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Abstract

We study the full-sky distribution of the radio emission from the stimulated decay of axions which
are assumed to compose the dark matter in the Galaxy. Besides the constant extragalactic and CMB
components, the decays are stimulated by a Galactic radio emission with a spatial distribution that we
empirically determine from observations. We compare the diffuse emission to the counterimages of the
brightest supernovæ remnants, and take into account the effects of free-free absorption. We show that,
if the dark matter halo is described by a cuspy NFW profile, the expected signal from the Galactic
center is the strongest. Interestingly, the emission from the Galactic anti-center provides competitive
constraints that do not depend on assumptions on the uncertain dark matter density in the inner region.
Furthermore, the anti-center of the Galaxy is the brightest spot if the Galactic dark matter density
follows a cored profile. The expected signal from stimulated decays of axions of mass ma ∼ 10−6 eV is
within reach of the Square Kilometer Array for an axion-photon coupling gaγ ≳ (2−3)×10−11 GeV−1.

1 Introduction

The axion was originally introduced to address the strong CP problem in quantum chromodynamics
(QCD) [1–3]. The QCD axion emerges as a pseudo-Nambu-Goldstone boson (pNGB) when the U(1)PQ
symmetry is broken. It can also be a viable cold dark matter candidate [4–7]. These considerations have
been extended to axion-like particles (ALPs), i.e. pseudoscalar particles that could generically appear as
pNGBs in theories with a spontaneously broken global U(1) symmetry, which are ubiquitous in string-
inspired beyond the Standard Model (SM) constructions [8,9]. ALPs cover a much broader mass-coupling
range than the original QCD axion [10], and have inspired many novel laboratory and astrophysical
searches [11,12].
A common characteristic of the QCD axion, as well as of ALPs, is that their couplings to the SM

particles are suppressed by inverse powers of the U(1) symmetry breaking scale, fa. In this paper, we will
only consider the ALP coupling to photons (or electromagnetic fields) which can be parametrized by the
following Lagrangian:

−L =
1

2
m2

aa
2 − gaγ

4
aFµνF̃

µν =
1

2
m2

aa
2 + gaγaE ·B, (1)

where Fµν is the electromagnetic field strength tensor, F̃µν is its dual, a is the axion field, and E and B are
the electric and magnetic fields, respectively. The effective axion-photon coupling gaγ has the dimension
of inverse mass; specifically, for the QCD axion, gaγ = αCaγ/(2πfa), where α is the electromagnetic
coupling strength and Caγ is a model-dependent dimensionless quantity typically of order unity; e.g. in
the Kim-Shifman-Vainshtein-Zakharov (KSVZ) [13, 14] model, Caγ = −0.97, and in the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) [15,16] and all grand-unified axion models, Caγ = 0.36. Moreover, the QCD
axion mass satisfies the relation mafa ≈ mπfπ, where mπ and fπ are the pion mass and pion decay
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constant, respectively. Including QED and NNLO corrections in chiral perturbation theory leads to the
relation [17]

ma = 5.691(51)µeV

(
1012 GeV

fa

)
, (2)

thus restricting ma and gaγ to a narrow band. However, in general, the ALP mass ma and coupling
gaγ are treated as independent free parameters, and the experimental constraints are often quoted in the
(ma, gaγ) plane.
As alluded to above, QCD axions or ALPs may also account for the dark matter in the Universe. They

could be produced in the early Universe by several mechanisms [18,19], such as vacuum misalignment [4–
6], thermal production [20–23], collapse of cosmic strings and domain walls [24–28], decay of heavier
particles (e.g. moduli or inflaton coupling to axions) [29–35] and Hawking radiation from primordial black
holes [36–38]. For instance, in the misalignment mechanism, the induction of nonzero QCD axion mass
by non-perturbative QCD instanton effects at around the QCD phase transition T ∼ ΛQCD triggers
oscillations of the axion field that could yield the required amount of the dark matter in the Universe for
QCD axions in mass range ma ∼ µeV, which is our main focus here.
Multiple lines of reasoning have been considered in the literature to constrain the parameter space of

ALPs in the µeV mass region [39]. The coupling to electromagnetic fields causes the conversion of axions
into photons in the presence of an external magnetic field [40]. Haloscopes such as the Axion Dark Matter
eXperiment (ADMX) [41–44] use a strong magnetic field applied inside a resonant cavity to find evidence
of the conversion of axions to photons in the Galactic dark matter halo. Assuming that axions compose
all the dark matter, the absence of a signal at ADMX puts an upper bound on the axion-photon coupling
gaγ ≲ 3×10−16 GeV−1 (at 90% confidence level (C.L.)) in the µeV mass range and already excludes both
KSVZ and DFSZ models over a narrow mass range of 2.8− 4.2 µeV [42,43].
The same coupling also induces the production of axions from photons inside stellar objects. Helioscopes

like the CERN Axion Solar Telescope (CAST) [45] searched for axions from the Sun, and placed a bound
on gaγ < 6.63 × 10−11 GeV−1 (at 95% C.L.) for axions with mass ma ≲ 0.02 eV, which remains one of
the most stringent laboratory constraints on ALPs in a wide mass range.
Axions can also be searched for by considering astrophysical processes. Axion-photon conversion inside

stellar cores affects the ratio of horizontal branch stars to red giants (R parameter). An analysis of 39
Galactic globular clusters gave gaγ < 6.54 × 10−11 GeV−1 (95% C.L.) for ma ≲ 100 keV [46]. This was
recently updated to gaγ < 4.7 × 10−11 GeV−1 (95% C.L.) from the observed ratio of asymptotic giant
branch to horizontal branch stars (R2 parameter) using a semiconvective mixing scheme [47]. Using the
predictive mixing convective boundary scheme, as favored by asteroseismological evidence, improves the
bound to gaγ < 3.4× 10−11 GeV−1 [47].
Similarly, axion DM may efficiently convert to photons in the magnetospheres of neutron stars, pro-

ducing nearly monochromatic radio emission. Using archival Green Bank Telescope data collected in
a survey of the Galactic Center in the C-Band by the Breakthrough Listen project, constraints on gaγ
down to the level of 10−11 GeV−1 was set for axion DM masses between 15 and 35 µeV [48]. Another
study that does not rely on axions being the DM uses the fact that axions can be copiously produced in
localized regions (polar caps) of neutron star magnetospheres from the spacetime oscillations of E ·B, and
their resonant conversion into photons can generate a large broadband contribution to the neutron star’s
intrinsic radio flux [49]. Comparing observations of 27 nearby pulsars to predictions from sophisticated
particle-in-cell simulations, an upper limit of gaγ ≲ (2− 10)× 10−12 GeV−1 (95% C.L.) was obtained for
10−9 ≲ ma/eV ≲ 10−5 [50].
Given the current constraints, QCD axions with a mass ∼ µeV interact with the electromagnetic field

very weakly. Thus, their spontaneous decay rate to two photons in vacuum is extremely small:

τa =
64π

g2aγm
3
a

≃ 1043 s

(
10−10 GeV−1

gaγ

)2(
1 µeV

ma

)3

. (3)
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This tiny decay rate makes it difficult to search QCD axions by photon signals from their spontaneous
decay.1 However, the decay rate can be enhanced (by several orders of magnitude) in the presence
of ambient photons since electromagnetic fields with an energy equivalent to half of ALP mass can
stimulate decays of ALPs into two photons, which are emitted back-to-back in the rest frame of ALPs [53].
Thus, the incident wave of photons is amplified in the forward direction and reflected in the opposite
direction [53–56]. This phenomenon could generate an observable amplification of radio signals from
different astrophysical targets, such as dwarf spheroidal Galaxies, the Galactic Center and halo, and
Galaxy clusters [57, 58]. We can also observe photons produced from stimulated decay of ALPs in the
exact opposite direction (antipodal point) to a bright astrophysical source in the rest frame of the axion.
This counterimage, dubbed as gegenschein, has been studied for bright radio sources, such as Cygnus
A [59] and supernova remnants (SNRs) [60,61]. This gegenschein signal, obtained by integrating over all
the axion decay in a DM column oriented along the line of sight, can in principle be detected using powerful
radio telescopes, like the current Five-hundred-meter Aperture Spherical radio Telescope (FAST) [62] or
the future Square Kilometer Array (SKA) [63]. It will provide yet another probe of the axion-photon
coupling gaγ in the µeV ALP mass range, which falls right in the frequency range of operation of the
radio telescopes:

