as will be explained below).
Its characteristic structure of peaks and troughs encodes
information about global cosmic events (Furlanetto 2006).
At early times z ! 40 collisions between neutral hydro-
gen atoms and each other (and with other species) drive
TS → Tgas, and the signal is seen in absorption, because in
the absence of heating sources Tgas < TCMB. As the universe
expands and cools, collisions become rare and hydrogen
atoms are driven toward thermal equilibrium with the CMB;
thus, the 21-cm brightness temperature (measured relative
to the CMB temperature) decreases in magnitude and the
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ciency, as described in Section 3. To calculate the intensities
of the various radiative backgrounds we use the star forma-
tion rate (SFR), which is determined by the time derivative
of the collapsed fraction and the SFE. We use the stan-
dard spectra of population II stars from Barkana & Loeb
(2005b) (based on Leitherer et al. (1999)) to determine the
spectrum and intensity of Lyα and LW photons, the strong
LW feedback from Fialkov et al. (2013) (when LW feed-
back is applied), and the standard cosmological parameters
(Planck Collaboration et al. 2014). Star formation is also
subject to the photoheating feedback (Sobacchi & Mesinger
2013; Cohen et al. 2016).

The observed cosmic mean 21-cm brightness tempera-
ture relative to the CMB can be expressed as (Madau et al.
1997; Furlanetto et al. 2006; Barkana 2016):

Tb = 26.8 xHI

(

1 + z
10

)1/2

(1 + δ)

[

1−
TCMB

TS

]

mK, (1)

where xHI is the neutral hydrogen fraction, δ is the matter
overdensity, TCMB is the CMB temperature and TS is the
spin temperature, which can be expressed as:

T−1
S =

T−1
CMB + xcT−1

gas + xαT−1
c

1 + xc + xα
. (2)

Here Tgas is the (kinetic) gas temperature, Tc is the effective
(color) Lyα temperature which is very close to Tgas, and xc

and xα are the coupling coefficients for collisions and Lyα
scattering, respectively. In Eq. (1) we neglect the peculiar
velocity term since in the global signal it averages out to lin-
ear order and adds only a tiny correction (Bharadwaj & Ali
2004; Barkana & Loeb 2005a).

A typical dependence of the sky-averaged signal (“the
21-cm global signal”) on frequency is shown in Figure 1
(black line, our standard case as will be explained below).
Its characteristic structure of peaks and troughs encodes
information about global cosmic events (Furlanetto 2006).
At early times z ! 40 collisions between neutral hydro-
gen atoms and each other (and with other species) drive
TS → Tgas, and the signal is seen in absorption, because in
the absence of heating sources Tgas < TCMB. As the universe
expands and cools, collisions become rare and hydrogen
atoms are driven toward thermal equilibrium with the CMB;
thus, the 21-cm brightness temperature (measured relative
to the CMB temperature) decreases in magnitude and the

c⃝ 2016 RAS, MNRAS 000, 1–16
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.
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Impact of radiation from primordial black holes on the 21-cm angular-
power spectrum in the dark ages [Yupeng Yang, 2022]
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Summary

• The smallest scale of objects

38

• Early Matter Domination (eMD) occurs often.

:  Density perturbation can grow during eMD

: More PBH/UCMHs can develop and exists, where DM annihilates 
and may change the thermal history of Universe, including 21cm 
lines.

• Bound on eDM: duration and the reheating temperature

: The deviation of brightness temperature can be used to constrain
the physics of  eDM 
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Thank You!
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