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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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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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First results with actual data 
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Figure 2. The one-sided 95% upper limits on ga�� as a func-
tion of the axion mass ma from this work are shown as colored
lines (GBT INS observations) and black lines (E↵elsberg GC
observations). Previous limits from the CAST helioscope and
the UF and RBF haloscopes are shown in shaded grey. The
range of couplings expected for the QCD axion is shaded in
orange. Note that the fiducial GC limits assume an NFW DM
profile and the conservative NS population model (Model II)
from [4]. The green band depicts theoretical uncertainties on
the ga�� limit associated with the GC analysis for the E↵els-
berg data. The top of the band assumes an NFW DM density
profile with a 0.6 kpc core, while the bottom of the band uses
the alternate NS population model in [4] (Model I).

kpc; this radius is chosen based on recent hydrodynamic
simulations which suggest that the DM density may
be modified in the inner ⇠0.6 kpc where the baryons
dominate the gravitational potential, though these same
simulations suggest an enhancement of the central DM
density may also be possible [40]. The lower boundary
of the band assumes the fiducial NFW DM profile but
takes the alternate NS population model (Model I)
from [4].

Discussion.—In this work we performed the first ded-
icated radio telescope search for signatures of axion DM
from axion-photon conversion in NS magnetospheres. We
found no evidence for axion DM and set some of the
strongest constraints to date on the axion DM scenario.
These results show that radio searches for axion DM are
a promising path forward, analogous to indirect detection
for WIMP DM searches, which should proceed in parallel
with laboratory experiments for discovering or excluding
axion DM. Additional flux sensitivity is needed in order
to reach the QCD axion band at the frequencies targeted
in this work. This sensitivity may be available with the
upcoming Square Kilometer Array-mid [41] or may al-
ready be achievable with the FAST radio telescope [42],

since at constant system temperature the sensitivity to
ga�� scales inversely with the square root of the e↵ective
area [4].

Our work strongly motivates searching with the GBT
or E↵elsberg radio telescope for evidence of axion DM at
higher frequencies, closer to 6 GHz, to probe the axion
mass window around ma ⇡ 25 µeV. There is mounting
evidence that points towards 25 µeV as a likely mass
for the axion [43, 44], and the axion-photon coupling
may also be enhanced [45] and thus within reach of GBT
and E↵elsberg searches. This work also motivates addi-
tional e↵ort in modeling the population evolution of NS
magnetic fields and spin periods, as these are the largest
sources of uncertainty in our population analyses, as well
as further e↵orts to understand the distribution of DM in
the inner Galaxy. More work on the axion-induced signal
itself from individual INSs would be also useful, as a full
calculation of the axion-induced radio signal does not yet
exist; such results could lead to reinterpretations of the
limits presented in this Letter using the Supplementary
Data [38].
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IV. Formation of Axion Miniclusters

  

Figure IV.1.: Vacuum Realignment in the post-inflationary Scenario. When Peccei-Quinn
symmetry breaking happens at temperatures T ≥ fa the complex scalar develops
its vacuum expectation value and it rolls down into the valley of the Mexican
hat potential. The axion field, identified as the phase ◊(x) = a(x)/fa of the
complex scalar, can take any value between ≠fi and fi in causally disconnected
regions since no specific value is energetically favored. This is sketched in the
first picture. In the snapshot of ◊(x), the dark blue colors might correspond to
negative values and the light blue colors to positive. However, it should simply
highlight that the axion field after Peccei-Quinn symmetry breaking basically
looks like white noise since its field values are completely uncorrelated from one
horizon to another. As long as the field is massless, at temperatures T > TQCD,
this picture does not change too much. While the universe keeps expanding
and cooling, the gradient terms in the evolution equation of ◊(x) will always
smooth the field on scales of the Hubble horizon dH . This is shown in the
second picture. Around the QCD phase transition, at temperatures T ≥ TQCD,
the axion potential is generated and it will make the field roll down to the CP

conserving minimum. The energy stored in the oscillations around the minimum
locally depends on the value from which the field started to roll down. Hence, the
inhomogeneous field leaves its imprint as large fluctuations in the energy density
fl(x). This is depicted in the bottom panel. Here, red colors might correspond to
high density and blue color to low density regions. The large overdensities can
decouple very early from the Hubble expansion to form gravitationally bound
axion miniclusters.
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Enhancement of minihalo abundance

Ptotal = Padi + Piso
3

FIG. 1: Matter power spectra at z=10 including the axion isocurvature modes to be compared with the adiabatic CDM power
spectrum without the isocurvature modes. We vary kosc =, 102(red), 103 (green),104 (blue),105 (magenta) Mpc−1. The shaded
region represents the wavenumber scales corresponding to mass scales determined by minimum and maximum masses the 21cm
forest observations are sensitive to at z = 10.