νa =
ma

4π
≃ 0.1 GHz

(
ma

1 µeV

)
. (4)

In this study, we carefully scrutinize the radio signals from stimulated decays of axions and include a
number of effects previously not considered. We take into account the photon absorption due to electrons
in the Galaxy that could potentially affect the observed signal. We construct an all-sky map of the signal-
to-noise ratio at different radio frequencies. In addition to the three brightest SNRs considered previously,
we include a fourth SNR S147 (whose counterimage will be close to the Galactic Center), and also include
the effect of SNR parameter uncertainties on the signal. The effect of DM density profile (cuspy versus
cored) on the radio signal is also studied. We find that at high frequencies (> GHz), the strongest signal
is from the Galactic Center for both cuspy and cored profiles, whereas at low frequencies, the strongest
signal is from either Galactic Center or Anti-center, depending on whether the density profile is cuspy
or cored at the Center. Similarly, among the four point sources considered, S147 gives us the best limit
for the cuspy profile. The sensitivities obtained here are comparable to the existing limits, and those
from the Galactic Anti-center are especially robust against astrophysical uncertainties. Finally, we also
quantify the potential effects of axion miniclusters and mass segregation due to dynamical friction on the
radio signal, and find that their effect on the signal flux is negligible (at most 0.3%).
The rest of the paper is structured as follows: in Section 2 we review the calculation of the photon

flux from the stimulated decay of axions (with additional details reported in Appendix A) and we discuss
some factors overlooked before that may affect the signal observed at the Earth. Section 3 describes
the Galactic environment and the characteristics of the SNRs considered here. The specifications of
the relevant telescopes used in this analysis are summarized in Section 4. The results are discussed in
Section 5. Our conclusions are given in Section 6.

2 Radio signal from the stimulated decay of axion dark matter

Let us consider a bright radio source such as an SNR in the galaxy or a powerful extragalactic source
like Cygnus A. The beam of radio photons may induce the stimulated decay of axions on its way through
the Galactic DM halo to the Earth and beyond. The gegenschein signal [59] is generated along the
continuation of the line of sight to the source, but to the direction opposite to the source. This could be
a clean signal if there is no other bright source in the opposite direction of the original bright source in

1This is unlike other decaying DM candidates, like keV sterile neutrinos [51], or heavy decaying DM [52], where the photon
signal constitutes one of the main probes.
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the sky. In contrast, the stimulated signal generated along the line of sight in the same direction as the
original source will be difficult to isolate from the bright continuum background of the source itself.
The observed photon flux has contributions from the decay of axions at a distance r away from the

Earth that occurred at t− r/c, and was stimulated by a photon that had passed the current location of
the Earth at time t− 2r/c, where c is the speed of light in vacuum.2 If the radio source was significantly
brighter in the past, as expected for some SNRs [60, 61], it could generate a striking bright image in the
opposite direction, which is the gegenschein signal, whose frequency is set by the axion mass.
The flux density of photons from stimulated decays of axions averaged over the photon bandwidth ∆ν

is given by (see Appendix A for the detailed derivation)

Sν =
Γa

4π∆ν

∫
dx

∫
dΩ ρa(x,Ω)e

−τ(νa,x,Ω)
(
fγ(x,Ω, t) + f̃γ(x,Ω, t)

)
, (5)

where Γa = τ−1
a is the spontaneous axion decay rate [cf. Eq. (3)], ρa is the axion mass density along the

line of sight (which depends on the DM density profile), τ is the optical depth (see below), and νa is the
frequency at which the signal peaks for a given axion mass ma [cf. Eq. (4)]. Here, we integrate the solid
angle Ω over the field of view of the radio telescope under consideration. The distribution functions fγ
and f̃γ correspond to photons moving towards and away from the Earth, respectively,3 and their time
dependence arises because of the time-dependent radio photons from point sources like SNRs. The radio
photons from continuum sources, like the Galactic, extragalactic, and CMB emissions are treated as
steady emissions (independent of time).
The exponential factor in Eq. (5) accounts for the fact that a fraction of the photons from axion decays

will be absorbed before they can reach the Earth. This is mainly due to free-free absorption, which we
model as a thermal plasma of ionized hydrogen uniformly mixed with the synchrotron-emitting relativistic
gas. The absorption coefficient is given by [64,65]

κ(ν,x) = (9.8× 10−3 cm−1)[ne(x)]
2[Te(x)]

−3/2ν−2

[
19.8 + ln

(
[Te(x)]

3/2

ν

)]
, (6)

where ne(x) is the electron number density in units of cm−3, Te(x) is the kinetic temperature of thermal
electrons in K and ν is the observing frequency in Hz. The optical depth τ in Eq. (5) is obtained
by integrating the absorption coefficient along the line of sight from the Earth to the point where the
stimulated axion occurs:

τ(ν, x,Ω) =

∫ x

0
dl κ(ν, l,Ω) . (7)

Note that Ref. [60] used an alternative form for κ by approximating the last term in brackets (Gaunt
factor) in Eq. (6) by a simple power law in ν and Te. We use the exact expression (6) for reasons explained
in Section 3.2.
So far we have implicitly assumed that both the DM and the observer on Earth are at rest in the frame

of the Galaxy. In reality there are several factors that can affect the radio signal, especially when dealing
with Galactic point sources [60,61]:

• DM in the Galaxy has a non-zero velocity dispersion σa ≈ 5 × 10−4c [66], and a lower value in
colder structures such as dwarf Spheroidal satellites. As a result, axion decay does not occur at rest
in the frame of the Galaxy and the photons do not point exactly along the line of sight from the
Earth to a point source, but could deviate by an angle θ up to σa [cf. Fig. 1]. Hence, point sources
are smeared and the signal they generate would have a size 2ψ ≃ 2σa(ds + x)/ds, where ds is the

2We set c = 1 elsewhere in the text, but keep it here for clarity.
3Our flux expression differs from Eq. (3.1) in Ref. [58] in the last term where we take into account the fact that the flux

of photons traveling towards and away from the Earth may not necessarily be the same.
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Figure 1: A schematic diagram (not to scale) of the stimulated decay of an axion. The radio photon
from the source (dotted orange line) induces the stimulated decay of an axion in a DM cloud (the gray
ellipse). Two back-to-back photons with energy equal to ma/2 are emitted in the rest frame of the axion,
and one of them (solid red line) is detected by a radio telescope on Earth (the pale blue dot), located
at a distance x from the point where axion decays. In the Galactic frame, the angle θ could be as large
as the axion velocity dispersion σa. Using trigonometric identities, we can estimate the deviation angle
ψ ≃ σa(ds + x)/ds.

distance between the Earth and the source and x is that between the Earth and the point where the
axion decays. This effect is mostly relevant for point sources, and not for diffuse signals. Moreover,
we will use the radio telescopes in the single-dish mode, and therefore, we can ignore the smearing
effect, unlike Refs. [60, 61] which use the interferometer mode where the angular size of the signal
has to be carefully determined.

The motion of axions also broadens the signal in frequency space, and we choose the observation
bandwidth to maximize the signal-to-noise ratio as discussed in Section 4.

• The peculiar motion of a radio source causes different effects on the image depending on whether
the motion is along or perpendicular to our line of sight. For instance, the signal could shift from
the current location of the source due to motion perpendicular to our line of sight. The deviation
can be estimated from the aberration angle θde ≃ dp/ds, where ds is the distance to the source and
dp is the distance that the source travels during the relevant time to generate the signal.

For all the SNRs we consider here, θde ≲ 5 arcmin, which is typically smaller than the angular
resolution of the radio telescopes like SKA in the single dish mode [63], so the aberration effect will
mostly cause the image of the SNR in the radio telescope to be blurred and enlarged by an order one
factor. On the other hand, the motion of a source along our line of sight can reduce or enhance the
flux, which is proportional to the inverse of the distance between the Earth and the source squared.
This effect turns out to be negligible for SNRs [60] and for the Galactic center since the orbit of
the solar system is approximately circular, and therefore, the distance to the source remains nearly
constant.

