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Dark matter

• Existence of dark matter

ü Lots of astro/cosmological observations       

(rotation curve, LSS, CMB)

©Planck

from SDSSUnknown ``weakly” interacting particles?

�
SUSY particles (WIMP LSP)�
QCD axion,  sterile neutrino, 

Axion Like Particles (string theory) …

Basically, gravitational interaction



unknown particles?

• lots of particle experiments axion - photon coupling

©Majorovits (MADMAX)

©Snowmass project (2013)

©IceCube collabo.

Sterile neutrino

è No evidence …
è Beyond standard ``WIMP”?



Basically, only gravitational interaction

BHs as DM 

• How about other candidates?

Black holes��
However, 

Success of standard big bang model

Star formation era

©ESA

Dark matter dominated era

It is completely difficult to explain the dark matter 
by standard astrophysical black holes (steller BHs) … 

How about if BH could be formed in the early Universe?
è Primordial black hole!!



Basics of PBH 

• Primordial Black Hole (PBH)
ü BHs formed in the early Universe (after inflation)

ü direct gravitational collapse of a overdense region (horizon scale)

ü mass of formed BH ~ Hubble horizon mass at the formation

Zeldovich and Novikov (1967)
Hawking (1971)
Carr and Hawking (1974), …

straints over the full relevant mass range. The code em-
ployed in our calculations is similar to the one used by
Kawasaki et al. [164] in studying the effects of decaying
particles on BBN.

The plan of the paper is as follows. Section II describes
the background equations and defines various quantities
related to PBHs. Section III reviews black hole evaporation
and the effects of quark-gluon emission. Section IV then
discusses the constraints deriving from cosmological nu-
cleosynthesis effects, while Sec. V discusses the ones
associated with the photon background. Section VI com-
bines both constraints in a single !ðMÞ diagram for the
mass range 109– 1017 g and then discusses some other
(mainly less stringent) constraints in this mass range.
Section VII summarizes the most important limits in
mass ranges associated with larger nonevaporating PBHs.
Section VIII collects all the constraints together into a
single ‘‘master’’ !ðMÞ diagram and draws some general
conclusions. It should be stressed that Secs. VI and VII
include quite a lot of review of previous work but it is
useful to bring all the results together and we have eluci-
dated earlier work where appropriate. Throughout most of
this paper we assume that the PBHs have a monochromatic
mass function, but allowing even a small range of masses
around 1015 g would have interesting observational con-
sequences, especially for the EGB limits. However, this
discussion is rather technical, so it is relegated to an
Appendix.

II. DEFINITIONS AND DESCRIPTION OF
BACKGROUND COSMOLOGY

In this section, we present some relevant definitions and
background equations. We assume that the standard
!CDM model applies, with the age of the Universe being
t0 ¼ 13:7 Gyr, the Hubble parameter being h ¼ 0:72 and
the time of photon decoupling being tdec ¼ 380 kyr
[165,166]. Throughout the paper we put c ¼ @ ¼ kB ¼
1. The Friedmann equation in the radiation era is

H2 ¼ 8"G

3
# ¼ 4"3G

45
g$T

4; (2.1)

where g$ counts the number of relativistic degrees of
freedom. This can be integrated to give
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where g$ and T are normalized to their values at the start of
the BBN epoch. Since we are only considering PBHs
which form during the radiation era (the ones generated
before inflation being diluted to negligible density), the
initial PBH mass M is related to the ‘‘standard’’ particle
horizon massMPH (which is not the actual particle horizon
mass in the inflationary case) by

M ¼ $MPH ¼ 4"

3
$#H& 3 % 2:03 ' 105$

!
t

1 s

"
M(:

(2.3)