The minimum mass Mmin, on the other hand, is chosen to be the baryon Jeans mass1

Mmin(z) = 5.7× 103
(

Ωmh2

0.15

)−1 (
Ωbh2

0.02

)−3/5 (
1 + z

10

)3/2

M⊙ (4)

Fig. 1 also shows the range indicating the comoving wavenumber scales relevant for our 21cm signal estimation
(50Mpc ! kosc ! 900Mpc corresponding to Mmin = 7.7 × 103M⊙ < Mhalo < Mmax = 3.8 × 107M⊙ at z = 10.). We
can see that a relatively large k value is relevant for the 21cm forest observations, and the 21cm signals are calculated
by considering the contributions of the minihalos covering those relevant halo masses.
We first study how the number of 21cm absorption lines are affected by the isocurvature fluctuations based on the

power spectrum Eq. 2 treating kosc as a free parameter. Our aim here is to find what range of kosc the future 21cm
signals can be sensitive to. We then discuss the corresponding axion mass range which the 21cm forest observations
can probe by specifying the axion models.

III. 21CM FOREST OBSERVATIONS

A. Mass function

Before performing the 21 cm signal calculations from the minihalos, let us first illustrate how the large axion dark
matter fluctuations can help enhance the abundance of the large minihalos with the mass range relevant for the
21cm forest observations. The top panel of Fig.2 shows the proper halo number density and illustrates a significant
abundance of minihalos at z = 100 while it is negligible for the conventional adiabatic curvature perturbation scenario

[1] Note the mass range to estimate the 21cm forest signals could be effected by the non-trivial gas heating processes (see, for instance,
[42, 43] for the time-averaged filtering mass taking account of the time evolution of gas to respond to earlier heating).

(Piso ∝ 1/k3
osc)

Shimabukuro, Ichiki, KK (2020) 
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5

FIG. 2: (Top) The mass functions including axion isocurvature fluctuations at z=0(dashed), 10(dotted), 100(dot-
dashed) for kosc = 104Mpc−1. For comparison we also show no axion case(solid lines). At z = 100, the
mass function is too small to be shown for no axion. (Bottom) The halo mass function at z = 10 for kosc =
102Mpc−1(triangle), 103Mpc−1(square), 104Mpc−1(cross), 105Mpc−1(circle) and no axion (solid) (the last two are almost iden-
tical in this figure). The shaded region(7.7×103M⊙ ! M ! 3.8×107M⊙) represents the mass range the 21cm forest observations
can probe.

where x ≡ r/rvir and F (y) = ln(1 + y)− y/(1 + y) with the circular velocity

V 2
c =

GM

rvir
= 23.4

(

M

108h−1M⊙

)1/3[Ωm

Ωz
m

∆c

18π2

]1/6(1 + z

10

)1/2

[km/s]. (10)

We adopt this gas density profile for the neutral hydrogen gas in a minihalo. The 21cm forest signals have been
discussed in details in the literature, and we only give here the relevant equations (see for instance [20, 32, 49, 55, 56]
and references therein for the derivations). The photons emitted from the radio loud sources at a high redshift are
absorbed by the intervening neutral hydrogen gas in the minihalos. The corresponding optical depth experienced by
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Fig. 1 also shows the range indicating the comoving wavenumber scales relevant for our 21cm signal estimation
(50Mpc ! kosc ! 900Mpc corresponding to Mmin = 7.7 × 103M⊙ < Mhalo < Mmax = 3.8 × 107M⊙ at z = 10.). We
can see that a relatively large k value is relevant for the 21cm forest observations, and the 21cm signals are calculated
by considering the contributions of the minihalos covering those relevant halo masses.
We first study how the number of 21cm absorption lines are affected by the isocurvature fluctuations based on the

power spectrum Eq. 2 treating kosc as a free parameter. Our aim here is to find what range of kosc the future 21cm
signals can be sensitive to. We then discuss the corresponding axion mass range which the 21cm forest observations
can probe by specifying the axion models.