• The shadow of the Earth might temporarily shield the radio photons from the source, which could
either stop the stimulated decay of axions on the other side of Earth or prevent the photons from
axion decays outside the shadow from passing the Earth. However, both effects turn out to be
negligible due to the motion of the Earth in the DM rest frame [60].

3 The Galactic contribution

We would like to determine the contribution to the radio signal generated by the stimulated decay of DM
axions within the Galaxy in any direction. To evaluate the flux we first have to specify the distribution
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of the DM in the Galaxy, the density and the temperature of the electron plasma that contributes to the
opacity, and the background radio photons that stimulate the decays of axions in the DM halo.

3.1 The mass density of the Milky Way

The mass distribution of the Galaxy is typically described as the superposition of different components:
the bulge, the thin and thick disks, and the DM halo; see e.g. Refs. [67–69] for detailed models.
Numerical N -body simulations suggest that the density of the DM in the Galaxy, which we assume to

be exclusively composed of ALPs, follows the so-called NFW profile [70]:

ρNFW(r) =
δcρc

(r/rs) (1 + r/rs)
2 , (8)

where rs is the characteristic scale radius, ρc ≡ 3H0/8πG ≃ 10−29g cm−3 is the critical density of the
Universe (G being Newton’s constant and H0 the current Hubble parameter), and δc is the overdensity
parameter:

δc =
∆vir

3

C3

ln (1 + C)− C/ (1 + C)
, (9)

where the concentration parameter C = Rvir/rs, and the halo mass is normalized by the virialization
radius Rvir that encloses a mass density ∆vir = 200ρc. A recent comparison of the dynamics of the Milky
Way satellites with the predictions of Galaxy formation simulations [71] yields a total mass of the halo of
the GalaxyMMW

200 = 1.17+0.21
−0.15×1012M⊙ (at 68% C.L.), and a concentration parameter of CMW

200 = 10.9+2.6
−2.0,

from which we can derive Rvir ≃ 221 kpc and rs ≃ 20 kpc. From Eq. (8), this gives a local DM density
of ρlocal ≃ 0.3 GeV cm−3.
However, several observations suggest that while the relatively massive Galaxies show a cuspy NFW-like

(or generalized NFW) profile [72], a cored DM profile provides a better fit to the rotation curves of smaller
galaxies [73–75]. For example, the best NFW fit to the observations of dwarf Spheroidal satellites of the
Milky Way can be much less concentrated than expected from simulations [76], and mass estimates at
different radii are consistent with cored potentials [77,78]. Furthermore, baryonic physics processes such
as stellar feedback are expected to alter the central DM distribution in larger Galaxies like the Milky
Way [79]. Thus, in our calculations we also consider the possibility that the DM is described by a cored
Burkert profile [80]:

ρBur(r) =
ρs(

1 + r
rs

)(
1 + r2

r2s

) . (10)

Agreement with mass estimates of the Galaxy and requiring that the local DM density is ρlocal ≃
0.3 GeV cm3 determines the scale radius rs ≃ 12.67 kpc and the scale density ρs ≃ 0.712 GeV cm3 [81].

3.2 Electron number density in the Galaxy

As shown in Eq. (6), the absorption coefficient depends on the number density and temperature of electrons
along the line of sight. Twelve models of the free electron distribution in the Milky Way are explored
in Ref. [82], and their parameters are determined so that the observed distances of known pulsars are
recovered from their observed dispersion measure. Most models can predict the dispersion measure within
a factor of 1.5-2 for 75% of the lines of sight. For definiteness, we use the plane-parallel two-component
model [83]4:

ne(R, z) = n0
f (R/R0)

f (R⊙/R0)
f

(
z

z0

)
+ n1

f (R/R1)

f (R⊙/R1)
f

(
z

z1

)
(11)

4Choosing the TC93 model [84], which provides a better fit to the pulsar data, has a dependence on the Galactic
coordinates, and significantly increases the computational costs, without altering the results much.
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where R is the polar distance from the Galactic Center, R⊙ = 8.5 kpc is the Galactocentric distance of
the Sun, and z is the height above the Galactic mid-plane. We take the best-fit parameters from Table 4
in Ref. [82] for f(x) = sech2(x), i.e.,

n0 = 1.77× 10−2 cm−3, R0 = 15.4 kpc, z0 = 1.10 kpc, (12)

n1 = 1.07× 10−2 cm−3, R1 = 3.6 kpc, z1 = 0.04 kpc. (13)

We note that our calculation of the optical depth using the electron number density given above is
different from Ref. [60], which used the emission measure, EM =

∫
n2edx, along the line of sight, with

ne modeled as a plane-parallel distribution with a single scale height [85, 86]. This approach makes the
optical depth negligible for the entire range of frequencies they investigated. In our case, the optical
depth is negligible only at higher frequencies (≳ 500 MHz), but is important at low frequencies, where
we get the best sensitivities. Moreover, the single-plane model does not provide a good fit to the pulsar
data [82]. Both models greatly underestimate the EM in the close vicinity of the Galactic Center, which
has been estimated to be ∼ 105 cm−6pc [87], based on the radio observation of Sgr A∗ and the 7 arcmin
halo surrounding it. But the two component model gives O(102) cm−6pc, compared to O(10−1) cm−6pc
in the single-component model. See Section 5.1 on how we handle the EM discrepancy at the Galactic
Center emission.
As for the electron temperature in Eq. (6), it can be derived from observations of radio recombination

line and continuum emissions in H II regions. Taking a sample of 76 nebulae widely distributed over the
Galactic disk, the best fit electron temperature in the Galaxy was found to be Te = (5780± 350)+ (287±
46)(Rgal/1 kpc) K, where Rgal is the Galactocentric distance [88]. Following Ref. [58], we will ignore
the small temperature gradient in the Galactic disk and will assume a constant electron temperature
Te ∼ 5000 K.

3.3 Diffuse radio emission

As discussed in Section 2, the presence of a background of radio photons will stimulate the decay of
DM axions, and the resulting flux of photons is linearly proportional to the occupation number fγ of
background photons. When estimating the diffuse emission from an arbitrary direction, we consider
three separate contributions to fγ : the cosmic microwave background (CMB), the extragalactic radio
background (ERB), and the Galactic radio emission.
At higher frequencies (≳ 10 GHz), the main contribution to the photon background comes from the

CMB. The spectrum is, hence, well approximated by a black-body spectrum:

fγ,CMB(Eγ) =
1

eEγ/kBTCMB − 1
, (14)

with TCMB = 2.72548± 0.00057 K [89]. Here kB is the Boltzmann constant.
Since extragalactic radio sources are likely to be distributed isotropically, the observed ERB is expected

to be nearly isotropic. The analysis of radio maps with frequencies ranging from 22 MHz to 2.3 GHz
provides a best fit to the brightness temperature of the isotropic extragalactic radio emission [90]:

Texgal(ν) ≃ 1.19 K

(
1 GHz

ν

)2.62

. (15)

Then the stimulated enhancement factor can be obtained from the measured radio intensity:

fγ(Eγ) =
π2ργ
E3

γ

, (16)
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where the energy density (which is same as the intensity up to a factor of c, the speed of light) can be
written in terms of the brightness temperature as5

ργ =
2hν3

ehν/kBTb − 1
≃ 2ν2kBTb (for hν ≪ kBT ) . (17)

For the frequency range of our interest, hν ≪ kBTb holds for the extragalactic brightness temperature
given in Eq. (15), because hν ∼ ma ∼ µeV, whereas kBT ∼ 1 K ∼ 10−4 eV.
From the above discussion, we see that both CMB and ERB sources contribute an isotropic radio

background to the stimulated photon signal which only depends on the photon energy, or equivalently, on
the axion mass. But the Galactic contribution to the radio background is more complicated, and depends
on the Galactic coordinates of the line of sight. Radio photons are produced in the Galaxy via several
processes including synchrotron radiation, thermal bremsstrahlung, and synchrotron self-absorption in
SNRs. We estimate the Galactic contribution to fγ from the observed brightness temperature Tgal of
the 408 MHz Haslam map [91, 92]. Although the spectral index of the Galactic radio emission generally
depends on the direction [93], we will use the ansatz given in Table 1 of Ref. [94] that was also used in
Ref. [58]:

fγ,gal(r, ν) = fγ,gal(r)|ν=ν∗
×


(ν/ν∗)

−3.173 ν < ν∗
(ν/ν∗)

−3.582 ν∗ ≤ ν ≤ 4.85 GHz

1.99 (ν/ν∗)
−4.14 ν > 4.85 GHz

, (18)

which is obtained by fitting the observed radio flux from the inner 2◦×1◦ of the Galactic Center region at
ν⋆ = 1.415 GHz.6 As we will see in Section 5, the gegenschein signal induced by the diffuse emission from
the Galactic Center (or Anti-center for low frequencies) give us better sensitivity than the point sources.