Here $ is a numerical factor which depends on the details
of gravitational collapse. A simple analytical calculation
suggests that it is around ð1=

ffiffiffi
3

p
Þ3 % 0:2 during the radia-

tion era [4], although the first hydrodynamical calculations
gave a somewhat smaller value [5]. The favored value has
subsequently fluctuated as people have performed more
sophisticated computations but now seems to have returned
to the original one [167]. However, as mentioned earlier,
the effect of critical phenomena could in principle reduce
the value of $, possibly down to 10& 4 [168], as could a
reduction in the pressure [44– 46]. On the other hand, if the
overdensity from which the PBH forms is ‘‘noncompen-
sated’’ (i.e. not surrounded by a corresponding underden-
sity), subsequent accretion could generate an eventual PBH
mass well above the formation mass, leading to an ‘‘effec-
tive’’ value of $ much larger than 1 [6]. In view of the
uncertainties, we will not specify the value of $ in what
follows.
Throughout this paper we assume that the PBHs have a

monochromatic mass function, in the sense that they all
have the same mass M. This simplifies the analysis con-
siderably and is justified providing we only require limits
on the PBH abundance at particular values ofM. Assuming
adiabatic cosmic expansion after PBH formation, the ratio
of the PBH number density to the entropy density, nPBH=s,
is conserved. Using the relation # ¼ 3sT=4, the fraction of
the Universe’s mass in PBHs at their formation time is then
related to their number density nPBHðtÞ during the radiation
era by
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where the subscript ‘‘i’’ indicates values at the epoch of
PBH formation and we have assumed s ¼ 8:55 '
1085 Gpc& 3 today. g$i is now normalized to the value of
g$ at around 10

& 5 s since it does not increase much before
that in the standard model and that is the period in which
most PBHs are likely to form. The current density parame-
ter for PBHs which have not yet evaporated is given by
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straints over the full relevant mass range. The code em-
ployed in our calculations is similar to the one used by
Kawasaki et al. [164] in studying the effects of decaying
particles on BBN.

The plan of the paper is as follows. Section II describes
the background equations and defines various quantities
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discusses the constraints deriving from cosmological nu-
cleosynthesis effects, while Sec. V discusses the ones
associated with the photon background. Section VI com-
bines both constraints in a single !ðMÞ diagram for the
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(mainly less stringent) constraints in this mass range.
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this paper we assume that the PBHs have a monochromatic
mass function, but allowing even a small range of masses
around 1015 g would have interesting observational con-
sequences, especially for the EGB limits. However, this
discussion is rather technical, so it is relegated to an
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mass well above the formation mass, leading to an ‘‘effec-
tive’’ value of $ much larger than 1 [6]. In view of the
uncertainties, we will not specify the value of $ in what
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on the PBH abundance at particular values ofM. Assuming
adiabatic cosmic expansion after PBH formation, the ratio
of the PBH number density to the entropy density, nPBH=s,
is conserved. Using the relation # ¼ 3sT=4, the fraction of
the Universe’s mass in PBHs at their formation time is then
related to their number density nPBHðtÞ during the radiation
era by

!ðMÞ ) #PBHðtiÞ
#ðtiÞ

¼ MnPBHðtiÞ
#ðtiÞ

¼ 4M

3Ti

nPBHðtÞ
sðtÞ

% 7:98 ' 10& 29$& 1=2

!
g$i

106:75

"
1=4

!
M

M(

"
3=2

'
!
nPBHðt0Þ
1 Gpc& 3

"
; (2.4)

where the subscript ‘‘i’’ indicates values at the epoch of
PBH formation and we have assumed s ¼ 8:55 '
1085 Gpc& 3 today. g$i is now normalized to the value of
g$ at around 10

& 5 s since it does not increase much before
that in the standard model and that is the period in which
most PBHs are likely to form. The current density parame-
ter for PBHs which have not yet evaporated is given by

"PBH ¼ MnPBHðt0Þ
#c

%
!

!ðMÞ
1:15 ' 10& 8

"!
h

0:72

"& 2
$1=2

!
g$i

106:75

"& 1=4

'
!
M

M(

"& 1=2
; (2.5)

CARR et al. PHYSICAL REVIEW D 81, 104019 (2010)

104019-4

especially for the PBH formed in the radiation-dominated era
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``Conservative” constraints

Niikura et al.; 1710.02151v3

Dark matter window !!

HSC



10 BH-BH merger events and 1 NS-NS

©LIGO/VIRGO collaboration

Existence of about 30 M_sun BH !!!

çè transients



OGLE-IV (data) results 
-exoplanet search -

OGLE (Optical Gravitational Lensing Experiment) IV;

5-years monitoring observations of stars in the Galactic bulge

Udalski, Szymanski, Szymanski, 1504.05966

26
A

.
A

.