III. 21CM FOREST OBSERVATIONS

A. Mass function

Before performing the 21 cm signal calculations from the minihalos, let us first illustrate how the large axion dark
matter fluctuations can help enhance the abundance of the large minihalos with the mass range relevant for the
21cm forest observations. The top panel of Fig.2 shows the proper halo number density and illustrates a significant
abundance of minihalos at z = 100 while it is negligible for the conventional adiabatic curvature perturbation scenario

[1] Note the mass range to estimate the 21cm forest signals could be effected by the non-trivial gas heating processes (see, for instance,
[42, 43] for the time-averaged filtering mass taking account of the time evolution of gas to respond to earlier heating).
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1) Axion search from the magnetosphere around the neutron stars

2)  Axion-like dark matter bounds: 

So far, done only for Greenbank and Effelsberg radio telescope data (a total observation of 2 hours)

Conclusion/Possible discussions

                         ma ≳ 10−20eV : CMB

ma ≳ 10−17eV : Lyα

ma ≳ 10−13eV : 21cm



Shimabukuro, Ichiki, KK (2020)  


Axion-like particle in post-inflation symmetry breaking scenarios

Ptotal = Padi + Piso
9

FIG. 5: The comoving scale when the axion oscillation initiates as a function of ma,0 for the different temperature dependence
of axion mass (represented by different values of n). The shaded region represents the scales that 21cm forest can probe.

Recently, some radio bright sources, such as radio loud quasars (around 10% of quasars are estimated to be radio
emission dominant) and Gamma-ray burst (GRB), have been found [58, 59, 60, 61]. For example, the promising
findings of the radio loud quasars and blazars with a sufficient brightness ! O(10) mJy have been reported at a
redshift z ! 6 [58, 59, 60]. The estimates of the number of radio quasars based on extrapolations of the observed
radio luminosity functions to the higher redshift indicate that there could be as many as ∼ 104 − 105 radio loud
quasars with a sufficient brightness at z=10[62, 63, 64]. Thus, these observations and prediction support the 21cm
forest studies.
While we discussed the 21cm absorption signals from the minihalos, the 21cm emissions from the minihalos can

also give the complimentary probes on the axion dark matter which will be discussed in the forthcoming paper.
We also mention the axion dark matter Jeans scale due to the quantum pressure inside which the pressure support

prevents the matter fluctuation growth kJ(R) = (16πGRρa(Tnow))
1/4 m1/2

a,0 [9, 22, 65, 66, 67, 68, 69, 70]. Such a Jeans
scale is quite small kJ(Req) > kosc for the parameter range of our interest and does not affect our discussions (i.e.
the mass enclosed inside the Jeans scale is smaller than that inside kosc scale when the dark matter overdense regions
started collapsing to from the halos around the radiation-matter equality). Such a small scale suppression however can
well be measurable by the future 21cm observations for the scenarios different from the ones discussed in this paper.
For instance, Ref. [17] showed that the 21cm forest observations can probe such small scale suppression through the
decrease of the 21cm absorption lines for the axion mass up to the order of O(10−18) eV (such studies apply for
the scenarios, for instance, where the PQ symmetry breaks during the inflation and is never restored afterwards ).
It is interesting to find that post-inflation scenarios discussed in this paper can lead to the different signature from
such previous studies in that the enhancement, rather than the suppression, of the 21cm forest absorption lines can
occur and also the sensitive axion mass range is bigger (ma ! O(10−18) eV) than those for pre-inflation PQ breaking
scenarios.

Ly-alpha: 


CMB:  

ma > 10−17eV
ma > 10−20eV

21cm: ma > 10−12eV

(Piso ∝ 1/k3
osc) 7

FIG. 3: The number of 21cm absorption lines as function of optical depth τ for various kosc.

µ represents the (possibly hidden sector) strong coupling scale and we for concreteness parameterize it as µ =
√

ma,0fa
in our discussions and in the figures 2 . The axion mass is temperature independent for T < µ, ma(T < µ) ≡ ma,0.
The index n can control how quickly the mass can switch on. While n = 4 for the conventional QCD dilute

instanton gas model, n can take different values based on a model and we simply treat it as a free parameter3 . The
Hubble value at the radiation-matter equality is of order H(Teq) ∼ 10−28eV, and we consider the ultra-light particle
mass range ma ≫ 10−27eV ! 3H(Teq) for which the scalar field starts oscillations during the radiation domination
epoch.
We have illustrated our discussions assuming the post-inflation PQ symmetry breaking scenarios where the axions

make up the whole cold dark matter of the Universe (the analogous discussions can be applied to the partial dark
matter scenarios, where the isocurvature amplitude is modified to be proportional to (Ωa/ΩCDM)2). This can hence
fix the value of fa for a given ma,0 for consistency, and the values of the axion decay constant satisfying Ωah2 = 0.12
as a function of the zero temperature axion mass ma,0 are shown in Fig. 4 for reference (note not all the axion mass
range in this figure can be probed by the 21cm forest observations to be shown below). For this figure, the current
cold dark matter axion density is estimated by, noting that the axion number density scales as na ∝ R−3 (R is a scale
factor) once it starts oscillation behaving as the matter,