3.4 Radio emission from SNRs

Our objective is to determine the most favorable location in the sky to measure a potential radio signal
associated with the stimulated decay of axion DM. Besides the diffuse emission (both direct and gegen-
schein) from the central region of the Galaxy, the gegenschein signal associated with bright point sources
also stand out. SNRs are of particular interest, because they are known to be radio bright [95–97]. SNRs
could emit a copious number of radio photons both thermally and non-thermally. Thermal radio emission
consists of bremsstrahlung (free-free emission), photon emissions from charged particles accelerated by
encountering another charged particle, radiative recombination continuum (free-bound emission), single
photon emission due to the capture of a free electron by an ion, and two-photon emission from electrons
in metastable states. Nonthermal emission includes synchrotron radiation caused by relativistic charged
particles, mainly electrons and positrons, gyrating in a magnetic field and scattering between photons
and cold electrons (Thomson scattering). Emissions due to synchrotron radiation are dominant in the
radio frequencies of our interest and the photon spectrum follows a simple power law: Sν ∝ E−α

γ , where
the spectral index α is typically around 0.5; see Table 1.
As implied by Eq. (5), a source that was brighter in the past could produce a brighter signal compared

to its present state. As first proposed in Ref. [98], and summarized in [99, 100], the time evolution of
SNRs can be roughly divided in four phases, namely, (i) Free expansion (or ejecta-dominated) phase, (ii)
Adiabatic expansion (or Sedov-Taylor) phase, (iii) Radiative (or Snow-plough) phase, and (iv) Dispersion
(or merging) phase. After a short initial free expansion phase that lasts a few hundred years, the bulk
of the radio emission is generated in the early stages of the Sedov-Taylor or adiabatic phase. During
this phase, which lasts ∼ O(few × 104) years, the luminosity decreases steeply with time, so the total
integrated gegenschein luminosity is expected to be much greater than what we would infer from the
source’s luminosity at present, since most of the radio emission was produced when the source was young.

5Here we keep the Planck’s constant h for clarity, although elsewhere in the text, we have assumed ℏ ≡ h/2π = 1.
6Our Eq. (18) differs from Eq. (4.7) in Ref. [58] for ν > 4.85 GHz and ensures that fγ,gal is continuous at ν = 4.85 GHz.
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S147 W28 Vela W50

Distance [pc] 1470+420
−270 1900+300

−300 287+19
−17 50000+5000

−5000

Age [kyr] 40+20
−10 34.5+1.5

−1.5 12+2
−2 30+70

−10

Spectral index α 0.3+0.15
−0.15 (1.2+0.3

−0.3) 0.42+0.02
−0.02 0.74+0.04

−0.04 0.7+0.1
−0.2

Flux Sν [Jy] 59± 6 310± 20 610± 105 85± 20

Galactic coordinates (l, b) (180.0,−1.7) (6.4,−0.1) (263.9,−3.3) (39.7,−2.0)

Size [arcmin] 180 48 255 60

Table 1: Parameters of the four SNRs used in this paper and the associated uncertainties [106, 107] (see
also Ref. [61] and references therein). The spectral index of S147 depends on the frequency; the central
value is 0.3 (1.2) for frequencies smaller (larger) than 1.7 GHz [110]. The fluxes are given at ν = 1.7 GHz
for S147, and at ν = 1 GHz for the others. The flux uncertainties quoted here are based on the available
measurements closest to 1 GHz.

The important SNR evolution parameters are the spectral index α, magnetic field amplification (MFA)
time tMFA, and the age t0. Following Ref. [61], we will consider two models for the evolution of the spectral
index in the Sedov-Taylor phase, namely, (i) Sν ∝ t−4γ/5 [101], and (ii) Sν ∝ t−2(γ+1)/5 [102], where γ is
the power law index for the differential energy spectrum of the synchrotron electrons: dne/dEe ∝ E−γ

e ,
and is related to the spectral index of the photon flux by γ = 2α + 1 [103]. Thus, γ > 1 (since α > 0),
which implies the model (i) gives more optimistic flux. Similarly, for tMFA, we will use the range of 30–300
years, with a central value of 100 years [104,105].
Out of the roughly 300 Galactic SNRs recorded in Green’s catalog [106, 107], 60 of them have known

distance, age and spectral index listed in the SNRcat catalog [108, 109]. Among these, the counterimage
of W50 was found in Ref. [60] to yield the maximum signal-to-noise ratio in SKA 1, while Ref. [61] also
considered Vela and W28. In our survey we add S147 to this list (see Table 1), because S147 (G180.0-1.7)
is the closest SNR to the Galactic Anti-center, and therefore, its counterimage will be formed close to
the Galactic Center. Although this counterimage is likely to be contaminated by radio photons from
the Galactic Center, we still expect a large gegenschien flux from it since the flux from axion decay is
proportional to the density of axions, which is the largest at the Galactic Center. Furthermore, S147 is
the oldest of the four SNRs considered here, which enables its radio photons to stimulate decays of axions
located far away from the Earth. Its spectral index varies depending on frequency: below 1.7 GHz, the
spectrum is relatively flat, and the spectral index α is estimated to be 0.3, while it grows to 1.2 above
1.7 GHz.
W28 (G6.4-0.1) is almost on the Galactic plane, but its counterimage would avoid being smeared by

the radio background since it is away from the direction of the Galactic Center. It is encouraging that
this SNR is almost as old as S147, and its observed flux at 1 GHz is large. On the other hand, Vela
(G263.9-3.3) is a relatively young SNR, but it is the brightest among the four, even after excluding the
radio photons from the pulsar nebula, and has a large spectral index, and thus, is expected to give a
bright counterimage. Finally, W50 (G39.7-2.0) is the SNR with which Refs. [60, 61] place the strongest
constraints on the axion-photon coupling gaγ . It has a large spectral index, a relatively long age and is
furthest away (among the four), which is a good combination that helps to generate a bright gegenschein
image. As we will see in Section 5, S147 gives a slightly better constraint than the other three point
sources considered before, but the diffuse emission from the Galactic Center and Anti-center give us the
best constraints.
The SNR parameter values and uncertainties for the four point sources used in this study are taken

from the Green’s catalog [107] and are summarized in Table 1.
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3.5 Effects of small scale structure

Axion models where the PQ symmetry is broken after inflation generically predict that the DM distribu-
tion will be inhomogeneous at small scales. As a result, a fraction of the DM mass collapses into small
halos called axion miniclusters [111–121]. Even denser axion stars [122–125] might form within miniclus-
ters in a time shorter than the age of the Universe [126–129]. The presence of these inhomogeneities can
give rise to striking effects [125, 130–139] and it is worth exploring whether their presence can also be
revealed by their stimulated radio decays.
Since the precise abundance and distribution of axion stars is uncertain, we choose for our purposes a

particular realization of the DM of the Galaxy where a fraction of order 10% of the DM mass is in the
form of dilute axion stars with mass mAS and radius [140]

Rdilute
a ∼ 27000 km

(
1 µeV

ma

)2(10−12M⊙
mAS

)
. (19)