Fig. 13. OGLE-IV sky coverage in the Galactic coordinates. Credit: Jan Skowron.
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Fig. 15. OGLE-IV Galactic center fields. Cadence of observations of the inner Galactic bulge microlensing fields is color-coded. On average: red fields – one
observation every 19 minutes throughout the visibility of the field (z < 62 deg), yellow fields – one observation per hour, green fields – 2–3 observations per night,
dark blue fields – one observation per night, cyan fields – one observation per two nights. Silver color marks additional fields which were regularly observed in the
years 2010–2013. Transparent fields in the outer Galactic bulge and beige fields of the Galactic disk are monitored during the OGLE Galaxy Variability Survey
(see also Fig. 21). Credit: Jan Skowron, background photograph: Krzysztof Ulaczyk.

çè stars and planet



Earth-mass PBHs???
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Figure 1 Observed distribution of timescales of 2,617 high-quality microlensing

events discovered by OGLE in 2010–2015. The purple line is the best-fitting model. The

dotted line constrains the 95% confidence limit on the number of wide-orbit or unbound

Jupiter-mass planets of 0.25 planets per star. The dashed red line is the best-fitting model

from ref. 11 predicting almost two Jupiter-mass free-floating planets per star. According

to that model we should find 64 events with 0.3 < tE < 1.8 d, but only 21 were observed

(the discrepancy is even larger for events with 0.3 < tE < 1.3 d, where 6 events were

found out of 42 expected). We detected six possible ultrashort-timescale events (tE < 0.5

d), which may be due to Earth-mass free-floating planets (grey histogram). Solid (dotted)

green lines mark the expected microlensing signal assuming 5M� planets five (ten) times

more frequent than stars. Error bars are the 1� Poisson uncertainties on the counts of the

10

Mroz et al. arXiv:1707.07634
6 microlensing events with short-time scale

è detection of earth mass PBHs?
maybe updated..



Earth mass BHs, LIGO BHs and DM

PTA

Possible detection
by LIGO/VIRGO ?
(or upper limit)

Dark matter window !!

Detected by OGLE?

Sasaki, Suyama, Tanaka, SY (2016),
Niikura, Takada, SY, Sumi, Masaki (2019)



Earth mass BHs, LIGO BHs and DM

PTA

Possible detection
by LIGO/VIRGO ?
(from event rate

estimation)

Dark matter window !!

Detected by OGLE?

Sasaki, Suyama, Tanaka, SY (2016),
Niikura, Takada, SY, Sumi, Masaki (2019)

good target for SKA !



Can we probe PBH-DM by SKA?

• SKA as a probe of high redshift Universe

Ø Mena et al. (2019), and more, ..

photons emitted by accretion of matter onto PBHs even in the high redshift Universe 

change the ionization/thermal  history

çè EoR

Tashiro and Sugiyama (2012), Poulin et al. (2017)

7

FIG. 1. Free electron fraction, xe, as a function of redshift, including the contribution of a monochromatic PBH population
with mass MPBH = 100M�, for di↵erent PBH dark matter fractions fPBH =

�
10�2, 10�3, 10�4,. 10�4

�
. The standard

scenario with fPBH = 0 is denoted by the solid black line. We use fiducial astrophysical parameters: (⇣UV, ⇣X, Tmin, N↵) =�
50, 2⇥ 1056 M�1

� , 5⇥ 104 K, 4000
�
; see Section IV.1.

The aforementioned modifications to the free electron fraction, temperature of the gas, and Lyman-↵ flux are
incorporated by modifying the publicly available codes cosmorec/Recfast++ [159–161], relevant at high redshifts
when astrophysical mechanisms can be neglected, and 21cmFAST [162], relevant at low redshifts when astrophysical
mechansims, such as ionization and heating from stars and X-ray binaries, are relevant. Figures 1 and 2 show the
redshift evolution of the free electron fraction and the kinetic gas temperature for a population of PBHs with mass
MPBH = 100M� and di↵erent relative abundances fPBH.2 Notice that the e↵ect of PBHs accretion on the free electron
fraction in Fig. 1 is clearly visible: the presence of the extra heating and ionization terms from PBHs accretion changes
the redshift evolution of xe, increasing this quantity from the early recombination era, below z ⇠ 1000, until the late
reionization era. The kinetic gas temperature would also be increased by the presence of the energy injection in the
IGM (see Fig. 2). Similar to the case in which there is energy injection from dark matter annihilations [99, 101], PBH
accretion leads to an earlier and more uniform heating of the IGM, which is larger for an increasing fraction of dark
matter in the form of PBHs, until stellar sources turn on and start to ionize the medium (around z ⇠ 15 in Fig. 1).3

