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Non-resonant conversion:  Kelley and Quinn (2017), Sigl (2017) 
Resonant conversion:      Huang, KK, Sekiguchi and Tashiro (2018), Hook,Kahn,Safdi and Sun(2018)
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Line-like radio signal for non-relativistic axion conversion:

4 61. Axions and other similar particles
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Figure 61.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (61.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu
giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(61.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.
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PDG (2017)

QCD axion as a CDM candidate : mass range μeV ∼ meV(0.1GHz ∼ 100GHz)
Previous works: CDM axions converted into photons in the labs.

Primakoff effect 

New works: How about the astrophysically sourced magnetic fields?  
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Australia: SKA low: 50-350 MHz
S. Africa: SKA mid: 350 MHz-14GHz

Axion mass: 0.2~60 &'(

QCD axion as a CDM candidate : 
Mass μeV ∼ meV(0.1GHz ∼ 100GHz)
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Figure 61.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].
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Figure 2. This 2D Fourier Transform represents the spatial

and temporal modes of a non-static inhomogeneous mag-

netic field represented by two momentum modes and a µs
pulse. An axion converting in such a field will produce real

photons with two distinct frequencies, defined by the en-

ergy of the magnetic field modes contributing to the interac-

tion. We saw that only those modes with �E = mac
2
will

conserve both energy and momentum, allowing us to deter-

mine the contribution made by the field and the properties

of the real photons. The frequency of the real photons pro-

duced will be 522.6MHz and 783.9MHz based on an axion of

mass 2.05µeVc
�2

and momentum modes with k�0 = 7.7 and

11.5m�1
.

of the spectral line is defined only by the velocity dis-
tribution of the axion. However, in the astrophysical
environment conversion occurs in a remote region where
it is more di�cult to assess the magnetic field’s motion
with respect to the observer. We believe the most con-
servative position, that neither the dark halo nor the
magnetic field display net rotation with respect to the
rest frame of the Galaxy, is the most appropriate to
take for the purposes of of our initial investigations. In
such a frame the CDM velocity distribution is given by
va < 300kms�1 and the all-sky signal will display a
broadening of ⇠ 200kHz due to the orbit of the Sun
around the Galactic Centre.
By assuming a simple NFW profile (Navarro et al.

1997) for the CDM density, and a magnetic field strength
of 50µG at the Galactic Centre dissipating radially as
(rkpc)�1 along the Galactic disk, we can estimate the
all-sky flux at a central frequency of 495MHz to be
⇠ 3.2µJy. In determining this flux we have assumed
that the magnetic field is turbulent on small scales and
that the resulting signal is spread across the surface of
a sphere of radius d, the distance from the point of con-
version to the observer.

Figure 3. 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 coupling strength

that could be probed by observing the Interstellar Medium

across the frequency range accessible to ASKAP, MEERKAT

and SKA-mid. The system temperature of the SKA is min-

imised 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 axion.

The higher CDM density and magnetic field strengths
at the Galactic Centre make this an obvious choice of
observations within the Milky Way, and with the den-
sity and magnetic field strength both dissipating radi-
ally one would expect the flux at the central frequency of
495.6MHz to dominate the all-sky signal. There are also
additional characteristics of the Galactic Centre that
may enhance this flux further. Maxwell’s equations re-
quire that r ·B = 0 which, when applied to Equation 1,
constrains the momentum vector of the virtual photon,
~k�0 , to be perpendicular to the direction of the classi-
cal magnetic field vector. It is then trivial to see that
in taking ~ka ⇡ 0, the direction of propagation of the
real photon is perpendicular to the direction of the mag-
netic field vector. With the Galactic Centre displaying
coherent fields in azimuthal and z directions, this could
further enhance the flux as compared to that observed
along the spiral arms.
When observing such coherent fields that are perpen-

dicular to the radial vector with Earth, in addition to
the flux being maximised, the polarisation of the real
photon should trace the direction of B as we saw in Sec-
tion 2.1. Critically, this polarisation is perpendicular to

Hook,Kahn,Safdi and Sun(2018)Kelley and Quinn (2017) 
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Model: ALP (Axion-like particles) i.e. Ultra-light scalars

• Ultra-light mass :

DE (Barbieri et al (2005),…)

Fuzzy DM (Hu (2000),…)  

String axiverse (Arvanitaki et al (2009),...)