In principle, the presence of such a clumpy component could give rise to statistical fluctuations of the
radio signal along different lines of sight. However, the solid angle of the telescope beam corresponds
to a DM column mass that is several orders of magnitude larger than the mass of the individual axion
clumps [61]. For instance, for typical dilute star with radius given in Eq. (19) we would expect about
1017 dilute stars along a given line of sight, so the tiny ∼ 10−8 Poisson fluctuations are unobservable.
Moreover, since the signal from stimulated axion decay is proportional to the DM density, the presence

of a clumpy component does not appear to change the observed flux (unlike e.g. an indirect signal from
DM annihilation, which is proportional to the square of the density). This is indeed the case as long
as the clumpy DM component has the same density distribution as the underlying homogeneous DM
profile. However, if clumps are preferentially located e.g. at the outer parts of the halo compared to the
homogeneous NFW or Burkert profile, the flux from stimulated axion decay would be different than the
one expected from a completely smooth DM halo.
Since the spatial extent of axion miniclusters is small, ≲ 1 pc, and that of dilute stars is even smaller

[cf. Eq. (19)], their initial mass distribution at the time the DM halo of the Galaxy was assembled is
likely to coincide with that of the homogeneous halo. However, their distribution might be modified
over time due to the effects of dynamical friction between ordinary stars and axion stars. Gravitational
interactions between collisionless components lead to equipartition, where the average kinetic energy of
the lighter component becomes equal to that of the heavier component [141–143]. This leads to mass
segregation, where the more massive component (i.e. the ordinary star in this case) tends to drift closer
to the cluster. Assuming that both axionic and ordinary stars follow a Maxwellian velocity distribution,
the mean transferred energy is given by [144]

dEAS

dt
=

√
96πG2mASρs ln Λ[
⟨v2s ⟩+

〈
v2AS

〉]3/2 [
ms

〈
v2s
〉
−mAS

〈
v2AS

〉]
, (20)

where subscripts denote either stars (s) or axion stars (AS), ⟨v2s ⟩ and ⟨v2AS⟩ are the corresponding mean-
squared velocities, and ρs = ρb+ρd,thin+ρd,thick is the density of ordinary stars which receives contributions
from the bulge and from the thin and thick discs [67,68]. We assume that the axion stars have the same
velocity dispersion as that of the homogeneous component of the DM [66], which is comparable to velocity
dispersion of stars in the Galaxy [145,146], i.e. ⟨v2s ⟩ ∼ ⟨v2AS⟩ = σ2a ≃ (5×10−4c)2. The Coulomb logarithm
in Eq. (20) is approximated by lnΛ = ln[dmaxσ

2
a/(G (ms +mAS))], where dmax is an upper limit to the

distance between a gravitationally interacting axion star and an ordinary star. A reasonable choice for
dmax would be the bulge radius, rb ≃ 2.1 kpc. This gives lnΛ = 23.1. We can now estimate the relaxation
time trelax as

trelax ≡
∣∣∣∣∣ 1
1
2mAS

〈
v2AS

〉 d

dt

(
1

2
mAS

〈
v2AS

〉)∣∣∣∣∣
−1

≃ 0.08 σ3a
G2msρs ln Λ

≃ 7000 Gyr

(
100 M⊙pc−3

ρs

)(
M⊙
ms

)
, (21)
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Figure 2: Mass deficit due to mass segregation between axion stars and ordinary stars as a function of
distance from the Galactic Center. The band shows the uncertainty in the stellar mass density distribution
in the Galaxy.

which turns out to be much longer than the age of the Universe for typical values of the stellar density in
the bulge, ρs ≃ 100 M⊙pc−3, and a typical stellar mass of ms ≃ 1 M⊙. Hence, the mass segregation of
axion stars and ordinary stars due to dynamical friction is an extremely slow process for the given mass
hierarchy between ordinary and axionic stars.
In order to estimate the current distribution of axion stars, we further assume that the effect of mass

segregation is spherically symmetric so that we can apply the virial theorem, E = −U/2 (where E and U
are the kinetic and potential energies respectively), to the system. Under these assumptions, the evolution
of a radial mass shell is governed by the following differential equation [147]:

dr

dt
=

4
√
2πG2ρsms

σ
ln Λ

(
df(r)

dr

)−1

(22)

where f(r) is the gravitational potential energy per unit mass as a function of distance r from the Galactic
Center. Here the gravitational potential is taken to be the sum of the contributions from the bulge, the
thin disk, the thick disk, the axion stars, and the supermassive black hole at the Galactic Center with
mass MBH ≈ 4× 106M⊙ [148].
Figure 2 shows the mass density deficit (δρ/ρ)AS ≡ (ρAS(t) − ρAS(0))/ρAS(0) for the axion stars,

calculated by solving Eq. (22), and taking ρ(t)/ρ(0) ≃ (r(0)/r(t))3 at t = 13.8 Gyr, the current age of
the Universe. We use two models to compute the mass deficit: For the optimistic model (lower curve) we
set the stellar mass density ρs(r) to the value on the Galactic plane, whereas for the conservative model
(upper curve) we take it equal to the value in the direction of the Galactic North (or South) pole. We
see that the mass density of axion stars is reduced by at most 0.5% (conservative)-1.7% (optimistic) at
r ∼ 20 pc from the Galactic Center. This will causes a reduction in the photon flux from stimulated
axion decays by about 0.1% (conservative)-0.3% (optimistic). Thus, the mass segregation effect on the
radio signal is negligible.

4 Radio telescopes

As shown in Eq. (4), the frequency of photons produced from stimulated axion decay naturally falls in
the radio band for ma ∼ µeV, where the axion can make up the bulk of the DM. There are several radio
telescopes that are currently operating, and even larger facilities will start collecting data in the next
few years [149]. We here summarize the characteristics of FAST [62] (currently operating) and SKA [63]
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SKA1-low SKA2-low SKA1-mid SKA2-mid FAST

Frequency [MHz] 50-350 50-350 350-15400 350-50000 70-3000
Ntele 512 4800 197 2000 1
D [m] 35 35 13.5, 15 13.5, 15 300
θres [deg] 12-1.7 12-1.7 4.0-0.91 4.0-0.28 1.0-0.023
Tr [K] 40 40 20 20 20

Table 2: Main properties of the SKA [153] and FAST [154] relevant to our calculation.

(Phase 1 under construction and Phase 2 planned) as representative examples, which will be used to
derive the sensitivity curves for the axion masses and couplings from the stimulated decay signal.
The Square Kilometer Array (SKA) [150] has one of the largest collecting areas among all radio tele-

scopes. It comprises two different types of instruments, SKA-low and SKA-mid, that use dipole and
parabolic antennas, respectively. SKA-low, located in Western Australia, observes radio photons with
lower frequencies (50-350 MHz) and it consists of 512 telescopes, each with 35 m diameter and 256 anten-
nas. SKA-mid, located in South Africa, is sensitive to photons with higher frequencies (350 MHz - 1.54
GHz, which will extend to 50 GHz with SKA2). It consists of 133 dishes with a diameter of 15 m and
64 MeerKAT dishes with a diameter of 13.5 m [151, 152]. On the other hand, FAST [62] is a single-dish
telescope with a diameter of 300 m currently operating in China. Its design frequency range is from
70 MHz to 3 GHz, and up to 8 GHz with future upgrades. We summarize the specifications of these
telescopes in Table 2.
Several key properties of a telescope enter the calculation of the axion decay signal: angular resolution,

noise properties, bandwidth and frequency resolution. The angular resolution of a telescope with a
diameter D is given by

θres ≃ 1.22
λ

D
≃ 1.4◦

(
1 GHz

ν

)(
15 m

D

)
. (23)

Given the resolution θres, we can express the primary beam angular size as Ωpb = 2π (1− cos (θres/2)).
The signal power in a bandwidth ∆ν observed by each antenna can be expressed as

Psignal = ηAf∆Sν∆ν, (24)

where Sν is the observed flux of radio photons in the bandwidth ∆ν [cf. Eq. (5)] with the integral over
solid angle extending over the primary beam area, A = π(D/2)2 is the area of each dish, η is the detector
efficiency which we set conservatively to 0.8 [63] for SKA and 0.7 for FAST [62].
Assuming that axion DM follows a Maxwell-Boltzmann velocity distribution, the signal-to-noise ratio

is maximized for ∆ν = 2.17νaσa, which contains a fraction f∆ = 0.721 of all the photons from stimulated
axion decays [59]. Our signal bandwidth ∆ν/νa = 2.17σa ∼ 10−3 is within the observable range of the
radio telescopes considered here.
The instrument noise is characterized by the power