ρa(Tnow) = ma,0
ρa(Tosc)

ma(Tosc)

(

R(Tosc)

R(Tnow)

)3

(16)

where ρa(Tosc) = ma(Tosc)2f2
aθ

2/2 (⟨θ2⟩ = π2/3 for the randomly distributed angle θ ∈ [−π,π]). Fig. 5
shows, as a function of ma,0, the corresponding comoving horizon scale kosc when the axion starts oscillation
kosc = R(Tosc)H(Tosc). The effective relativistic degrees of freedom g∗ in Ref. [62] is used in our analysis. In
this figure, we also superimposed the range of kosc we found in the last section to indicate the range for which the
21cm forest observations can distinguish between the axion models and the pure adiabatic model without the axion
isocurvature perturbations. Table.I lists the minimum and maximum axion mass which can be explored by the 21cm
forest for n=0,4,10. For the temperature independent axion mass (n = 0), the axion mass parameter range the 21cm
forest can probe is 4 × 10−18eV " ma,0 " 1.8 × 10−12eV). It is interesting that the 21cm forest measurements can
be sensitive up to the mass range ma,0 ∼ 10−12 eV, which goes well beyond and is complementary to the Lyman-α

[2] The precise expressions for µ is model dependent. For instance, for the QCD axion, µ ∼ ΛQCD ∼ 2.5
√
mafa ∼ 200 MeV [36, 45]

[3] See for instance Ref. [36, 45, 48] discussing the axion minicluster properties for n = 0 up to n = 20. The lattice QCD simulations and
interacting instanton liquid model, for example, give the slightly smaller values than 4 and some non-QCD axion-like particle models
can give n = 0[59, 60, 61].

3

FIG. 1: Matter power spectra at z=10 including the axion isocurvature modes to be compared with the adiabatic CDM power
spectrum without the isocurvature modes. We vary kosc =, 102(red), 103 (green),104 (blue),105 (magenta) Mpc−1. The shaded
region represents the wavenumber scales corresponding to mass scales determined by minimum and maximum masses the 21cm
forest observations are sensitive to at z = 10.

The minimum mass Mmin, on the other hand, is chosen to be the baryon Jeans mass1

Mmin(z) = 5.7× 103
(

Ωmh2

0.15

)−1 (
Ωbh2

0.02

)−3/5 (
1 + z

10

)3/2

M⊙ (4)

Fig. 1 also shows the range indicating the comoving wavenumber scales relevant for our 21cm signal estimation
(50Mpc ! kosc ! 900Mpc corresponding to Mmin = 7.7 × 103M⊙ < Mhalo < Mmax = 3.8 × 107M⊙ at z = 10.). We
can see that a relatively large k value is relevant for the 21cm forest observations, and the 21cm signals are calculated
by considering the contributions of the minihalos covering those relevant halo masses.
We first study how the number of 21cm absorption lines are affected by the isocurvature fluctuations based on the

power spectrum Eq. 2 treating kosc as a free parameter. Our aim here is to find what range of kosc the future 21cm
signals can be sensitive to. We then discuss the corresponding axion mass range which the 21cm forest observations
can probe by specifying the axion models.

III. 21CM FOREST OBSERVATIONS

A. Mass function

Before performing the 21 cm signal calculations from the minihalos, let us first illustrate how the large axion dark
matter fluctuations can help enhance the abundance of the large minihalos with the mass range relevant for the
21cm forest observations. The top panel of Fig.2 shows the proper halo number density and illustrates a significant
abundance of minihalos at z = 100 while it is negligible for the conventional adiabatic curvature perturbation scenario

[1] Note the mass range to estimate the 21cm forest signals could be effected by the non-trivial gas heating processes (see, for instance,
[42, 43] for the time-averaged filtering mass taking account of the time evolution of gas to respond to earlier heating).

ma = ma0(T/μ)−n