mu ~10
−22eV

mu ~10
−22eV −10−10eV

mu ~ H0 ~10
−33eV

mu, fu =Ωu /Ωm ~O(0.01)
mu ≤ H (t) : ρu = const
mu > H (t) : ρu ∝1/ a3

ICHEP 2018, SeoulKenji Kadota (IBS)
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Figure 1: The perturbation evolutions for ULPs (mu = 105H0, fu = 0.05) and CDM.
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Figure 2: Left: The (linear and nonlinear) power spectrum P (k) with and without the ULPs for
mu = 105H0, fu = 0.05. Right: The transfer function T 2(k) = P (k)ULPs/P (k)no ULPs representing
the ratio of the power spectrum including the ULPs (fu = 0.05) to that without the ULPs (the
values of mu in the figure are in terms of H0 ≈ 2× 10−33eV ).
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KK, Mao, Ichiki, Silk (2014)



21 cm signals
1420 MHz
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Brief History of Universe
Years since
the Big Bang

~300000
(z~1000)

~100 million
(z~20-40)

~1 billion
(z~6)

~13 billion
(z=0)

ß Big Bang: 
the Universe is filled with ionized gas
ß Recombination:The gas cools and becomes neutral

ß The first structures begin to form.

Reionization starts (z ~12)

ßReionization is complete 

ß Today�s structures

Dark Ages

Kenji Kadota (IBS) ICHEP 2018, Seoul

Reionization
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FIG. 1: The scales probed by cosmic microwave background anisotropies (solid line) and cosmic 21-cm fluctuations (dashed
line). The two power spectra have been aligned using the small-scale relation k ≃ l/dA(zCMB), where dA(zCMB) ≃ 13.6 Gpc is
the comoving angular diameter distance at the surface of recombination in the standard cosmological model.

measured in a radial direction r̂ at redshift z (corre-
sponding to 21-cm radiation observed at frequency ν =
c/[λ21(1+z)]). Here, A is the Einstein spontaneous emis-
sion coefficient for the 21-cm transition, Vr is the phys-
ical velocity in the radial direction (including both the
Hubble flow and the peculiar velocity of the gas v), and
∂Vr/∂r is the velocity gradient in the radial direction.
Explicitly, we have

∂Vr

∂r
=

H(z)

1 + z
+

∂(v · r̂)
∂r

. (8)

Combining Eqs. (7) and (8) and expanding to linear or-
der, we find

δTb = −T b
1 + z

H(z)

∂vr

∂r
+

∂Tb

∂δ
δ, (9)

where T b is the mean brightness temperature, vr = v · r̂

is the peculiar velocity in the radial direction, and δ =
(nH − nH)/nH is the overdensity of the gas.

Moving to Fourier space, we find

δ !Tb = −T b
1 + z

H(z)
µ2 (ikṽ) +

∂Tb

∂δ
δ̃, (10)

δ !Tb = T b

"
µ2 + ξ

#
δ̃, (11)

where µ = k̂ · r̂ = cos θk is the cosine of the angle
between the radial direction and the direction of the
wavevector k, and ξ is defined by ξ ≡ (1/T b)(∂Tb/∂δ).
The second line, Eq. (11), uses the additional relation
δ̃ = −(ikṽ)(1 + z)/H , which is, strictly speaking, valid
on scales larger than the Jean’s length during the mat-
ter dominated epoch. The total brightness-temperature
power spectrum is thus [32, 51]

⟨δ !Tb(k)δ !Tb(k
′)⟩ = (2π)3δ(3)(k + k′)PTb

(k), (12)

Kleban+(2007)

What can we do with 21cm?

High precision on small-scale power spectrum ΔP / P ~1/ N
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FIG. 1: Contours of 90% C.L. forecasts in Σmν -Nν plane, by adopting Planck + Polarbear + each 21 cm experiment (left
two panels), or CMBPol + each 21 cm experiment (right two panels). Fiducial values of neutrino parameters, Nν and Σmν , are
taken to be Nν = 3.04 and Σmν = 0.1 eV (for upper two panels) or Σmν = 0.05 eV (for lower two panels). The dashed line
means the constraint obtained by only a CMB observation such as Planck + Polarbear alone (left two panels), or CMBPol
alone (right two panels). The severer constrains are obtained by combining the CMB with a 21 cm observation such as MWA
(outer solid, only for left panels), SKA (middle solid), and Omniscope (inner solid), respectively.

model. Adding the 21 cm experiments to the CMB ex-
periment, we see that there is a substantial improvement
for the sensitivities to Σmν and Nν . That is because
several parameter degeneracies are broken by those com-
binations, e.g., in particular Tb and As were completely
degenerate only in 21 cm line measurements. Therefore
it is essential to add the CMB to the 21 cm experiment
to be vital for breaking those parameter degeneracies.