Pnoise = 2kBT

√
∆ν

tobs
, (25)

where tobs is the observation time that we take to be 100 hours for definiteness. T = Ta + TCMB +
Texgal + Tgal + Tr is the noise temperature which is the sum of contributions from atmospheric radio
photons, CMB, extragalactic radio waves, Galactic radio emission, and the temperature of the receiver.
The brightness temperature of the atmospheric signal is set to Ta = 3 K [155]. The receiver temperature
is Tr = 20 K for FAST [62] and SKA-Mid, and 40 K for SKA-Low [63]. As discussed in Section 3.3 we
take the frequency-dependent Texgal from Eq. (15), and that of the Galactic emission is taken from the
Haslam map [91,92].
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Putting things together, we find that the signal-to-noise ratio for a single telescope is given by(
S

N

)
single

=
m3

ag
2
aγ

512π2
ηAf∆
kBT

√
tobs
∆ν

√
npol

∫
dx

∫
dΩ ρa(x,Ω)e

−τ(νa,x,Ω)
(
fγ(x,Ω, t) + f̃γ(x,Ω, t)

)
, (26)

where npol = 2 is the number of polarizations of photons. If we now consider an array of Ntele telescopes,
the signal-to-noise ratio is the root mean square of the signal-to-noise ratio of each telescope. Therefore,(

S

N

)
array

=
√
Nant

(
S

N

)
single

(27)

where Nant = Ntelenant is the total number of antennas, i.e. the product of the number of telescopes and
the number of antennas in each telescope.
A pair of telescope dishes can also work as an interferometer with an angular resolution θpair ≃ λ/dpair

where dpair is the spatial separation of the two dishes. In particular, the SKA telescope can be operated as
a radio interferometer with Ntele(Ntele−1)/2 pairs of dishes. Each two-element interferometer contributes
to the measurement when the angular size of the source θsource is smaller than the angular resolution θpair.
For larger sources, the visibility R ∝ sin q/q where q ≡ πθsource/θpair becomes smaller and not all two-
element interferometers contribute [103]. The maximum sensitivity is attained when all pairs of dishes
function as interferometers. In general, the signal-to-noise ratio falls off like S/N ∝

√
Nuseable/Npair for

extended sources where Nuseable is the number of useable pairs.
For extended sources like the Galactic center, with angular size of ∼ O(1◦)×O(1◦), single-dish mode is

likely to achieve a larger signal-to-noise ratio. Even for SNRs, single dish mode gives better sensitivity [60]
at lower frequencies. Thus, we will only use the single-dish mode for SKA.

5 Results

The non-observation of photons from the stimulated decays of axions in the Galactic DM halo can be
used to place constraints on the axion-photon coupling gaγ . For definiteness, we assume 100 hours of
observation time and set the signal-to-noise ratio threshold (S/N)array > 1 to derive our sensitivity limits
using FAST and SKA radio telescopes.

5.1 Sky maps

We generated all-sky maps of the expected diffuse flux of radio photons from stimulated decays of axions at
three different frequencies: 50 MHz (the lowest frequency that SKA-low is sensitive to), 408 MHz (which
matches the frequency of the Haslam map [91, 92]), and 1.54 GHz (the highest frequency that SKA-mid
can reach). Figure 3 shows the signal-to-noise ratio for a fixed gaγ = 10−10 GeV−1 and time-independent
Galactic radio emission. The signal-to-noise ratio is computed from Eqs. (26) and (27). When performing
the integration over x in Eq. (26), we take the upper limit to be the virial radius of the Galaxy Rvir ≃ 221
kpc [cf. Section 3.1], neglecting the small offset of the Earth from the Center of the DM halo. This is a
good approximation since in Eq. (26) the contribution to Sν from the edge of the Galactic halo is expected
to be insignificant. Also, when performing the angular integration in Eq. (26) we assume that the DM
density is constant over each pixel of size 1.7 arcmin, which corresponds to the resolution of the Haslam
map.
We compute the optical depth in Eq. (26) by setting the upper limit of the spatial integral at x = Rvir

in Eq. (7). The optical depth at higher frequencies turns out to be quite small in all sky directions;
therefore, its effect on the sky maps shown in Figure 3 is non-negligible only in the 50 MHz case. In order
to reduce the computational time, we make an assumption that for a given line-of-sight distance, the
optical depth is the same in any sky direction. This approximation results in conservatively estimating
the flux of photons, especially from decays of axions close to the Earth. On the other hand, for axion
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Figure 3: All-sky map (in Galactic coordinates) of the signal-to-noise ratio [cf. Eq. (26)] at 50 MHz (top),
408 MHz (middle), and 1.54 GHz (bottom). The axion-photon coupling is set to gaγ = 10−10 GeV−1 and
we have used the NFW profile for DM density distribution.
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decays in the close vicinity of the Galactic Center, Eq. (7) likely underestimates the optical depth. This is
because the emission measure EM =

∫
dx n2e of radio photons from the Galactic Center that results from

the electron number density in Eq. (11) is O(102) pc cm−6, which is three orders of magnitude smaller
than the estimate using the observed radio photon flux from Sgr A∗ [87]. Nevertheless, we checked that
this does not impact the flux from axion decays for the following reason. When observing the decay flux
in the direction of the Galactic Center, the number of photons with momentum pointing away from the
Galactic Center and towards the Earth at an intermediate point x would be eτ(x) times larger than that
measured in the Haslam map, fγ(x) = eτ(x)f⊕γ . This is so because only photons unaffected by free-free

absorption reach the Earth and are recorded in the Haslam map. As a result, the factor eτ(x) cancels out
the factor e−τ(x) in Eq. (5), which takes into account the absorption of photons on their way from the
axion decay point to the Earth. On the other hand, at the same point x, the number of photons traveling
in the direction of the Galactic Center is eτ(x) times smaller compared to that observed at the Earth, f̃⊕γ ,
coming from the Galactic Anti-center direction. Therefore, Eq. (5) can be approximated as

Sν ≃ Γa

4π∆ν

∫
dx

∫
dΩ ρa(x,Ω)

(
fγ(Ω) + f̃γ(Ω)e

−2τ(ν,x,Ω)
)
. (28)

From the Haslam map we deduce that the number of photons from the Galactic center fγ(Ω) is about 50
times larger than the number of photons from the Anti-Galactic Center f̃γ(Ω). As a result, Sν from the
Galactic Center does not depend strongly on the distribution of electrons in the Milky Way. This would
not be necessarily the case when observing the photon flux from a direction where fewer background
photons are observed compared to those from its antipodal direction. Nevertheless, we still expect the
axion decay flux Sν to be largely independent of the electron number density, because for all other
directions except near (within ∼ 6◦ of) the Galactic Center, the optical depth turns out to be negligible.
Let us stress that Eq. (28) is valid only if two conditions are satisfied: (i) the Galactic radio emission

is time-independent, and (ii) the emissivity of photons everywhere along the line of sight is negligibly
small, except near the Galactic Center. Therefore, it is fair to say that for diffuse emission, the Galactic
Center is the dominant source. However, this approximation is clearly not valid for time-dependent point
sources like SNRs; therefore, we will use the exact expression for the flux density (5) when estimating the
gegenschein signal stimulated by the time-dependent radio flux from SNRs in Section 5.3.