These results illustrate that even small abundances of PBHs could have dramatic e↵ects on the properties of the IGM.
Before continuing, we would like to emphasize that the treatment of accretion adopted in this work is rather

conservative. For the redshifts relevant for 21cm cosmology, the conditions necessary for the formation of accretion
disks around PBHs seem likely. Within the context of disk accreting models, ADAF accretion is among the lowest
in the radiative e�ciency of X-rays. Adopting a larger radiative luminosity or accretion rate would correspondingly
enhance the observable signatures associated with global heating and ionization of the IGM.

2
This range of values is simply intended to illustrate the dependence of these observables on fPBH. Note that the cases with the largest

abundances are in tension with CMB constraints [85].
3
Note that although the spatial and redshift PBH distribution follows that of matter, it is di↵erent from the distribution of X-ray sources,

i.e., star-forming halos beyond a threshold for atomic cooling.

ionization
fraction

neutral

è

8

FIG. 2. Kinetic temperature of the gass, Tk, as a function of redshift, including the contribution of a monochromatic
PBH population with mass MPBH = 100M�, for di↵erent PBH dark matter fractions fPBH =

�
10�2, 10�3, 10�4,. 10�4

�
.

The standard scenario with fPBH = 0 is denoted by the solid black line. We use fiducial astrophysical parameters:
(⇣UV, ⇣X, Tmin, N↵) =

�
50, 2⇥ 1056 M�1

� , 5⇥ 104 K, 4000
�
; see Section IV.1.

III.1.1. Global 21cm line signal

Since the optical depth at the frequencies of interest is small, one can expand the exponential term in Eq. (2.5) and
express the global di↵erential brightness temperature as

�Tb(⌫) ' 27xH (1 + �b)

✓
1�

TCMB

TS

◆✓
1

1 +H�1@vr/@r

◆ ✓
1 + z

10

◆1/2 ✓ 0.15

⌦mh
2

◆1/2 ✓⌦bh
2

0.023

◆
mK , (3.16)

where �b is the baryonic overdensity, H is the Hubble parameter, @vr/@r is the peculiar velocity gradient along the
line of sight, which introduces redshift space distortions, and ⌦m and ⌦b are the matter and baryon abundances of
the Universe. A number of current and future experiments are devoted to detect the 21cm global signal averaged over
all directions in the sky. Examples are EDGES and the future LEDA (Large Aperture Experiment to Detect the Dark
Ages) [163] and DARE (Moon space observatory Dark Ages Radio Experiment) [164]. The observation of an absorption
profile located at a redshift of z ⇠ 17 has been recently claimed by the EDGES experiment, with an amplitude which
is twice the maximum predicted within the context of the ⇤CDM model [94]. This has motivated a larger number of
studies in the literature [102–106, 110–112, 115, 117, 118, 128–135, 165–178].

To compute the redshift evolution of the 21cm global signal we use of the publicly available code 21cmFAST [162].
Nevertheless, the code only evolves the IGM for redshifts z . 35. Thus, initial conditions for the mean ionization
fraction xe and for the gas temperature Tk are required inputs. We produce these inputs using a modified version of
cosmorec/Recfast++ [159–161].4 The cumulative e↵ect of a population of 100M� PBHs on the global di↵erential

4
Notice that these initial values are di↵erent from the ones in the default tables, as the presence of PBHs would change significantly the

recombination process and its outputs.

gas 
temperature



Can we probe PBH-DM by SKA?

• SKA as a probe of high redshift Universe

çè EoR

23

FIG. 12. Estimated 2� sensitivity of SKA (green line) and HERA with 331 antennas (red line) for a monochromatic distribution
of PBHs in the mass range M�  MPBH  103M�. Results are compared to various limits derived from microlensing
surveys [219–221] (blue line) and the CMB [82, 83, 85] (purple and black lines).