If each CMB experiment is combined with SKA or
Omniscope, the corresponding constraint can be signifi-
cantly improved. We showed numerical values of those
errors in Table III in case that the fiducial values are
taken to be Nν = 3.04 and Σmν = 0.05 eV. On the
other hand, comparing those values with the current best
bounds for Σmν + Nν model, which give Σmν < 0.89
eV and Nν = 4.47+1.82

−1.74 obtained by CMB (WMAP) +
HST(Hubble Space Telescope) + BAO [28], we find that
the ongoing and future 21 cm line + the CMB obser-
vation will be able to constrain those parameters much

more severely.
The case of Σmν = 0.1 eV to be fiducial (upper two

panels) corresponds to the lowest value for the inverted
hierarchy when we use oscillation data. Then it is notable
that CMBPol + SKA can detect the nonzero neutrino
mass. Of course, Planck + Polarbear + Omniscope
and CMBPol + Omniscope can obviously do the same
job.
On the other hand, the case of Σmν = 0.05 eV to

be fiducial (lower two panels), which corresponds to the
lowest value for the normal hierarchy, only Planck + Po-

larbear + Omniscope or CMBPol + Omniscope can
detect the nonzero neutrino mass.

B. Constraints on neutrino mass hierarchy

Next we discuss if we will be able to determine the
neutrino mass hierarchies by using those ongoing and fu-

Oyama+(2013)
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Figure 3: 1σ error contour for the ULP and neutrino fractions with respect to the total matter
fu, fν . The solid curves are the contours from both 21 cm and CMB observables while the dashed
curves are for the CMB alone. The fiducial values (fu, fν) = (0.05, 0.0044) for the normal neutrino
mass hierarchy is indicated by +.

the ULP parameter estimations due to the parameter degeneracies. We choose the conventional
normal mass hierarchy scenario for our fiducial neutrino mass pattern consisting of three neutrinos
(mν1 , mν2, mν3) = (0, 0.009, 0.05)[eV] based on the global analysis of neutrino oscillation data giving
∆m2

31 = 2.47 × 10−3eV2,∆m2
21 = 7.54 × 10−5 eV2 where ∆mij ≡ m2

i − m2
j [57, 58] (accordingly

we choose Neff = 1.046, fν = 0.0044). Because of the analogous effects to suppress the matter
power, we can expect the negative correlation between fu and fν . This is confirmed in Fig. 3
which shows the 1σ error contours with all the other parameters marginalized over, even though
there do exist the distinctive features between the ULPs and neutrinos such as the ULPs’ scale
dependent effective sound speed and transition from the dark energy to dark matter like behavior
which the neutrinos do not possess. Consequently, the precise measurements of the power spectrum
around the suppression starting scale for each species should be able to distinguish these species
from one another. Fig. 3 indeed shows the tendency of the CMB losing the sensitivity to the ULPs
for mu ≫ 105H0 because the ULP oscillation starts well before the last scattering surface epoch
for such a large mu. The CMB observables however are still essential to improve the constraints
on ULPs from the 21 cm observables because of lifting the degeneracies among the cosmological
parameters. For instance, the 21 cm alone without adding the CMB observables cannot constrain
the ULP parameters so well because of too strong degeneracies between As and xHI

both of which
affect the 21 cm power spectrum amplitude as given in Eq. 4.

The main goal of this paper is to clarify the power of the 21 cm observables to constrain the
ULP parameters, and our results are summarized in Fig. 4 which shows the 1σ uncertainties in the
ULP parameters for several representative ULP masses for fu = 0.05. The 1σ errors on the ULP
parameters fu, mu can be of order a few percent for the mass range to which the 21 cm signals are
most sensitive. The sensitivity of the cosmological observables to the ULP parameters, however,
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Let us be open minded. 
Can go beyond the electroweak scale dark matter mass range.
Can go beyond CDM paradigm in LambdaCDM.

ü Conclusion