5.2 Galactic Center versus Anti-center

From the all-sky maps we deduce that the Galactic Center is the most promising direction to look at for
deriving the constraints in the (ma, gaγ) plane from diffuse emission of radio photons due to stimulated
axion decays. This is reasonable from Eq. (5) given the large density of axions around the Galactic
Center, which produces a decay signal large enough to overcome the large background. Interestingly, the
brightness in the direction of the Galactic Anti-center also stands out from the sky maps. This is so,
because this direction benefits from the strong radio emission from the Galactic Center that stimulates
axion decays and a much reduced foreground contamination. These two effects compensate for the reduced
density of target DM axions at the Galactic Anti-center.
Before making a comparison of the Galactic Center and Anti-center with the point sources, we would

like to compare the sensitivities derived using different radio telescopes. This is shown in Figure 4 for
100 hours of observation time in the Galactic Anti-center direction at the three different radio telescopes
considered here, namely, FAST (green), SKA1 (red) and SKA2 (blue). Here we have used the NFW
profile for the DM density distribution, but other profiles essentially give the same result, because away
from the Galactic Center, the variation in the DM density among the different profiles is negligible. The
shaded regions show the existing 95% C.L. exclusion limits (unless otherwise specified). The helioscope
limit from CAST [45] is shown by the cyan shaded region. The green-shaded region shows the collective
constraint (as compiled in Ref. [39]) from various haloscope experiments: ADMX [43], HAYSTAC [156,
157], ORGAN [158], UPLOAD [159], RBF [160, 161], UF [162], CAPP [163–167], CAST-CAPP [168],
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Figure 4: Comparing the sensitivity curves, corresponding to S/N > 1 in Eq. (27), for stimulated axion
decays in the direction of the Galactic Anti-center, derived using 100 hours of observation time at three
different radio telescopes: FAST (green), SKA1 (red) and SKA2 (blue). The discontinuity at 350 MHz for
SKA1 and SKA2 is due to the transition from SKA-low to SKA-mid [cf. Table 2]. The shaded regions show
the current exclusion limits from CAST [45] (cyan), haloscopes [43] (light green) and astrophysics [47,50]
(yellow).

QUAX [169,170], BASE [171], and TASEH [172]. The yellow-shaded region is the astrophysical constraint
from the R2 parameter [47] (top right, just below CAST) and from pulsar data [50]. We find that the
sensitivities derived are comparable to the current constraints, and moreover, can beat the CAST limit in
the low-frequency regime. It should also be emphasized that the only constraint that beats our projected
sensitivities is the pulsar limit [50] which is subject to astrophysical modeling uncertainties in the sourced
axion spectrum, whereas our stimulated axion decay spectrum induced by diffuse emission is more robust
against the astrophysical uncertainties, especially in the Galactic Anti-center direction. Since SKA2, not
surprisingly, gives us the best sensitivity, we will show our following results only for SKA2.
In Figure 5, we compare the results in the direction of the Galactic Center (dark red) and Galactic

Anti-center (blue). The solid (dotted) lines are obtained using NFW (Burkert) profile for the DM density
distribution in the Galactic halo. Again we have used 100 hours of observation time at SKA2 and S/N > 1
to derive the sensitivity curves. The Galactic radio emission is assumed to be constant in time. The shaded
regions show the current exclusion, as in Figure 4.
The constraints from the Galactic Center can be compared to those reported in Ref. [58]. To reiterate

the differences, in our analysis we include an amplification factor eτ(x) in the photon emissivity and we
use the Haslam 408 MHz map to describe the Galactic radio emission, while Ref. [58] used the observed
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Figure 5: SKA2 sensitivity curves, corresponding to S/N > 1 in Eq. (27), for stimulated axion decays in
the direction of Galactic Center (dark red) and Galactic Anti-center (blue), obtained using NFW (solid)
and Burkert (dotted) profiles for the DM density distribution in the Galactic halo. The shaded regions
show the current exclusion limits from CAST [45] (cyan), haloscopes [43] (light green) and astrophysics [47,
50] (yellow).

photon energy density from the Galactic Center at ν = 1.4 GHz from Ref. [94]. In fact, their fγ from
the Galactic Center is 7-8 times larger than ours, but since it increases both the signal flux and the
background by the same rate, the final result is similar to ours. In any case, the Galactic Anti-center
result presented here is our main new point.
Possible uncertainties in our results could come from our limited knowledge of the electron distribution

model, the axion DM distribution, and the spectrum of Galactic radio photon emission. The electron
density enters the calculation of the free-free absorption of radio photons. This is an important effect,
particularly at lower frequencies corresponding to ma ≲ 10−6 eV. The constraints from the Galactic
Center are more susceptible to this absorption because of the large electron number density around the
Galactic Center. The same goes for the density of DM axions in the central regions of the Galaxy, which
can vary by orders of magnitude depending on whether one assumes a cuspy or a cored profile.
In contrast, the signal from the Galactic Anti-center is more robust, since there is less variation in the

predictions for the mass density of DM axions in the outer parts of the Galaxy. Thus, the strength of these
constraints will remain intact even assuming that the DM profile is cored, as we can see clearly in Figure
5. Moreover, the constraints from the Galactic Center might be weakened at low-frequencies, since, as
mentioned before, we might be underestimating the emission measure EM in the direction of the Galactic
Center [87]. In the frequency region that we consider, the number of photons is nearly proportional to the
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brightness temperature: fγ = (eEγ/kBT − 1)−1 ≃ kBT/Eγ . Thus, the signal-to-noise ratio is not sensitive
to the frequency-dependence of the brightness temperature of the Galactic radio emission, as long as its
contribution to the signal and the noise are dominant, as is the case at lower frequencies. Therefore,
the uncertainty in the spectrum of Galactic radio photons will mainly affect the constraints at higher
frequencies.

5.3 Point source sensitivity

Now we consider the four point sources listed in Table 1 and calculate the gegenschien signal from each
of them. Figure 6 summarizes the constraints obtained by observing in the opposite directions to these
SNRs. We first extract the contribution from Galactic synchrotron radiation from the Haslam map by
subtracting the flux from supernova remnants estimated by extrapolating their observed flux with the
spectral indices listed in Table 1. The image of an SNR is approximated by a circle with a diameter given
in Table 1, and it is assumed to be unchanged during the evolution of the SNR. As before, we assume that
the Galactic radio emission is time-independent. The time and frequency dependence of the radio emission
from supernova remnants is estimated following the discussion in Section 3.4 with the spectral index for
each SNR as listed in Table 1. Then, SKA2 sensitivities are obtained by letting S/N = 1 in Eq. (27).
The bands in Figure 6 capture the uncertainties associated with the SNR parameters, as discussed in
Section 3.4. The dominant uncertainties come from the modeling of the flux and the MFA time. We
have chosen the conservative model (ii) Sν ∝ t−2(γ+1)/5 and tMFA = 100 years to draw the central curves
and the bands are obtained by varying tMFA between 30 and 300 years, as well as by using model (i)
Sν ∝ t−4γ/5. The other SNR parameter uncertainties listed in Table 1 are also included, although their
effects on the total uncertainty is small, except for the SNR age.
To reduce the computational time, two simplifications are made when estimating the results for W28,

W50, and Vela. Firstly, free-free absorption is neglected in the frequency band measured by SKA-mid.
We checked that this results in a negligible shift due to the small optical depth τ ≃ 10−3. On the other
hand, the effect of free-free absorption is taken into account at the frequencies corresponding to SKA-low
using the approximation τ ≃ τ(ν, x = Rvir,Ω = (l, b)). That is, we calculate τ only in the opposite
direction of each SNR and we neglect the directional-dependence of τ inside the instantaneous field of
view. This approximation is not valid for S147, because its anti-direction is close to the Galactic Center,
and the optical depth is expected to depend strongly on the direction.
The strongest constraints at high frequencies are placed by S147 mainly because of the large axion mass

density at the Galactic Center. The kink at ma ≃ 15 eV is caused by the abrupt change in the spectral
index of S147 from α = 0.3 to 1.2 at ν = 1.7 GHz. A lower DM mass density at the Galactic Center would
weaken the constraints from the Galactic Center and from S147. One mechanism that could remove mass
from the inner region of the Galaxy is mass segregation due to dynamical friction. However, as discussed
in Section 3.5, this effect turns out to be negligible. Comparing our results for Vela, W28 and W50
with those in Refs. [60, 61], we see that their results obtained from observations in the interferometric
mode are better at high frequencies, whereas our results derived in the single-dish mode are better at low
frequencies, where we can beat the CAST limit and be competitive with the pulsar limit.
Finally, in Figure 7, we summarize our results by collecting the sensitivities from all six sources consid-

ered in this study, namely, the gegenschein signals from the four SNRs shown in Figure 6, as well as the
stimulated decay signals from the diffuse flux in the directions of Galactic Center and Anti-center shown
in Figure 5. We find that at high frequencies (ν > 350 MHz), corresponding to ma > 3.5× 10−6 eV, the
Galactic Center gives the best sensitivity for the NFW profile. On the other hand, at low frequencies
(ν < 350 MHz), the Galactic Anti-center gives better sensitivity than the Galactic Center, irrespective of
the density profile. The point source sensitivities are better than the diffuse ones only for a cored profile
like the Burkert.
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Figure 6: SKA2 sensitivity curves for the gegenschien signal in the direction opposite to the SNR sources
Vela (top left), S147 (top right), W28 (bottom left) and W50 (bottom right). The solid (dotted) curves
correspond to the NFW (Burkert) profiles for the DM density distribution in the Galactic halo. The
bands associated with each curve takes into account the SNR parameter uncertainties, as discussed in
Section 3.4. The shaded regions show the current exclusion limits from CAST [45] (cyan), haloscopes [43]
(light green) and astrophysics [47,50] (yellow).