IV.2. Statistics

We adopt a multivariate Gaussian likelihood with a diagonal covariance matrix, the elements of which are set using
Eq. (4.2), and further assume that measurements are obtained in six log-spaced bins in k�space from k = 0.15 Mpc�1

to k = 1 Mpc�1 and 9 log-spaced measurements in redshift from z ⇠ 8.3 to z ⇠ 19.5. While it is likely that experiments
such as SKA will be capable of achieving far better resolution in both k� and z�space, adopting a finer grid without
properly accounting for correlated errors risks the possibility of significantly overestimating the sensitivity of these
experiments.

We adopt the four-parameter astrophysical model discussed in Section IV.1 (implying a total of 5 model parameters
for each fixed value of MPBH), where the priors on each parameter are as given in Tab. II. For each fixed value of
MPBH, we perform a Markov chain Monte Carlo (MCMC) assuming the true measurement is given by a fiducial
astrophysical model with fPBH = 0.

SKA low frequency, Mella et al. arXiv:1210.0197

Mena et al. (2019)



Can we probe PBH-DM by SKA?

• SKA as a probe of high redshift Universe

çè EoR
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FIG. 12. Estimated 2� sensitivity of SKA (green line) and HERA with 331 antennas (red line) for a monochromatic distribution
of PBHs in the mass range M�  MPBH  103M�. Results are compared to various limits derived from microlensing
surveys [219–221] (blue line) and the CMB [82, 83, 85] (purple and black lines).

IV.2. Statistics

We adopt a multivariate Gaussian likelihood with a diagonal covariance matrix, the elements of which are set using
Eq. (4.2), and further assume that measurements are obtained in six log-spaced bins in k�space from k = 0.15 Mpc�1

to k = 1 Mpc�1 and 9 log-spaced measurements in redshift from z ⇠ 8.3 to z ⇠ 19.5. While it is likely that experiments
such as SKA will be capable of achieving far better resolution in both k� and z�space, adopting a finer grid without
properly accounting for correlated errors risks the possibility of significantly overestimating the sensitivity of these
experiments.

We adopt the four-parameter astrophysical model discussed in Section IV.1 (implying a total of 5 model parameters
for each fixed value of MPBH), where the priors on each parameter are as given in Tab. II. For each fixed value of
MPBH, we perform a Markov chain Monte Carlo (MCMC) assuming the true measurement is given by a fiducial
astrophysical model with fPBH = 0.

Mena et al. (2019)

LIGO/VIRGO BHs

SKA low frequency, Mella et al. arXiv:1210.0197



Can we probe PBH-DM by SKA?

• SKA as a PTA

Pulsar Timing Array is known 
to be an GW detection experiment.

SKA can find lots of radio Pulsars!

Barak, et al. (2018)

çè Pulsar



Can we probe PBH-DM by SKA?
See, e.g. Saito and J. Yokoyama (2009)

Density fluctuations with large amplitude è collapse è PBH formation

Based on the cosmological perturbation up to the second order, 

Density fluctuations would be source of the tensor modes, that is, gravitational waves!!

frequency (wave number) of induced GWs � horizon scale at the reenter

mass of PBH � horizon mass at the reenter



Can we probe PBH-DM by SKA?

• SKA as a PTA

104 106 108 1010 1012 101410-10
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ζ

FIG. 2. µ-dist. ⇣ ! R. k is artificially normalized by assuming an appropriate cosmic evolution after

phase-4.

the invariant norm of the potential tilt, and min(rIrJV ) is the minimum eigenvalue of the

Hessian rIrJV in an orthonormal frame.

In terms of inflation, this conjecture claims that any single continuous inflationary phase

cannot last so long. That is, if it is true, one needs multiple phases of inflation to explain

su�cient e-folds ⇠ 50–60 for our observable universe in total, as we are proposing. In fact

our model always satisfies the second condition during any inflation phase as

�min(rIrJV )

V
' i > 1, for all phase-i, (16)

while the first condition is satisfied apart from the inflationary trajectory. The existence

of large negative eigenvalue in the Hessian matrix generally causes a negligibly short (less

than 1 e-fold) inflationary phase unless the initial value of the first slow-roll parameter

✏H is significantly small (see Eq. (11)) and then the corresponding amplitude of the power

spectrum is large. In other words, the PBH formation on the onset scale is relatively natural

for a non-negligibly continuing phase in terms of the above conjecture.
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byproduct

• SKA as a PTA
Primordial magnetic field x primordial magnetic field è primordial GWs

è primordial black holes

Saga, Tashiro, SY (2018)
Saga, Tashiro, SY in prep.