6 Conclusions

We have re-examined the constraints on the axion-photon coupling placed by the non-observation of
radio photons from the stimulated decay of axion dark matter particles. In addition to the constant
extragalactic radio emission and the CMB, we have included the Galactic radio emission with the spatial
density empirically determined from the Haslam map at 408 MHz. With these diffuse sources of radio
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Figure 7: The summary plot comparing the SKA2 sensitivities for the stimulated axion decay signal
for all the sources considered in this study, namely, the four SNRs, as well as the diffuse emission from
the Galactic Center and Anti-center. The left (right) panel is assuming NFW (Burkert) profile for the
DM density distribution in the Galactic halo. For the SNRs, we only show the central values of the
sensitivities.

emission through the DM halo, we proceed to generate a full-sky map of the expected signal assuming 100
hours of observation each with the FAST and SKA telescopes. We also consider four selected supernova
remnants that could potentially generate bright counterimages. Our final results are displayed in Figure 7
and show that, if the DM density follows a cuspy NFW profile, the Galactic Center provides the strongest
constraints of order gaγ ≲ a few 10−11 GeV−1 for the frequencies observed by the SKA-low telescope.
Interestingly, our full-sky maps also suggest that the direction of the Galactic Anti-center can be used

to place competitive constraints. Unlike the direct emission from the Galactic Center, the estimates from
the Anti-center (which is technically the gegenschein emission from the center) do not depend on the
highly uncertain DM density at the center of the halo, nor are impacted by a large optical depth. They
are also arguably more robust than the limits from supernovæ that depend on assumptions about the
radio emission during early stages in their evolution. Furthermore, if the Galactic DM halo is described
by a cored profile, the anti-center places not only the most robust but the most stringent constraints on
the axion-photon coupling.

Note added: During the final stages of our work, Refs. [173,174] appeared. In [173], the authors update
their previous analysis of the gegenschein signal and also consider the direct emission (“forwardschein”).
Our conclusions largely agree where we overlap. Nevertheless, their focus is on point sources, while we
compare the point source sensitivity to the diffuse emission sensitivities from the Galactic Center and
Anti-center. In Ref. [174], the authors provide a detailed and general derivation of the effects, and focused
on the case of Galactic pulsars as stimulating sources. The ensuing sensitivities are comparable to the
SNR sensitivities shown here.
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A Stimulated decay of axions into photons

In this section we review the derivation of the stimulated axion decay in a photon bath, which was first
discussed in Refs. [175–177] as a possible energy source in the central parts of dense axion clusters. The
stimulated decay of axions is induced by the interaction term given in Eq. (1) and is greatly enhanced in
astrophysical environments in the presence of an ambient radiation field and a large axion number density.
We consider the general case where the photon distribution functions are not necessarily spherically
symmetric (as assumed in Ref. [60]).
To find the evolution of the phase-space distribution function of photons fγ(x,p, t) ≡ fλ, we consider

the process a(pa) → γ(p1;λ) + γ(p2;λ) and its inverse γ (p1;λ) + γ (p2;λ) → a (pa), where λ = +,−
denotes the helicity of photons. The conservation of angular momentum requires that the two photons
emitted from the decay of a scalar or pseudo-scalar particle should have the same helicity, and the same
applies to the two incoming photons in the inverse process. The evolution of the phase-space distribution
function of the photon with momentum p1 is given by the Boltzmann equation [60,175–177]

d

dt
f1λ =

1

2E1

∫
d3pa

(2π)32Ea

∫
d3p2

(2π)32E2
|M (fa (1 + f1λ + f2λ)− f1λf2λ) (2π)

4δ(4) (pa − p1 − p2) , (29)

where M ≡ M(a (pa) → γ (p1; +)+γ (p2; +)) = M(a (pa) → γ (p1;−)+γ (p2;−)) is the invariant decay
amplitude determined by the Abelian chiral anomaly [178].
For all the environments that we consider the phase-space density of axions is much larger than that of

photons, fa ≫ fiλ, so we can neglect the last term ∝ f1f2 corresponding to the inverse decay process in
the collision integral. The first term ∝ fa describes the spontaneous decay of axions which, as shown in
Eq. (3), has too large a lifetime to be experimentally detectable, and thus we also neglect it. The second
and third terms, ∝ fafiλ correspond to the stimulated production of photons.
Assuming a parity symmetric photon field, fi+ = fi− = 1

2fγ , we can sum over the helicities to obtain:

d

dt
f1 =

d

dt

∑
λ

f1λ =
1

2E1

∫
d3pa

(2π)32Ea

∫
d3p2

(2π)32E2
(2π)4δ(4) (pa − p1 − p2)

× fa (f1 + f2)
1

2

∑
λ

|M(a (pa) → γ (p1;λ) + γ (p2;λ))|2. (30)

To leading order we can take the axion dark matter to be cold, neglecting the small velocity dispersion
in the Galaxy σv ≈ 5 × 10−4 [66]. With this assumption, the axion distribution function is given by
fa = (2π)3na(x) δ

(3) (pa), where na(x) is the axion number density. Thus, the photon production rate is

d

dt
f1 =

ρa(x)

4m2
aE1

∫
d3p2

(2π)32E2
(f1(x,p1, t) + f2(x,p2, t)) (2π)

4δ (ma − E1 − E2) δ
(3) (p1 + p2)

× 1

2

∑
λ

|M(a (0) → γ (p1;λ) + γ (p2;λ))|2, (31)

where ρa(x) = mana(x). Integrating over p2 and identifying fi with fγ (traveling either forward or
backward along the line of sight), we get

d

dt
fγ(x,p, t) =

πρa(x)

4m2
aE

2
γ

(fγ(x,p, t) + fγ(x,−p, t)) δ (ma − 2Eγ)
1

2

∑
λ

|M(a (0) → γ (p;λ) + γ (−p;λ))|2.

(32)
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We see that the energy E of the two outgoing photons is equal to ma/2 due to the conservation of energy.
Substituting the expression of the spontaneous decay rate in the rest frame of an axion,

Γa = τ−1
a =

m3
ag

2
aγ

64π
=

1

8π

1

2ma

1

2

∑
λ

|M(a (0) → γ (p;λ) + γ (−p;λ))|2, (33)

into Eq. (32), we finally obtain the time derivative of the photon distribution function as

d

dt
fγ(x,p, t) =

π2Γaρa(x)

E3
γ

(fγ(x,p, t) + fγ(x,−p, t)) δ (Eγ −ma/2) . (34)

This expression implies that we will observe photons from decays of axions stimulated by the photons
traveling either towards the Earth (the first term) or away from the Earth (the second term) and both
having energy equal to half of the axion mass. Although we assumed that the axion DM is at rest in the
Galaxy, this conclusion is true in general: two photons with the same energy are emitted back-to-back in
the rest frame of the axion.
Integrating the photon distribution function obtained from Eq. (34) over the phase space solid angle,

we get the phase space density Sν = 2ν3
∫
dΩfγ , where ν = Eγ/2π = ma/4π is the frequency of the

photon. Integrating the phase space density over the distance along the line of sight, and averaging over
the photon bandwidth, we obtain the flux density given in Eq. (5).
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