çè magnetism

Figure 4. Upper limit on the amplitude of PMFs by using available PBH constraints from Refs. [65,
76–80] mentioned in the main text for mass range 10−24 ! M/M⊙ ! 107. Here, we fix ηB/ην =
10−12. We also show the previous upper limits: direct detection measurements of gravitational wave
background by current PTAs and future PTAs such as SKA and eLISA [60], magnetic reheating [81],
BBN [36] and CMB distortion [53].

If such density perturbation has sufficient amplitude to produce PBHs, we can conversely use
the upper limits on the abundance of PBHs to constrain the amplitude of PMFs.

In the standard picture of the PBH formation, we conventionally assume that the prob-
ability density function (PDF) follows the Gaussian statistics. However, since the source of
the density perturbation is the anisotropic stress of PMFs, which is square of the magnetic
field, the PDF of the density perturbation generated from PMFs must be non-Gaussian.

First, we estimate the PDF by using the Monte-Carlo method based on Ref. [69] by
assuming the delta-function type power spectrum for PMFs. On the basis of the Monte-Carlo
method, we find that the PDF of the density perturbation has a broad distribution, which
must enhance the abundance of PBHs than the Gaussian PDF.

Second, we find that the abundance of PBHs exceeds unity if the amplitude of PMFs is
larger than Bδ < 184 nG. This means that the amplitude of PMFs should not exceed this
constrained value on all scales.

Third, we use the observational upper limit on the abundance of PBHs to constrain the
amplitude of PMFs. Since the abundance of PBHs is constrained on a broad mass range, i.e.,
10−24 ! M/M⊙ ! 107, we can also obtain the upper limit on the amplitude of PMFs on a
broad scale. Finally, the amplitude of PMFs is constrained as a few hundred nano-Gauss on
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Can we probe DM by SKA?

• PBH-DM 
çè cosmology, transients, stars/planet,

EoR, pulsar (PTA), magnetism, …

And more; 
Ø small scale DM clumps with PTA  Oguri, Kashiyama (2018)
Ø any other idea? microlensing, astrometry, radio sources, …

23

FIG. 12. Estimated 2� sensitivity of SKA (green line) and HERA with 331 antennas (red line) for a monochromatic distribution
of PBHs in the mass range M�  MPBH  103M�. Results are compared to various limits derived from microlensing
surveys [219–221] (blue line) and the CMB [82, 83, 85] (purple and black lines).

IV.2. Statistics

We adopt a multivariate Gaussian likelihood with a diagonal covariance matrix, the elements of which are set using
Eq. (4.2), and further assume that measurements are obtained in six log-spaced bins in k�space from k = 0.15 Mpc�1

to k = 1 Mpc�1 and 9 log-spaced measurements in redshift from z ⇠ 8.3 to z ⇠ 19.5. While it is likely that experiments
such as SKA will be capable of achieving far better resolution in both k� and z�space, adopting a finer grid without
properly accounting for correlated errors risks the possibility of significantly overestimating the sensitivity of these
experiments.

We adopt the four-parameter astrophysical model discussed in Section IV.1 (implying a total of 5 model parameters
for each fixed value of MPBH), where the priors on each parameter are as given in Tab. II. For each fixed value of
MPBH, we perform a Markov chain Monte Carlo (MCMC) assuming the true measurement is given by a fiducial
astrophysical model with fPBH = 0.

LIGO/VIRGO BHs

SKA bound



Can we probe other DM by SKA?

• Baryon – DM interaction

• Warm DM

• Axion DM (Ultra light particles, ..)

Fialkov, Barkana, Cohen (2018), 

Cheung et al. (2018), 

Kovetz et al. (2018), … FIG. 1: Evolution of T21 with three di↵erent minimum halo masses. The black line is the EDGES

best-fit model.

zh = (19.5, 19.0, 18.6), and � = (1.54, 1.52, 1.48), respectively. These three configurations

can be treated as the representative systematic uncertainties. In Fig. 1, we show their

impacts on the plane (z, T21) for m� = 200GeV and h�vi = 3 ⇥ 10�25cm3
s
�1 with the

assumption of DM 100% annihilation to electron-positron pairs. The black line is the EDGES

best-fit model (EDGES BF). Clearly, the red solid line with the resolution of the minimum

halo mass Mmin = 10�3
M� gives the weakest and the most conservative limit than the other

two. Hereafter, we will present our result only based on mass resolution Mmin = 10�3
M� as

being conservative.

In this paragraph, we would like to explicitly demonstrate how we compute the theo-

retical prediction of the DM modified T21 signal. First of all, after all the DM ingredients

are included, we insert Eqs. (3) and (4) into the RECFAST code [32] to obtain the DM-

modified matter temperature Tg(z). Secondly, we perform the RECFAST computation again

by switching o↵ the DM contribution in order to calculate matter temperature without DM

annihilation. Then, comparing the matter temperature from both scenarios, one can obtain

the change of Tg by DM annihilation �Tg. This quantity is useful in the next step. Before

performing the third step, let us make a reasonable assumption that Ts is fully coupled to

Tg at z = 15� 20 as indicated by the T21 signal probed by EDGES. Therefore, in the third

6

SKA as a probe of small scale structure 

evolution of gas temperature

Shimabukuro, Inoue, Ichiki, SY (2014),

Sekiguchi, Tashiro (2014), 
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other interpretations are possible and these observations
cannot yet be taken as definitive evidence of WDM or
measurement of its mass.

IV. DISCUSSION AND SUMMARY

We now turn to a discussion of the observability of the
21 cm forest due to minihalos. The principal question
is the existence of background radio sources with suffi-
cient brightness and number at the relevant frequency
and redshifts of z ∼ 10 − 20. The low temperatures
of minihalos imply that the width of the expected ab-
sorption features are narrow, necessitating spectroscopy
with frequency resolution of order ∆ν ∼ kHz at observer
frequencies νobs ∼ 70-130 MHz. Following and updat-
ing [16], in order to detect absorption features of optical
depth τ with frequency resolution ∆ν and signal-to-noise
S/N with an integration time tint, the required minimum
background source brightness is
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where the specifications anticipated for SKA2-low are
adopted for the effective collecting area Aeff and system
temperature Tsys [50, 51].
Our results in Section III at face value show that spec-

troscopy of a single source with such properties at z ∼ 10
may reveal tens to hundreds of absorption features with
τ ∼ 0.01 − 0.1, which could already provide important
information on the SSPS. Multiple sources would still be
desirable to characterize fluctuations along different lines
of sight. On the other hand, at z ∼ 10, our neglect of
astrophysical effects such as the UV background or reion-
ization and heating of the IGM is hardly justifiable. As
mentioned below, in reality, such effects may completely
dominate over any of the SSPS-related effects discussed
above, which were quite small already at z = 10 except
for the case of WDM.
In this regard, z ∼ 20 or higher would be much more

preferable, since the formation of stars and galaxies and
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where the specifications anticipated for SKA2-low are
adopted for the effective collecting area Aeff and system
temperature Tsys [50, 51].
Our results in Section III at face value show that spec-

troscopy of a single source with such properties at z ∼ 10
may reveal tens to hundreds of absorption features with
τ ∼ 0.01 − 0.1, which could already provide important
information on the SSPS. Multiple sources would still be
desirable to characterize fluctuations along different lines
of sight. On the other hand, at z ∼ 10, our neglect of
astrophysical effects such as the UV background or reion-
ization and heating of the IGM is hardly justifiable. As
mentioned below, in reality, such effects may completely
dominate over any of the SSPS-related effects discussed
above, which were quite small already at z = 10 except
for the case of WDM.
In this regard, z ∼ 20 or higher would be much more

preferable, since the formation of stars and galaxies and

Axion-photon conversion search

Modulation of grav. potential

where V is the volume observed. Important assumptions must be made about the astrophysical

environment in order to apply these equations. The magnetic field must be inhomogeneous on

scales that can be seen by the axion, and the plasma density must be less than that required

for resonance conversion. While there are great uncertainties in the small scale structure of the

Galaxy, the average electron density of order 1cm
�3

and the extremely high plasma density

required for resonance conversion of a non-relativistic axion, leads us to believe that there is

merit in investigating the use of radio telescopes further.

3 Observing axion conversion in the interstellar medium

with the SKA

Figure 2: The sensitivity of SKA-mid shows

considerable improvement on the pre-cursor

telescopes, the Australian SKA Pathfinder

(ASKAP) and the Karoo Array Telescope

(MeerKAT). In this Figure we show the cou-

pling strength that could be probed by ob-

serving the interstellar medium across the fre-

quency range accessible to ASKAP, MeerKAT

and SKA-mid. The system temperature of

the SKA is minimised between ⇠ 2 � 7GHz,

corresponding to an axion mass of ⇠ 8.26 �
28.91µeVc

�2
and providing a good opportunity

for detection of both the KSVZ and DFSZ ax-

ion. Figure taken from [11].

In order to determine the energy produced in

a given region in the Milky Way, we must

make an assumption about both the den-

sity of dark matter at a given point and the

strength and profile of the magnetic field.

We use Equation 1 to determine the photon

production rate at the Galactic centre and

throughout the interstellar medium, making

the assumption that the related magnetic

field does not change on timescales visible to

the axion.

We calculate the density of dark matter

using an adjusted NFW profile with a central

core density of 10GeVcm
�3

and a density at

Earth of 0.4GeVcm
�3

. The strength of the

magnetic field is assumed to have a strength

of 50µG within a radius of 1kpc of the Galac-

tic centre and a profile that reduces radially

along the Galactic disk as r(kpc)�1
. Within

each region we then assume that the profile of

the magnetic field is turbulent on small scales

and can be described by a Kolmogorov spec-

trum.

To calculate the flux at Earth that re-

sults from photons being produced via axion

conversion across the interstellar medium, we

assume that the energy propagates in all di-

rections and is shared across the surface of a

sphere, with radius given by the distance be-

tween the region of conversion and the Earth.

We also assume that the dark halo of the

Milky Way displays no net rotation, and that

the Galactic disk is moving through this halo with a rotational velocity at Earth of 220kms
�1

.

Using these assumptions for an axion of mass 2.05µeV the flux at Earth is calculated to be

3.7µJy. The axion signature will be observed as a spectral line with a central frequency of

Patras 2017 3

Kelley, Quinn (2017)
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Figure 1. Pulsar timing signal from the scalar field dark matter (3.9) for a range of scalar

field masses m. Shaded wedges represent the estimated sensitivity of various pulsar timing

array observations (adopted from [7]). For masses below 10�23 eV the scalar field behaves

like hot dark matter, and is incompatible with the observed power spectrum of density

perturbations [3, 13].

Therefore, the scalar field dark matter has the same e↵ect on the pulsar timing

measurements as gravitational wave background with characteristic strain

hc = 2
p
3 c = 2 · 10�15

✓
⇢DM

0.3GeV/cm3

◆✓
10�23 eV

m

◆2

, (3.9)

at frequency

f ⌘ 2⇡! = 5 · 10�9 Hz
⇣ m

10�23 eV

⌘
. (3.10)

The amplitude of the signal from the scalar field dark matter for a range of masses

m is shown in Fig. 1 together with the sensitivity curves of the pulsar timing array

experiments. The sensitivities are taken from [7] where three cases are considered.

The current limit from the Parkes PTA [9] corresponds to hc ⇡ 2 · 10�14 at the

frequency f = 8 · 10�9 Hz. The sensitivity achievable by PPTA by monitoring

20 pulsars for 5 years with the timing precision �trms = 100 ns is estimated as

hc ⇡ 2 · 10�15 at the frequency f = 7 · 10�9 Hz. Finally, assuming that SKA will

be able to monitor 100 pulsars for 10 years with the timing precision 50 ns, the

sensitivity of hc ⇡ 10�16 at the frequency f = 3 · 10�9 Hz can be achieved. We see

from Fig. 1 that the scalar field dark matter signal can be observed with SKA pulsar

timing array for the dark matter mass m . 2.3 · 10�23 eV.
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